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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 biosoéids,(Class A in the United
State¥ after Anaerobic Digestion (AD), reduced digester volume, and high cake
dewaterability. To further intensify the THA&D process, this study evaluated
Recuperative Thickening (RT) as a potential combined solids pretreatment strategy. This
study also investigad the free ammonia inhibition level in the typical FAP systems
and optimized the current process model for more accuratedtig/AD process modeling.

This study evaluated the overall impact of dynamic sludge characteristics and THP
conditions on THPAD system performance, aimed to gain better understanding of the

process and optimize the fidtale THP operation.

Benchscale studies were performed to evaluate the application of recuperative
thickening to further enhance THKD system. It was observed théie to the low SRT
(solids retention timeyequirements for THAD system, RT application for SRT
enhancementisom 15 to 30 days did not improve AD performance or kinetics. Only when
one would operate close to or lower than washout SRT (estimated aags), RT
application for SRT enhancementaeasense. However, RT application to maintain SRT
while increasinghroughput rates showed great potential for further intensification of AD
system while maintaining biogas yield, V$®latile solids reductiongand COD removal
efficiencies. Based on a calibrated process mdiElapplication was estimated to allow

for atleast 100% increase of throughput rates without sacrificing AD performance.



In order to understand the ammonia inhibition capacity of the typicaltABIP
system treating municipal biosolids, a beisclale study was conducted in which fifteen
different steayl state TAN (total ammonia nitrogen) and free ammonia conditions were
created. A decrease in volatile solids reduction from 54 + 5% (at <554 md\Nlto 35
+ 6% at the maximum free ammonia concentration of 966 mgMH was observed at
steadystate 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 NEN/L for methanogens was estimated based on the digester-steady
state conditions. This study showed that current-RRdigesters (typically 11260 mg
NHz-N/L) operate under 129%8% 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 benescale study generated extensive dag was used
for the first time, to calibrate and validate the Sumo2ACOX mobletet of kinetic
parameters for methanogenesias proposed based on the calibration. The logistic- half
inhibition constant of NElfor ACOX and AMETO was calibrated to be 249mol 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 modebktw@ated the

digester performance when volatile solids loading was higher than 0.5 gMSS/L

A detailed analysis was performed on a-4@§ sampling data at the THFD

Vi



facility to evaluatethe overall impact of dynamic sludge characteristics and THP
conditions on THRAD system performance. It was observed thateased THP reaction

time, especially above a thermal dose of 6@00* mi n, si gni fi cantly
behavior of sludge. The gelation factor increased from 0.68 to 0.89. This wag dnaieh

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 presemhe gelation factor described the owoking
behavior within the THP system well, despite sensitivity differences between primary and
waste activated sludge. Fgitale data revealed that the AD system has a probability of 88%
to achieve above 60% volatile solids reduction when gelation fatfoHP 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 sludgo statistical correlation between THP digla 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 suggesiesctions for fullscale
facilities to maximize the benefit of THP pretreatment for biogas production and final

dewatering.
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Chapter 1:  Introduction

1.1. Background

Overthe past decades, the world has seen a rapid growth in population. The worldwide
populationhas grown from 2.5 billion in 1950 to 7.3 billion in 201@nd this numbeis

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

will increase to 11.2 billion by the end of the cent@w. the other hand, the world is
currentlyexperiencing rapid urbanizatio®N projects that 68% of the global population
will be living in the urban areas (United Nations, 2018)e increasing global population
and worldwide urbanizatiotogether lead to a dramaticalhygh amount ofwastewater
generation. Biosolids, as thegorpduct of the wastewater treatment procleas,also shown

an increasing trend in production in recent yeatge to the legal and resource constigin
conventionalorganic wastedisposal options such dandfill, incineration and land
application are facing challeng&ince the origins of human besdgmproving efficiency

of resourceuse is always a must and a challenge for human creatiiky.explosive
population growth makes the efficient resoduse concepnhow an even moregnportant

topic toconsider It hasbeen several centuries sinwe first discovered that combustible
gas is generated when organic waste is storedt in piles. However, intensive research
focusdon the Anaerobic Digestion (AD) technology only began in the 1950s due to the
sharp rise of fossil fuel pricdébbasi et al., 2012) Since thenAD has been successfully
applied fortreatment olvariousorganic waste Among all otheprganic wastéreatment

techrologies, AD is by far the most popular method fbrosolids stabilization. The

1



methane rich iogas produced from the AD process can be directly ugegenerate
electricityand other forms of energhn theUnited States, there are more than 2100 biogas
plants commissionedince2017, and this number is still increasing. The global biogas
electricity plant capacity has increased from @\ (Giga Watts)in 2000 to 16 GW in

2016 (Scarlat et al., 2018Figure 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 togetiggnificantly reduce the nebst of
sludge reduction and stabilizatiohe 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, tH2 theatment capacity must therefore be
expanded. This can be achieved by building new digesters and/or intensikysting
digesters. However, building new digesters is not only expensinealso not applicable

for small footprint facilities that areonstrairdwith available plant space.



Installed capacity [GW]

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Africa mAsia mC America + Carib mEurasia mEurope mMiddle East ®N America ®mOceania =S America

Figurel-1. Evolution of global installed electricityiogasplant capacity (adopted from

Scarlat et al., 2018)

Process intensification can be definesitreating hgher substrate volumehile using
infrastructure with a smaller existingfootprint. ThermalHydrolysisPretreatment (THP)

of biosolids, isan importantntensification method that has gained practical interest due to
its ability to achieve high quality biosolids.g. Class A in the United States), reduced
digester volume, and high cake dewaterab({lgrber, 2016a)One example is the recent
implementation of the largest FHsystem worldwide (450 tons of dry T®otal Solids)

per day) at the Blue PlaiddVTP (Advanced Vdstewater Treatment Plant)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) loadingBarber, 2016a; Nielsen et al., 201Epr example, AD systems with
THP pretreatment have been successfully operated at high loading in thefrarigg.8

kg COD/m-d with feed at 9.2% TS(Higgins et al., 2017b; Norli, 2006b; Pook et al.,


https://www.sciencedirect.com/topics/engineering/biogas

2013a; Walley, 2007; Wilson et al., 201This is about three times higher compared to
the typical operating condition of conventional digesters wigfanic loading rate<OLR)
of typically 1.03.2 kg COD/m-d with feed at 3% TS(Hendricks, 2010; Higgins et al.,

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

Although research has been performed on -RlPprocess in the past decade, current
THP-AD facilities aresstill facing certain challenges. First, although increased biosolids
digestibility has been observed in digesters with TB##ber, 2016a; Higgins et al., 2017b;

Li et al., 2017; Wang et al., 20Q3ere is still an estimated potential for about3206

higher biogas production when one compares the digester biogas production with the long
term bicchemical methane potential (BMP). It is unclear if the limitation in reaching full
digestion efficiency is limited by limitation in reaction time due to limited SBdlids
retention time) Second, thénigher feed concentrations of THKD processncreasethe
concentrations of potentially inhibitory substances in the digesferong all the
inhibitory substancegsmmonia haseen observetb be a significant inhibitofAkindele

and Sartaj, 201&ngelidaki and Ahring, 1993; Capsdmjo et al., 2020; Hashimoto, 1986;
Sung and Liu, 2003; Tao et al., 2017; Yenigin and Demirel, 2848)overall total
ammonia nitrogen (TAN) levels are often of concern duringdcdlle design of B
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 hdly greded

the understanding of full digester capacity. Also, without the clear data on ammonia
inhibition constants for the AD system, t Go$ possible for accurate TH&D

mathematical model simulation. Last but fedst, currentull-scale THP operain rely



on the constant reaction temperature and reaction time despite the dynamic biosolids
organic compositiorit has been shown that heating sludge in THP at a higher temperature
than neededcauss several unwanted impacts, such &% increased UV adsorbing
materials and recalcitrant organic nitroggoductionas temperature increased from 430
170 (Hg@ns et al.,, 2017h)(ii) increased inert solublcompound formation once
temperatureexceeeéd 170-1 8 0 (Spgkaite et al., 20)7(iii) increased formation of
inhibitory compound affecting siedgtream nitrogen removal syste(@hang et al., 2(8),

(iv) melanoid formation due to reactions between denatured polysaccharides and protein
at temper at u(Babera20lba; Wilsdn@rtd Ngvék, 2008nd (v) increased

gel formation due to denatured polysaccharides depm®reacting with itself resulting in
getlike or solidlike structures with decreased biodegradability and AD kinétie®t al.,

2015; Manning et al., 2019Yo date, the knowledge of overall impact of the dynamic
sludge characteristics and dynamic THP conditions inherent tesdalk THRPAD

outcame is still limited.

1.2. Objectives of the research

This study was aimeib overcome the current fedicale THRPAD 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 way$i) increasing the

SRT to degrade slowlgydrolysablebiodegradable materials more efficiently at constant



organic loading rate (OLR) (Phasedhd(ii) maintaining SRT at increased AD throughput

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

Objective 2: Investigate the free ammonia inhibition of methanogensin THP-AD
systems This will be investigated with an experimental-gptof five labscaledigesters
fed with a mixture of primary and secondary activated sludge aftesdalé THP treatment

(9% TS) and operated under similar organic loading rate andv8igés.

Objective 3: Generatekinetic parameters for high-rate anaerobic digestion system
for application in process moded. This will be achieved by calibrating the highte 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 operationof THP-AD facility . This will include evaluation of:
() gelation behavior of sludge, (idegree ofsolubilization in THP, (iii) volatilesolids

reduction in AD and (iv) final dewateringatthe Blue Plains WTP.

1.3. Outline of Dissertation

This Dissertation is divided int8 chapters in which Chaptérdescribes thanportanceof

the THRAD processand current challenges of the THID facilities, and the Objectives
of this researciChapter 2 reviews the literaturemanicipal wastewater treatment process
and biosolids generation, the anaerobic digestion probessfits and status ofalmal

hydrolysis pretreatment, solids retention time (SRT) impact on anaerobic digestion and



mechanisms of recuperative thickening, anaerobic digestion kinetic and process inhibition,
mathematical modelling efforts paid anaerobic digestion simulationsdale thermal
hydrolysis pretreatment operation, composition of primary and secondary sludge and their

response to thermal hydrolysis pretreatment.

Chapter 3provides the results of the investigation of the potential of implementing
recuperative thickenin@RT) process into the thermal hydrolysis pretreated sludge fed AD
for further performance improvement. Chapter 4 presents the research investigat

free ammonia methanogens inhibition constant in AP systems. Chapter 5 dedms

the study that, for the first time, calibrated and validated the Sumo2ACOX model with
comprehensive experimental data set collected fromtemy ammonia inhibition study.
Chapter 6 presents thesearch worlevaluating theverall impact of thelynamic sludge
characteristics and THP conditions inherent to-$olile operationfoTHP-AD process

The outcome include gelation behavior of theiosolids solubilization degree in THP,
volatile solidsreductionin AD and final dewatering performanceh#&pter 7 presents the
general discussion on the comhdrapplication of recuperative thickening and thermal
hydrolysis on anaerobic digestion, free ammonia impact on anaerobic digestion,
mathematical modelling of higlate anaerobic digestion, and openagioparameterfor

THP. Chapter 8 provides the overall conclusionf this extensive study and
recommendations for future research of TAIP systens. The overview of the

Dissertation isllustratedin Figure 12.



Chapter 1 | — |

Introduction

| Chapter 2 | — |

Literature review

Chapter 3 —

Evaluation of applying recuperative
thickening on THP-AD process

1. Recuperative thickening for

operation under increased SRT

2. Recuperative thickening to
increase throughput rates

Chapter 4 —

Impact of (free) ammonia on AD process/
(free) ammonia inhibition constant of
methanogenesis

1. Impact of (free) ammonia on AD
performance
2. Impact of (free) ammonia on
hydrolysis and fermentation
3. Impact of (free) ammonia on
methanogens kinetics
4, Impact of (free) ammonia on
final dewatering.

Chapter 5 —

Sumo2ACOX model calibration and
modelling of high-rate AD process

1. Sumo2ACOX calibration and
validation
2. Comparison of calibrated
Sumo2ACOX model and
conventional AD model Sumo2

Chapter 6 —

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

1. Impact of sludge gelation factor
on THP sludge characteristic, AD
performance, dewatered cake total
solids
2. THP operation optimization

| Chapter 7 | — | Discussion
Conclusions

(- Chapter 8 — |

Figurel-2. Overview of the Dissertation




Chapter 2: Literature Review

2.1. Introduction

This chapter discusses the review of literature which is related to this dissertation research.
This chapter enumerates theechanisms and microbiology of anaerobic diges{Aid),

benefits andstatusof thermal hydrolysis pretreatmeitHP), impact of ®lids retention

time (SRT) on anaerobic digestion and mechanisms of recuperative thick&Ting
anaerobic digestion kinetscand process inhibitignmathematical modelling effortior
anaerobic digestion simulatipfull-scale thermal hydrolysigretreatment operatipand
composition of primary and secondary sludge and their response to thermal hydrolysis

pretreatment.

2.2.  Municipal wastewater treatment and biosolids

Municipal wastewater includes the watarried wastes generated from residences an
industrial establishments combined with stormwater. TaldlesBows the composition of
untreated municipal wastewateMVastewater collected from municipalities and
communities must be treated before they are returne@deiving 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 lobesrand grinders. The target of



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 primameatment 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 ofentgisuch 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 dischaidgnits. Figure 21 presents the overall municipal
wastewater treatment process at Blue Plains Advance Wastewater Treatment Plant

(AWTP).

Table2-1. Typical composition of untreated domestic wastewater (Metcalf, &04l3).

Concentration

Contaminants Unit Weak Medium Strong
Solids, total (TS) mg/L 350 720 1200
Dissolved, total mg/L 250 500 850
(TDS)

Suspended solids mg/L 100 220 350
(SS)

Settleable solids mg/L 5 10 20
BOD, at 20°C mg/L 110 220 400
Total organic mg/L 80 160 290
carbon (TOC)

Chemical oxygen mg/L 250 500 1000
demand (COD)

Nitrogen (total as mg/L 20 40 85
N)

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 (tota mg/L 4 8 15
as P)

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 mg/L 50 100 200
CaCqQ)

Grease mg/L 50 100 150
Total coliform CFU 100 mg/L 106_107 107_108 108_109

dedclean

PROJICT

Figure2-1. DC Water Blue Plainddvanced Wastewatdireatment Plant Operation

Diagram

During the treatment of wastewatbipsolids are removed from primary sedimentation
tank, secondary sedimentatidank 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 contais from 0.25% to 12% solids by weigfi¥letcalf 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

presents the typical properties of primary and secondary sludge.

Table2-2. Typical properties of primary and secondary sludge (Metcalf et al, 2003).

Parameter Primary Sludge Secondary Sludge
Total Solids (TS), % 579 0.87 1.2
Volatile Solids (% of TS) 607 80 597 88
Ether soluble 671 30 -

Ether extract 71 35 57 12
Nitrogen (N) (% of TS) 157 4 247 5.0
Phosphorus (©,) (% of TS) 0.87 2.8 2.81 11

pH 5.01 8.0 6.57 8.0
Alkalinity, mg/L as CaCO3 50071 1500 58071 1100
Cellulose (% of TS) 81 15 -
Organic Acid, mg/L as HAc 20071 2000 11007 1700
Energy Content, kJ/TS/g 23,0001 29,000 19,0001 23,000
Protein (% of TS) 207 30 321 41

2.3.  Anaerobic digestion

Raw waste sludge must be further processed and reduced in Xaigaméc contenfor
land disposal, reuse, or incineratidxnaerobic digestion is a process of breaking down
organic matterin the absence of oxygetg 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 processAD is the final stage in the carbon cycle and is known to occur in a wide variety
of environments and habitaKim et al., 2012)It is now the most popular ethod for
waste sludge treatmenfD 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) Methanoggirafist, 2012))

(Figure 22).
Hydrolysis
Complex Organic Material Basic Monomers
(Carbohydrate, Protein, Lipid) (Monosaccharide, Amino Acid, Long Chain Fatty Acid)

Acidogenesis

A
Volatile Fatty Acids
(Propionate, Butyrate, Valerate, etc)

Acetogenesis
(&

A
Acetate |4 H,, CO,

Methanogenesis 4/l
Tl cH,co,

Figure2-2. Different steps of anaerobic digestion process (Figure adaptedritomann
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-empymes of hydrolytic bacteria that are
excreted via the cell wall and degrade the complex polymersmaller soluble organics

that can pass through the microbial cell wall for internal cellular degrad&inda et al.,
2012) Hydrolysis is commonly considered as the-atgting step of AD when digesting

complex, highsolids wastes such as municipal waste slyblgpike et al., 198).
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The second step in the AD process is the fermentation or acidogéndhis. step, he
product of hydrolysis along with other dissolved components of the organic araste
degradedto volatile fatty acids, alcoholsCO; and R by the hydrolytic and other
fermentative bacteridt is suggested that the fermentation or acidogenesis process is highly
exergonic enabling rapid growth of fermentative bactgiaosh and Pohland, 1974; Van
Lier et al., 2008)It is known that ovegrowth of acidogenic atsortia is a cause of reactor

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

After acidogenesjsacetogenesis is carried out by acetogenic bacteria that produce acetate,
carbon dioxide and hydrogen from volatile fatty acidsbg syntrophic bacteria that
produce acetate from carbon dioxide and hydrogen. Acetogenesis is an endergonic reaction
in which, under standard conditions, requires energy input to pré¢Seedy, 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 pressuresuch thatthe acetogenic degradation of VFAs tieernodynamically

favorableand can maintaingrowth O6 F| aherty et al ., 2006)

Laststepof the anaerobic digestionngethanogenesisVhilethe preceding processes such

as hydrolysis, acidogenesis and acetogenesis are carried out by midsmsgagionging

to the domain Bacteria, methanogenesis is undertaken by obligate anaerobic
microorganisms belonging to the domain Archagsu and Whitman, 2008) In
methanogenesis, acgastic methanogens convert acetate ta,@Hile hydrogenotrophic
methanogens convert G@nd B to CHa. In a typical AD process, around 70 % of the
methanas produced via the adetasticmethanogens wielthe rest of the 30% produced

from hydrogenotrophic methanogehd. i u and Whi t man, 2008; OO0 F I
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Methanogens are found to be particularly sensitive to environmentdqEarty (1964)
suggested an optimum pH range foethanogens 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 $ the most widely applieshathematical modelevelopedor the analysis
of growth kinetics in anaerobic digestion systeifhe model is used tdescribethe
microbial growth rates in relation to the concentration of limitigyients orsubstrates

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 c r o0 o r grawthi raenadds

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

The microbiadgrowth rate is commonly defined as:

r= % =T (Equation 21)
r = Bacterial growth rate (mass of biomass/unit volurime)
m = Specific growth rate (tim&
X = Biomass concentration (mass of biomass/unit volume)
While the correlation between microorganisn

degradation rate is defined as:
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ax =- YC'?—S (Equation 22)
dt dt

Y = Yield coefficient (mg/mg)

dS/dt = Substrate utilization rate (volurme)

The relationship between substrate degradation and yield coefficaeftnsdas:
Pty X (Equation 23)

Thus, the Monod equation is expsed as:

m=m,,, ¢ KSS+ S (Equation 24)
Umax = Maximum specific growth rate (tim'g
S = Concentration offrowthlimiting substrate (mass of substrate/unit volume)
Ks = Half saturation constafass of substrate/unit volume})r= % m,.. ¢

Equation 24 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 systemill follow zero-order kinetics and the growth rate of

thebiomass is independent of the biomass concentration.

Thus the microbial growth rate can be defined as:
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dX _ m, X

r=—=

(Equation 25)
dt K, +S ?

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

dS_ m,XG
dt Y(K,+9)

(Equation 26)

While pmaXY is often defined using the termkhe maximum rate of substrate degradation

per unit mass of microorganisms can be defined as:

k= Tha (Equation 27)

kmax = Maximum specific substrate utilization rgtaass/massime)
Substitutedhe km into Equation 26:

as_. Ko X & (Equation 28)
dt K,+S

2.4. Thermal hydrolysigpretreatment

Thermal hydrolysis process (THP) as a pretreatment of AD feed sludge, is one of the AD
procespretreatmentnethods that has gained practical interest due to its abilitypi@ve

sludge digestibility,achieve high quality biosolids (e.g. Class A in the United States),
reduce digester volume, and high cake dewaterahiBgrber, 2016a)Figure 23 shows

the full scale CAMBI THP in DC Water Blue Plains AWTP.

17



"

|
¥
! :
|
o ‘k -
-
B { - |
¥ LT
N i L
|

Figure2-3. Full Scale CAMBI THPatDC Water Blue PlaisAWTP.

The thermal hydrolysis process isna-stepprocesswhereby the substrate is first heated

to around 155°C to 160 °C at a pressure of around @ barheat is typically provided by

live stream injection at design temperature and presattex.about30 minues, sludge is

then flashed to a vessel wittuch lower pressure. The sudden pressure change causes the
cells present in the sludge to ruptaredthus release the cell conte(iteymer et al., 2013;
MorganSagastume et al., 201Blong with the process, macromolecular components are
reduced to smaller molecular derivatives or released as soluble monomeric substances
(Wilson and Novak, 2009)t is reported that THP could enable aBiD% 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 viscositihe latter allows for efficient pumping and mixing at increased
digester TS concentratioand increased volatile solids (VS) loadifBarber, 2016a;
Nielsen et al., 2011)For example, AD systems with THP pretreatment have been
successfully operated at high loading in thege of 2.88.8 kg COD/m-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 timésgher compared to the typical operating condition of
conventional digesters with OLR of typically 13® kg COD/m-d with feed at %% TS
(Hendricks, 2010; Higgins et al., 2017b; Metcalilet2003; 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 dewaterabilftyumb, 1940) Various researcthas
reported a significant waste activated sludge dewaterability improvement usinlatiip

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

2.5. Recuperative thickening

Although wastewater treatmempiants (WWTPs) are benefited by the application of
anaerobic digestion, there may be capacity issues in someP&/Wfhere 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 digestes been developed.orpey and Melbinger @67)
acknowl edge the original wor k i nltréenfoves f i el d

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 timBTH Sincea portion of
thickened digested sluddge sent back to the digesters, RT incredbe digester SRT
compared to its HRTOn 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 reroved 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 flotatiam §ludge thickeningKelly, 2006)
Ostapczuk et al. (2011)sed polymer flocculation in combination with gravity belt
thickeners to inease the AD capacity. Between 2009 and 201ke are two WWTFs in
Australia upgraded to the RAD system by incorporating rotary drum thickeners with pre
injection of polymer flocculantA recent study reported that the active recycled polymer

in the RT digester led to enhanced final dewatering performé@obbledick et al., 2016)

Apart from the benefit oRT, the incorporation of RT often requires a significant capital
investment to upgrade the mixers of anaerobic digester and to integnageyttied stream
into a dewatering process. W\WWTwith THP process incorporated should have lower
mixing requirements due to the low viscosity of THP treated sluttges potentially

favoring the application of RT process.

2.6.  Ammonia inhibitionof anaerobic djestion

Anaerobic digestion is a process that relesvily on the metabati activities of the

microorganismsThe optimum efficiency of anaerobic digestion process will only be
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achievedvhenvariousenvironmental conditions are favorable to the growth of mialobi
communities particularly methanogens. Other than temperature and pH, the presence of
inhibitory substances in a significant amowan cause an upsetr evenfailure in the
anaerobic digdsr. A substance isonsiderednhibitory if it causes an adverse effect in the
microbial population involved in thanaerobiadigestion procesdnhibition is typically
indicated by adecrease andessationin methane production and an accumulation of

intermediate substragsuch as/FAs.

There are bothnorganic and organic materials which may be inhibitory to anaerobic
digestion. Inhibitory substances are eitpegsentin the influent or generated during the
anaerobicdigestion processSeveral chemical have been reported to inhibit the AD
microbial activities such as ammoringelidaki and Ahring, 1993%ulfide(Harada et al.,
1994) light metal iondMcCarty and McKinney, 1961heavy metal§Swanwick etal.,
1969)and a wide range of organiBabich and Stotzky, 1983; Blum and Speece, 1991,
Borja et al., 1997; Koster and Cramer, 1987; Van Beelen and Van Vlaardingen, 1994; Yang
and Speece, 1986for a recent review of inhibitory compounds, €éen et al. (2008)
Among them, ammonia has shown to be a significant inhighkindele and Sartaj, 2018;
Angelidaki and Ahring, 1993; Capsdiojo et al., 2020; Hashimoto, 1986; Sung and Liu,
2003; Tao et al., 2017; Yenigun and Demirel, 2043)l overall total ammonia nitrogen

(TAN) levels are often of concern during fsitale design of AD systems.

Ammonia is one of the hydrolysis producgsoduced during the degradation of
proteinaceous organimatter Ammonia isalso an essential nutrient fahe growth of
anaerobic microorganissntHowever when available at high concentratioasymoniacan

inhibit microbial activities. There are twoforms of inoganic ammonia nitrogen:
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ammonium (NH") and free ammonia (N8 Equation 29 refers to the ammonium and
free ammonia conversion imageows environment. Total ammonia nitrogen (TAN)
refers to the combination of both (ammoniand free ammonia). Free amni@, 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., 197Research has shown that free
ammoniais membrang@ermeable and hydrophobic, and passively difusto the
microbial cell(Gallert et al., 298; Kroeker et al., 19797 his leads to a proton imbalance
that disrups microbial activities.

NHs+ H.O 7z JN#OH ]
(Equation2-9)

It was observedhatthe mesophilicand thermophilianicrobial communitiesnvolved in
anaerobidigestionhave different sensitivity towards free ammonéas the thermophilic

ones are more susceptible to ammonia in comparison to the mesophili¢Pooes

Varaldo et al., 1997Also, 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 procé3isng et al., 2019)

In the past few decades, many studies were corgluctanvestigate 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 sgsvaapplications. TAN and free
ammonia concentrations at which decreased performance was observed vary between

120067000 mg TANN/L and 451100 mg NH-N/L (Angelidaki and Ahring, 1994; Borja
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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)is wide range of reported inhibitory
concentrations of (free) ammonia was attributed to the differences in digester microbial
community, substrates, temperature, pH and solids retention(Ghmen 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)rad 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 washduoccurs faster at decreased S@®k la Rubia et al., 2006; Lee et al.,

2011)

2.7. Mathematical modelling of anaerobic digestion

A variety of mathematical modsifor the anaerobic digestion procéss been developed

by various researchers. To provide a standardized and resse@th anaerobic digestion
process model, the Anaerobic Digestion Model No.1 (ADM1) was developed by the IWA
Task Group for Mathematical Modeling of Anaerobic Digestion Prsmsesn 2002
(Batstone et al., 2002n the past few decades, microbiological stugiee performed on
anaerobic digestion procegsngelidaki et al., 1993; Angelidaki et al., 1999; Batstone et
al., 2000; Donos@ravo et al., 2011a; Kalyuzhnyi andiidlyatshina, 1997; Keshtkar et al.,
2003) aimedto reveal the mechanisms of biological inhibition, substrate degradation
kinetics and thus allow for more detailed information integration into the AD mbdel.

recent years, many successAIDM1 applications have been published. Due to the
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complexity ofanaerobic digestion process and fixed stoichiometry approach of ADM1,
certain model extensions and/or structural modifications are required to incorporate the
physicatbiological processes that are missing from the ADM1 framework and extend the
model applcability. In ADM1, two methane production pathwagee considered in the
modelling process they are aceticlastic methanogenesis and hydrogenotrophic
methanogenesis pathway. Aceticlastic methanggassthe dominant methanogenesis
pathway for normal conddn AD, utilize acetate as substrate to produce;,Githile the

hydrogenotrophic methanogens utilizeahd CQ.

As described previouslygmmonia has been known to be a significant inhib@tbAD

when concentration excesal threshold numbem the anaaybic digesters limited by high
concentration of ammoniaacetate will be oxidized by syntrophic acetaxéizing
bacteria to produce +hnd CQ. The hydrogenotrophic methanogens will then use the H
and CQ to produce CHhl 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 prodtion mechanism in a high ammonia concentration digester
(Batstone et al., 2002; Karakashev et al., 2005; Wett et al., 2004 (Wett et al., 201%
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 publishedtiva set of model paramesgiWett et al.,
2014)which is calibrated only based on the methanogenic inhibition factors generated from
a simple batch ammonia toxicity tg8¥ilson, 2009) A mare detaied model calibration

basel on a data set collected from the letegm 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 tiipical THRAD level (0 to 2918 mg N/L).
Recentl vy, ammonia inhibition is drawing
trend of AD treatment intensificatiofBarber, 2016a; Choi et al., 2018; Higgins et al.,
2017a; Li et al., 2019rnd high nitrogen content organicsdigestion e.g food waste,
manure wastéEl-Mashadand Zhang, 2010; Esposito et al., 2012; Maltzarez et al.,

2014) Researclaimedfor further AD intensification via combinkgpretreatment have also

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

All of these recent trends are leading to theessity 6 a detaiedcalibration d the ACOX

model

2.8. Critical factorsfor operationaparameters selection of full scale THABP system

In the pasfew decads, an increase iradoptionof THP pretreatment systems has been
observedBarber, 2016a)Despite thgyivendefault THP design conditions wmperature
and reaction time, redife full-scale conditions haveften been variable or intentionally
changedThis is die to the dependency of the THP operatiowamious factors including
choice of reactors in serviceteam availability, dilution water availability, sludge pre
dewatering loading, digester loading demand &akjng Blue PlainsAWTP (Washington
DC, USA) asanexample, THReaction times within thplanthave varied from 30 to 250
minutes, while the $point was set to a minimum THP reaction time of 30 minud¢iser
than reaction time, full scaleHP temperature hadsobeen changed in fulicale facilities
oftento decrease color and recalcitrant nitrogen in final efflientyer et al., 2008pr to
decreasenhibition of sidestream deammonificatiofZhang et al., 2016)However, no

clear guideline on optimal plant specific THP conditions for full plates®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 recognizeetlmonal dynamics in sludge

characteristics or inherent dynamic THP operation due todimplexity of the system.

Intensive academic studieare performed tanvestigatethe impact of different THP
conditions ranging fr omnute8adnhdgrovoed inSights ferC an d
different sludge type@arber, 2016a; Higgins et al., 2017b; Lu et al., 2015; Nanet

al., 2019; Sapkaite et al., 2017; Wilson and Novak, 2009; Zhang et al., 20h8f 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 temperatunecreased from 13Q 7 0 (Hg@ns et al., 2017bYii) increased

inert soluble compound formation once exceeding L ® 0 (Sapkaite et al., 201,7{iii)

increased formation of inhibitory compound affecting sstteam nitrogen removal
systemgZhang et al., 2018)iv) melanoid formation due to reactions between denatured

pol ysaccharides and pr ot €Balmer, 2016a; Wdsorpamd at ur e
Novak, 2009)and (v) increased gel formation due to denatured polysaccharides or proteins
reacting with itself resulting in gdke or solidlike structures with decreased
biodegradability and AD kineticfLu et al., 2015; Manning et al., 2019n contrast,

increased THP taperatures allowed for an increase in cake sludge with 18% and slightly
improved methane yields{%) over the tested temperature range of1130 0 &li§ging

et al. (2017h)

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% witact
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t emper at ur e(DosasdBraw et all, Z001b)8IS0, one of the early researches
conducted byHiraoka et al. (19853hown that similar gas production improvement can be
achieved by a 60 eC THP with |l onger retentio
time. A recent THP pilescale study reported similar levels of soluble COD (sCOD)
release onea 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 heavikgroizpt

on the organic content of the slud@®ao et al., 2012}t 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 diffeent organic content presentprimary sludge

(PS andwaste activated sludg®VAS), 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, dewaterabilayd 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 THR-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 causegu
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 ammoniéBarber, 2016a; Mosey et al., 1971; Zayed and Wir2@90) On the
other hand, increased digestemfloate consequently reduces the SRT, which could be

unfavorable to digester performance.

As introduced in the previous sectioMHP partially hydrolyzes solids and
decreases viscosity. The latter allows for efficient pumping and mixing at increased
digeste TS concentration and increased volatile solids (VS) loadBayber, 2016a;
Nielsen et al., 2011)In addition to the intensification potential of digesters by
implementation of THP, enhanced biodegradability of activated sludge wiB2%5
increase in VSR(Barber, 2016a)and improved digestate dewaterability resgjtim
increased cake solids from-38% (Barber, 2016a; Higgins et al., 2017b; Oosterhuis et al.,

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

al., 2017b; Li et al., 2017; Wang et al., 20a8gre is still arestimated 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).20i9
unclear if the limitation in reaching full digesti 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 andidaulic retention time (HRT) in digesters
(Torpey and Melbinger, 1967t removes and thickens solids from the digester and returns
the thickened solids back, thus increasihg BRT 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 studyReynolds et al., 2001)it is unclear, however, if application of
recuperative thickening on digesters with THP, thus increasing SRT at given HR% (10
days) to further improve Hayolysis, would allow for increased digestion efficiency and
reach full potential biogas productiad@n the other hand, recuperative thickening process
can also be applied to maintain SRT at increased throughput rates and thus decreased HRT.
This aspect garesult 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 (240500 mg N/L) and free ammonia (3200 mg N/L) levels have been
observed (Barber, 2016a) These conditions could cause inhibition on hydrolysis

(Fernandes et al., 2012; Griffin, 2012; LU et al., 20@@) methanogenesis given the
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reported inhibition levels for free ammonial®0-620 mg N/L for methanoger{€hen et

al., 2014; McCarty and McKinney, 196Xpther than ammonia toxicity, other inhibitors
such a 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 literat@Barber, 2016a; Mosey et al., 1971; Zayed

and Winte, 2000) Recuperative thickening could offer a method for intensification
without application of increased TS concentrations and thus avoid inhibition impacts,
Higgins et al. (2019¢valuated feed dilution as an approach to lowering the potentially
inhibitory concentration of Nkl Decreased AD performance was observed when an SRT
and HRTof 10 days was applied using diluted feed at similar @.R5-20 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 deglaaddy
hydrolysable materials more efficientind allow for selection of slower growing microbes
(Phase 1) or by (ii) maintaining SRT at decreased HRT thus showing potential for
increased AD throughput rates (Phase Il). To allow for fair comparison, WzdsRkept
constant thus resulting in the use of diluted feed under decreased HRT (Phase Il). 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 texekin observations

and extrapolalessons learned into consequences for application.
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3.2. Research approach and methods

3.2.1. Thermal hydrolysis pretreated feed sludge and digesteipset
At Blue Plains Advanced WWTP (Washington, DC, USA), a blend of thickened primary
sludge (PS) and waste activated sludge (WAS) wasi@natered to 16% TS using
centrifuges before it was thermally hydrolyzed in Cambi© thermal hydrolysis units. The
thermal hydolysis process was operated at 6 bar steam pressure resulting in an operating
temperature of 16%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 digesterSeed sludge for the benslale digesters was collected weekly
from the THP diluted str eavarmedbatk upto@7°€d a't
(AD operating temperature) using a water bath betorasfed tothe digesters. Dring
Phase I, 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 | and Il for the

conventionalAD reactors.

Five continuously stirred labcale anaerobic giestergFigure A2with 10 L active sludge

volume and 5 L head spadeidure A3-1) were used. All five digesters were placed in a
mesophilic temperature control room at 37
were performed once per day. An overhead motor connedgtbda 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 digestersyo identical norRT digesters were operated at the exact same
conditions, so they were opegdtin duplicate. And 3 identical RT digesters were operated

under the same conditions, or in triplicatde two norRT reactorsfurther in the paper

31



are referred to as Conv. #1 and Conv. #2, were operated as typicatosgimiious,
completely mixed redors during both Phases. The remaining tHrRdereactorswere
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 reproducibilitysotlab

digesters andhcrease reliability of obtained results.

3.2.2. Recuperative thickening or sludge thickening
Recuperative thickening or sludge thickening operational diagrams for both Phase | and II
are shown irFigure3-1. 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 concentmatid 7.5 kg polymer/ton TS (15 Ib 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 separagelitjuid 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 prethickened digester effluent. The thickened sludge was theedmiith sludge

feed and fed to the digester adaily basis.
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Figure3-1. RT digesters operational diagram of Phase | and Phase Il study.

3.2.3. Digester startp and digester operation
Seed sludge for digesters in this study was collectedfiutbrscale digesters at Blue Plains
advanced WWTP (Washington, DC, USA). The-&dhle digesters were fed with diluted
THP sludge at TS concentration of 9.5% and w
SRT of 23 days. TS of the seed biomass, collefttad the fullscale 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 slubue feeding regime was
slowly ramped up to allow for acclimation of methanogens. Therfggutocess 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 Waished (PhasedndPhase lI).

The RT digesters were started at increased TS concentration to decrease time needed for
stabilization as the intémf Phase | was to increase SRT and thus biomass inventory. To

achieve increased TS concentrations for utaion, 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 conviemal 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
55" day (end of Phase 1). From the's@ay, 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 | and Il study can be fourabie Al Digester

OLR, SRT and HRT for both Phases are shdwahle 31 in andTable 32.
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Table3-1. Comparison of overall conditions, feed and digestate characteristics, AD

performance and kinetics foonventional and RT digesters during Phase 1.

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

Overall conditions

HRT d 15 15

SRT d 15 30

OLR (g COD/L- 8.66 +0.67 8.66 + 0.67

d)

Sludge characterization
Feed Digester Feed Digester*

Alkalinity mg/L 1908 + 9238 + 990 1908 + 937 8830+ 775
937

pH - 6.03 + 7.7+0.09 6.03+0.05 7.7+0.08
0.05

TS % 9.07 + 53+04 9.07+0.74 79+£0.3
0.74

VS % 6.84 + 3.4+0.6 6.84+0.93 5.0+£0.2
0.93

tCOD g/L 122+15 67.4+98 122+15 935+17.1

sCOD g/L 27.0+8.1 54+0.8 27.0+8.1 5.0%+0.9

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

Performance

VSR! % 56 + 2 57 +3

COD % 52+ 2 58+ 4

removal

Biogas rate L/d 29+2 29+ 2

CH4 content % 64 £ 2 64 £ 2

CH4 yield L/kg VS 397 £ 35 399 + 45

added

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 Lahd 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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Table3-2. Comparison of overall conditions, feed and digestateacheristics, 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- 8.98 +£0.47 8.98 + 0.47

d)

Sludgecharacterization
Feed Digester Feed Digester*

Alkalinity mg/L 2400 £ 10668 + 1029 + 254 6383 + 576
441 699

pH - 6.02 + 7.7+£007 65+1.0 7.5+0.06
0.06

TS % 9.61 + 51+0.1 48+0.7 52+0.2
0.15

VS % 7.54 + 3.2+0.1 3.77+06 3.2+0.1
0.13

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

sCOD g/L 299+26 46+0.6 149+1.3 29+05

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

Performance

VSR % 52+3 53+4

COD % 55+ 2 50+3

removal

Biogas rate L/d 29+2 29+ 2

CH4content % 64 £ 2 63+1

CH4 yield L/kg VS 373 +16 373 +22

added

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 Lahd 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 daiynediately after wasting using
Denverlnstrument Model 250 pH meter (Denver Instrument, Bohemia, NY). Alkalinity
determination was conducted according to the Standard Methods 2320B Titration method
using 0.1N HSOy (Fisher Chemicals, Hampton, NH) with an endpoint pH of 4.5 (APHA,
2012). The dalinity 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 br 30 mins followed by filtration using 0.45 um 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 (&th Inc., Loveland, CO) twice a week. Volatile Fatty Acids (VFAS)
were measured once a week using a Shimadzu Gas Chromatograph MedelL@C
(Shimadzu, Kyoto, Japan) with flame ionization detector (FID). The column used in the
Gas Chromatograph was RestgtabilwaxfitDA 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 pufkev based PFB0O00 Respirometer System
(Respirometer Systems and Aipptions, LLC, Arkansas, USA) attached to all digesters.
The headspace methane (CEnd carbon dioxide (C{pwere analyzed weekly using SRI

8610C Gas Chromatograph (SRI Instruments, Torrance, CA) with a thermal conductivity
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detector (TCD). Helium was udeas the carrier gas at a flow rate of 8 mL/min. The
calibration was performed using calibration gas mixture of 50%, GB% CQ and
balance N (GASCO, Oldsmar, FL). The column used was Haye Sep D packed column
(SRI Instruments, Torrance, CA)

3.2.5. Determination of hydrolysis constartdnd maximum gas production rate

Qmax

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

constant k The following model equation was used:

(Equation3-1)

Where:

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

Sxo = initial concentration ofydrolysable COD (g CODI/L)

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

t =time (d)

Detailed kcalculation approach was used and described in the previous researches
(Higgins et al., 2014; Vavilin et al., 200®)aily maximum gas production rate was defined
as the highest gas production rate from the 24 hours gas production rate profile3Figure

2¢, 3-2d).
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3.2.6.

Results comparison and Statistical analysis

Data collected from the duplicate conventional and tripliedIedigesters in the steady

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

scenario. Tweway analysis of variance (ANOVA) test was performed to compare the

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

the confidence threshold.

P Phase | Phase Il @
10.0 iy * "
25 )L P SR .
9.0 J—*—% ** * % 4
= —— Conv #1
= —o— Conv #2
o RT#
= ——RT#
C?J —A—RT#3
© —a— Conv #1
° —+— Feed
[t

Phase |

; steady

- T

state

Gas Production (L/d)
n
o

Phase Il

steady state

-—

20C

I —e— Conv #1
steady state 10 —o— Conv #2
| 4 RT #1
534l ¢ —— RT#2
jl 1 —A—RT#3
T T T T T T T T 0 T T T T T T T T T
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160 180
Time (d) Time (d)
2500 2500
(c) (d)
= =
§~ 2000 - f_ ;
E £
2 3 .
@ 1500 c ]
c c 1
5] <)
2 o
€ 1000 g
-] ©
L 2
Q. Q.
8 500 + Conventional digesters @ 500 « Conventional digesters
© + RT digesters v + RT digesters
o+ """ T L e L o e e e L e e e e e B B o
0 5 10 15 20 25 0 5 10 15 20

Time (hours)

Time (hours)

Figure3-2. Digester performance for all five digesters in terms of (a) TS concentration in

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

profiles over 24 hours period for all five digesters during steady state period forl Rt)ase
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and Phase 2 (d). Details of the Phase conditions are given in 3-abéandTable 3-3.

Dotted lines irFigure3-2c andrigure 32d 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 con(fatitss
et al., 2014)Currently used planwvide models are incapable of simulating performance of
advanced digestion processes because the models are simplified and do not consider impact

of ammonia inhibition on acetoclastieethanogensis, and substrate competition by ACOX.

Sumo2ACOX was modified from Sumo2, a phlavide model considering typical
biological and physiechemical reactions of activated sludge and anaerobic digestion.
Major processes concerning anaerobic digegiracess 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 biodegradableanigs

4. Acetoclastic methanogensis pathway with ammonia inhibition

5. Hydrogenotrophic methanogensis pathway

6. Acetate oxidizing pathway with ammonrzibition.
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As the process model achieves perfect mass balances, model calibration was focused on
correct repres#ation 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. Téfeed characterization inputs, critical parameter values used, and main model
specific process rate expressions are presentefiainle A2, Table A3, Table A4,

Respectively.

3.3.  Results

Both the impact of increasing SRT (Phase |) as well as maintaining SRR€traase HRT
(Phase II) through recuperative thickening (RT) application was evaluated in this study.
The observed AD performanand kinetics as a result of the applied SRT and HRT
conditions under constant Ol.Rere compared to conventional AD opevatat 15 days

SRT and HRT. Process modeling was used to help explain and extdpelabserved

results.

3.3.1. Phase4 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 &ystem
efficiency was limited due to biomass limitation, operating under increased SRT would
increase active biomass inventory and thus improve AD performance. During Phase |,

operation at an HRT and SRT of 15 days (conventional digesters) was compared to

41



operation under increased SRT (30 days) at similar 15 days HRT (RT digesters). Overall,

digeger conditions and performance parameters are preseriiedles 31.

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 @R

3b). Some variability was observed in TAN and free ammonia conditions during Phase |
(Figure3-4a, 3-4b) even though TS (Figu3a) and alkalinity levels did stabilize (Figure
3-4c). A potential reason for the variability was the variability in feed Ti®eotrations
(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 produdimth @s overall daily

rates as well as 24h biogas rates, Fidl8e,3-3d) and VSR stabilized. A comparison at
semisteady state conditions was performed on the basis of average conditions from day
25 to day 54 Table 31). As expected, due to operationden 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 (FiguB€a). Due to RT operation, TAN and soluble COD
levels decreased slightly in the RT digest@mble 31). Except for the TS concentration

and total COD numbers, digester conditions between conventional and RT digesters were
similar (Table 31). This resulted in similar (p > 0.05) biogas production rates (Figure

3b), VSR, COD removal and methane yieldialfle 31).

Looking more in detail to the AD kinetics, the 24 hours biogas production rates presented
in Figure 32, 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-3c, Table 31). Some variability was observed in the
RT reactors which might be related to the RT procedure. When converting! the 2
respirometry data into COD removal curves, hydrolysis rate constéiséke estimated
based orEquation 31. Hydrolysis rate constants were on average 0.6607 d-1 for
conventional digesters and 0.840.12 d-1 for RT digesters and thus not sséitally

different.

43



2%

2000 :
Phase | i Phase Il (a) & Phase | | Phase I (d)
3 “ ‘( Al i
= ’ e 2 /X B P “ steady . steady state
;‘ ‘7 l I “.’v “"v‘ ..} »,'/f o th)' / g ‘w 4 sh(e
£ 1500+ S g 190 '\ o8 % i
: MJ % A T g f« if \‘;f G Wroo—"
i : z 8 g
1000 | 2 / .
? 804 o Conv 22 a A A
5001 Woady st RT#1 : ‘AA»M‘MW b\-:'.;-—‘&&é
il RT #2 f
~&~RT #3
0 i v -- T v v - - 0 T T T - - T + .
0 20 40 60 80 100 120 140 160 0 20 40 6 80 100 120 140 160
Time (d) Time (d)
12000 Phase Il € 7000 - Phase i (a)
»e
| £ & £
e oAl \ <\ & 3
3 10000 i WO e
&% r ) ’ 2 S
3 ‘.--,z ésoooq ke S\
8000 1 gl R B il
8 s \ NG & D.de 3‘/
E pypu (Bl TR W
§ \ P g &’
- L)
3000 - ;
%’ § ¢ - %ﬂ‘%ﬁ}%‘,&?dt"ﬁ
£ w0 , steady state 3
= 2000 -
= —&— Conv #1 steady state
~o— Conv #2
04 . prm 1000 -
—6-RY #2
—A—RT 3 i
0 T T -y v + v v v 0 T T vy v v T v v
0 2 40 60 &0 100 120 140 160 0 20 40 60 80 100 120 140 180
Time (d) Time (d)

Figure3-3.0Overview of TAN, NH3, Alkalinity and soluble COD of all five digesters over
two Phases. (a) TAN concentration (b) NH3 concentration (c) Alkalinity leveo{dple

COD concentration.

44



Model calibration based on the sesteéady state data presented in Tableaimed to use
constant parameters for simulation of both, Phase | anth# model output for the
calibrated model matched the observed performance closely and is presefagein

Based on the biomass levels simulated ¢an 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, fermentationraethanogen 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 HAD performance at decreased HRT
As SRT was identified not to be limited at 15 days SRT (Phase I), during PHasERT
of the RT digesters was decreased to 7.5,daysliluting 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 8.3 kg COD/n¥/d. Performance

of the RT digesters was compared to tbeventional 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 8F3guiable

3-2). As a result of the feedilution in the RT reactors, alkalinitgCOD and TAN of the

RT digestersvas 40%, 37%, and 40% lowenespectively, compared to conventional

digesters Table 33, Figure 3-4a, c, d). It should be noted that without change in
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performance a consistent drof60% was expected. The free ammd#i&) 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/Laple 32). However, such difference in free
ammonia or the relate 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 forhe steady state period (days 111641) (Table 32).

Average daily gas production rate profiles of both scenarios are shown in Big(de
Although the area underneath the respirometer curve was similar for both reactors (Figure
3-3d) resulting in similar overall biogas production rates (Fidg8b), the shape was
slightly different. On average, the maximum biogas production rates fé&tTheactors

were significantly lower (p < 0.05) compared to the conventional digeStabie(32).

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

hydrolysis rate Table 32).

Using a similar set of parameters asdu® Phase | data, the process model was able to
predict the average performance of the conventional and RT digesterfaidd 83). As

the SRT was similar for both reactors, a similar biomass fraction and composition was
estimated for both system3aple 33). 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 predietiele 33). It should benoted

that more detailed ketic 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 wdseyond thescopeof this work
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Table3-3. 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 Influent Effluent
Alkalinity mg/L 2400 1029 4036
pH - 6 6.5 7.5
TS % 9.6 4.8 4.8
VS % 7.5 3.8 4.0
tCOD g/L 1840 920 42.7
TAN mg N/L 417 208 927
Performance
VSR % 53 53
COD removal % 51 51
Biogas rate L/d 28.8 28.8
CH4 content % 62 62
Kinetic rates (g COD/m3d)
Hydrolysis rate 4156 4069
Hydrogenotrophic 1805 1760
methanogenesis rate
Acetoclastic methanogenesis 2951 2914
rate
ACOX Ha production rate 27.8 9.3
Biomass composition COD/m?3)
Ordinaryheterotrophic 1757 1600
organisms (OHO)
concentration
Acidoclastic methanogens 2821 2275
(AMETO) concentration
Hydrogenotrophic 713 636
methanogens (HMETO)
concentration
Acetate oxidizers (ACOX) 30 8.4
concentration
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 systertigs study OLR

was kept constant for a fair comparison, a simulation exercise was setuijnitef T
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 appicdFigure3-4). 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 mahagthe RT system to
maximum TSS of 8% (at HRT¥ 7.6 days, Figur8-4). 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 Figudel 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 reachedr@days. At this point the conventional system still
operated at TSS values of 5.7 %, while the RTttara already reached the set maximum

of 8% TSS (Figure3-4b). The corresponding HRT was76days for the conventional
system and 3 days for the RT system at the failure point (F33da¢. This indicated that

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

to operation under conventional settings, without sacrificing AD performance.
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Figure3-4. Smulated washout experiment using calibrated model andliiioted feed for

both conventional (SRT=HRT) and RT system. SRT was maintained at 15 days for RT
system as long as TSS < 8 %S was reached, SRT was adjusted to maintaif 8%

under increased &ling 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 replicte digesters
Throughout theexperimental period of both Phase | and Phase Il study, key performance
parameters obtained from all digesters showed high consistency with their teeplica
digesters (Figure-3c, 3-3d). This showed that the digesters were operated with high
reproducibility in this study and the data achieved in the study was reliableuldbe
noted that some differences existed between Phase | and Il performance of conventional
digestersalthough SRT and HRT were kept constant. During Phase |, VSR and hydrolysis
rates were significantly higher than for Phase Il. Looking intoftiiescaleoperational
data, it was observed that although the primary sludge over waste activated sludge
(PS/WAS) rdéio send to the biosolids facility was not different (0.55 versus 0.54, for Phase
| and I, respectively), the capture rate in the gravity thickeners was significantly lower in
Phase 1l (72% during Phase Il compared to 90% in Phase |). As the captuie\Wst&
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 |, while only 0.43 during RhaBeis 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 OLRable 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% BT3ble has

been reported that active biomass concentrationstdonarease steeply once the necessary
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SRT has been reach@im et al., 2006; Lee et al., 2Q; Miron et al., 2000)In this study,

AD kinetics were not biomass limited and thus more determined kavtikable substrate
concentrations, which were similar for both systems during Phagable(3-1, soluble
digestate concentrations). Similarly, application of RT on digesters already operating at the
necessary SRT showed no improvement in previous st@@iasbledick et al., 2016;

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

The necessary SRT needed for TAP 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 forABIP
systems operating at SRT of 10 days versus 18 days at constant organic loading rate. In
contrast,(Higgins et al., 20193howed decreased performance at 10 days SRUIv48

days SRT. Based on the simulation exercise performed, the minimum SRT to avoid
performance loss is B days, independent of organic loading. The latter thus seemed to be
a lower estimated washout SRT than other studies sugdestgins et al., 2019)With a

more extensive model calibration using a larger range of data setshitammedonly 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-dhle THPAD system operating at an SRT of
20-23 days (Blue Plains advanced WWTP, Washington, DC, USAx bafety factor of

210 2.5, until reaching biomass limitation. Moreover, in the beachle setups used in this
study, the SRT was about 2 times higher than needed to reach biomass linfitation
conventional AD systems without THP pretreatment washout SRT have been reported in

the range of 8 to 17 daykliggins et al., 2019; Miron et al., 2000; Rincén 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 ttothe

washout SRT.

3.4.2. Recuperative thickening to increase throughptes
Decreasing the HRT from 15 days to 7.5 days while maintaining SRT at 15 days and OLR
at 8.66 = 0.67g COML/d, did not result in overall AD performance changes (T&kk.
However, the detailed kinetics did differ. A significantly lower maximum biogas
production rate was observed in the RT reactors (BaBJe-igure3-3d). 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 precedu
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 resultedeareased
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 substrdtbdiaifor 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 @Gahplevhich 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 applicafturing Phase Il a larger
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portion of sludge was exposed to the polymer addition (2 L/d in Phase Il versus 1 L/d in
Phase 1). The dewatering process during recuperative thickening most likely changed the
flocs structure and diffusion kinetics within amdthe 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 begmown in previous studigShaw 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 (SR¥7>dags).

The similar pedfrmances 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 ce to the lowest reported inhibitory FA concentratib(X 620 mg NH3

N/L) from the literatur€d Angelidaki and Ahring, 1993; Bujoczek et al., 2000; Chen et al.,
2008; McCarty and McKinney, 1961; Sung and Liu, 2008addition, it can be concluded
that no other potentially limiting or inhibitory compounds were present in the feed and

impacted performance uedthe tested conditions.

Short HRT could decrease the stability of anaerobic digestion when reaching a point where
methanogens are washed @kitm et al., 2006; Salminen and Rintala, 2Q0@)yerall,

based on results from Phase Il 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 WWAEPTHRAD 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 canootase TS
concentrations unlimited. At a certain point (typically > 8 % TS), the viscosity becomes
too high for efficient mixing and for efficient gdéiguid transfer. Risks for rapid rise events
need to be taken into consideration. Secondly, the opeghtost 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 kg/ton TSfor final dewatering of the RT digester
versus 11.8 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 waing about 2.8 times more polymer overall than
the conventional THAD system. Although better dewaterability in RT digester was
reported befordCobbledick et al., 2016)Xhe operational cost for RT will need to be

optimized and weighted against the cdpriaestment.

3.4.3. Kinetics within THRAD systems
It was observed that increased VSR (Phase | vs PhaseclUjredas a result of increased
primary sludge loading during Phasandresulted in increased observed hydrolysis rates.
In literature hydrolysis rates without THP pretreatment are reported to be higher for
primary sludge (0-4..2 d1) (O Rourke, 1968), compared to reported hydrolysis rate for
WAS, i.e. 0.170.6 d! (Ghosh, 1981). The 30% increase in hydrolysis rates in Phase |
comparedo Phase Il for the conventional digesters (Ta&ble Table3-2), 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 studyq®5 d') were consistent
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with the previously reported hydrolysis rates for THP digesters under similar PS/WAS
sludge feedindgHiggins et al., 2019and based on literature can be defined as relatively
fast hydrolysis rate@/avilin et al., 2008) This could be favored by the THP process and
the observed fasthydrolysis rates could be lieklito the readily biodegradable substrates

present in the THP feed sludge.

3.5.  Conclusion

This study showed that due to the low SRT requirements for-ABIRsystem, 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 67 days), RT application for SRT enhancement would make sense. However, RT
application to maintain SRT while increasing throughput rates showed great potential for
further interification 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 chaptewas redrafted after:

Li, B., Romero, A., Wadhawan, T., Tobin, Michael., Manning, R., Higgins, Matthew.,
Al-Omari, A., Murthy, S., Riffat, R., De Clippeleir, H. 20ZiRecuperative thickening
for sludge retention time and throughput management in anaerobic digestion witH therma

hydrolysis pretreatmeritWater Environment Research. In Press.
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Chapter 4: Investigate the free ammonia inhibition of methanogens in THFAD

systems

4.1. Introduction

In anaerobic digestion, four microbiologically driven processe® Hdferent metabolic
characteristics, growth rates, and sensitivity to environmental condifimssnaintaining
operational stability in anaerobic digestion is comfleghland and Ghosh, 1971}his

has often resulted in large designs for anaerobic digesters and operation at relatively slow
rates preventing most limiting or inhibitory impac&veral chemicals have baeported

to inhibit the AD microbial activitiesAmong them, ammonia hdseenshown to be a
significant inhibitor(Akindele and Sartaj, 2018; Angelidaki and Ahring, 1993; Capson
Tojo et al., 2020Hashimoto, 1986; Sung and Liu, 2003; Tao et al., 2017; Yenigin 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 8@D0 mg TANNY/L conventionally to 2000

3000 mg TAN-N/L in the intensified configuration@arber, 2016b)Thermal hydrolysis
pretreatment THP) has been adopted Wbgeatment plantsnainly due to its efficient
decrease in sludge viscosity which resutt efficient mixing and pumping at increased
digester total solids (TS) concentratidiBarber, 2016b; Nielsen et al., 201Benefited

by low sludge viscosity, THRAD systems have been successfully operated at much higher

OLR compared to the conventional AD. Thiggher feed concentrations proportionally
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increased the ewentration of potentially inhibitory substances, such as free ammonia and
ammonium ion, in the digesters. TAN afrde ammonidevels around 226@800 mg
TAN-N/L and 160245 mgNHs-N/L, respectively, have been observed for TH®D
systemgqBarber, 2016b; Higgins et al., 2017Bs 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 systedesng et al. (2019)bserved 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 TANIL and free ammonia incase from 8 to 213

mg NHs-N/L. Other THRAD studies have successfully operated AD systems with efficient
volatile solids reduction and biogas yields under TAN concentration of-2400 mg
TAN-N/L and 138455 mg NH-N/L at SRT ranging from-20 daygCapsorTojo et al.,

2020; Han et al., 2017; Higgins et al., 2017b; Jolis, 2008; Oosterhuis et al.,l2604é)\er,

clear data on inhibition constants for hydrolysis, fermentation and mefbaesis 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 usegrocess 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 aned to fill this research gap by conducting adable study in which five

digesters were fed with a mixture of primary and secondary activated sludge a&ealell
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THP treatment (9% TS) and operated under similar organic loading rate of 8.9 + 0.5 kg
COD/m?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 prodatgion
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 approadverview
THP sludge was collected from Blue Plains wastewater treatment plant (WWTP)
in Washington, DC, and used to feed a set of fivestzdle anaerobic digesters. These
digesters were operated for about 20 months, in which three different operatiases ph
were conducted. Each phase was operated until their steady stataelzd beforthe
next phase commenced. Steady state phases are highlighted in4-igug¢eady state
digester effluent was collected and used for analysis to evaluate the pgeRiemance.

The five digesters were labeled with AD AD-2, AD-3, AD-4 and AD5.
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Figure4-1. (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 teeas pha
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| to 1ll. The different operational phases as well as steady state (SS period) are highlighted.

Steady state data is also presented in Takledd Figure 2.

4.2.2. Feed sludge and digester-sipt
Prethickened primary sludge (PS) and waste activated sIQ¥@eS) mixture at a mass
ratio of on average 49.8% PS/WAS aatdabout 5% TS was further dewatered using
centrifuges to 16.5% TS before THP treatment. Through-adalle THP process, the pre
dewatered solids were then thermally hydrolyzed (Cambi, UK Bamary and waste
activated sludge was thermally hydrolyzed to guarantee class A biosolids production. The
thermal hydrolysis units were operated with 600 kPa pressure &C165a reaction time
of minimum 30 minutes. Afterwards, the thermally hyglr@ld sludge was diluted with
chlorinated plant effluent to 9.5 % TBach week, this diluted sludge was collected, and
transported to the research | aboratory. At
maximum one week. Before feeding, the sludgswarmed up to operational temperature
(37 °C) using a warm water bath. Key THP feed sludge quality parameters for the three
phases are summarizedTiable4-1. All digesters used in this study hadaaive sludge
volume of10 L, and head space of 5 L. Digesters were placed in a temperatureledntrol
room, wherehe temperature was setat7 N 0. 2 , and fed once a
operated continuously at 100 rpm, was attached to the head of the digester. For headspace
gassampling, a gas port sealed with septa on the cap of digester was utilized. Out of the
five digesters, two were operated as typical seonitinuous reactor@AD-1, AD-2), and
the remainingthree were operated wittecuperative thickening (A3, 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 rea
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configuration was adapted from previous reseafich et al., 2019) Recuperative
thickening proved not to affect digester performance under the same organic loading rate
and SRT(Lietal.,2019) hence, a change in digesters?o
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.

Table4-1. Comparison of key feecharacteristics to the digester after the THP process of

all three operational phases.

Parameter Unit Phase | Phase Il Phase Il
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+15
TAN mg N/L 498 + 21 467 + 108 512 + 46

Note. AD35 were fed with diluted feed (2x) micreased feed flow rate under

recuperative thickening protocol (see methods).

4.2.3. Operational phases
This study was conducted in three phases, namely phase I, Il and Ill. In phase | and

II, NHsHCOswas added in the digester feed to increase the total ammonia nitrogen (TAN)
concentration of the digester. NHCOs was preferred over N4EI in phase | and Il to
avoid CI inhibition previously described i€hen et al. (2008)To avoid pH increments
due to NHHCOs, NH4Cl was used at 1000 mg TAN/L dosage in the feed during phase
lll to achieve the desired TAN concentration. In total 5 differeatt@s were operated
with incremental increase in TAN conditions (see timeline in Figeke The target TAN
concentration for each digester, in each phase can be found inBllaliter all digester
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conditions, TAN concentrations increased to the desénezl 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

NHs-N/L.

4.2.4. Monitoring digester performance

Using Denve 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 0.5 HFisher
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 sdlidsor (VSR)

of each digester at their steady state was calculated using Vand¢jeation(USEPA,

1999) Hach NH-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
norrideal solution, free ammonia was calculated basethe Davis equation by using
simplified | calculation without iterative NH correction(CapsorTojo et al., 2020})0
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. Solde COD samples were obtained by centrifuging digestate samples
at 3000 G for 30 mins, and filtering through 0.45 um pore size filters (Millipore, Burlington,
MA). A pulseflow based PRB0O00 Respirometer System (Respirometer Systems and
Applications, LLC, Akansas, USA) was attached to all digesters to collect 24imeal

gas production profilesThe 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 ratevas latter used for Monod inhibition constantcilculation. The methane

(CHg4) and carbon dioxide (Cfpcomposition of digasr headspace biogas was analyzed
weekly before daily feeding using SRI 8610C Gas Chromatograph (SRI Instruments,
Torrance, CA) wih 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 usedn the Gas Chromatograph was the Restek Stabilvifi
capillary column (Restek, Bellefonte, PA). At first, digestate samples were centrifuged
using AccuSpif™ 400 (Fisher Scientific, Hampton, NH) for 30 minutes at 3000 G. This
action was followed by fitation using Millipore MillexHN (Millipore, Burlington, MA)

0.45 um pore size filters. Prior to the use for analysis, the solution or supernatant was
acidified with ephosphoric acid. This analysis was performed once a week, and the
measured VFAs were @ented 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 feeammonia conditions.

4.2.5. Dewatering test
A onetime 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 mediaationic charge (35%) with density of 850 kdfitocculant
polymer powder (FLOPAM 4440, SNF, GA, USA) was selected. Optimum polymer dose

(OPD) was determined by building the polymer dassponse curve based on capillary
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suction time (CST), as the measafe¢he 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 a 700/
mi XxXi ng at 5 4 econpsin for(9G seéonds @\ftes mixing was done, the
measurement of CST was performed. The dosage that achieved the lowest CST was
considered as the optimum polymer dd@3eerall polymer dose for RT digesters (Tadle

2) was calculated by adding the polynderse 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 opefaigonext step
involved determination of cakekds and the method described Biggins et al. (2017b)

was used to simulate belt filter press dewatering. Dewatering was perfosmgdyravity

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 f@tiggins et al., 2017b)

Centrifugation of solids
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Table4-2. Dewaterability including Optimum polymer dose and cake TS of digestate from

digesters withdifferent free ammonia concentration.

Free ammonia Optimum Overall Cake total Reactor Phase
(mg NHs-N/L)  polymer dose polymer dose solids
(Ib/ton dry (Ib/tondry (%)
solids) solidg
376 160 310 35404 AD-5 I
103+ 76 24+ 0 24+ 0 33.7+£0.3 AD-2 I
128+ 8 161 311 33.3x04 AD-5 I
202+ 71 161 311 32704 AD-4 I
211 +2 18+0 330 33.2+0.3 AD-5 1]
225+ 21 18+0 330 33.9+05 AD-3 I
226 + 24 24 +0 24+ 0 34.3+0.4 AD-1 I
297 £ 29 160 31+0 32.7+0.6 AD-4 Il
396 + 25 18+0 330 33.3+0.3 AD-4 1]
509 + 59 24+ 1 24+ 1 33.7+£0.3 AD-2 Il
549 + 36 24+ 0 24+ 0 32.2+04 AD-2 1]
554 + 74 18+0 330 32402 AD-3 I
734 +13 18+1 331 33.8+£0.3 AD-3 1]
800+ 171 22+0 22+0 34+04 AD-1 Il
966 + 22 24+ 0 24+ 0 33.6+0.3 AD-1 1]

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 impacof ammonia on biogas production with and without high ammonia
acclimation, a stress test using MHiwas performed in batcBtress tests were performed

based on methods for activated sludge san{pescer, 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 head§peedottles were
seeded with the steady state digestate from high free ammonia digesiefré&/D® Phase

Il (966 mg NH-N/L) and the other five bottles were seeded with steady state digestate
from low free ammonia digester ABfrom Phase Il (211 mg Ng-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 batctbottles (13.3 mL of THP sludge in 200 mL with 186.7 mL digestate). It
should be noted that the THP sludge, due to significgarolysis, already contains readily
biodegradable organics and VFA and was therefore preferred over synthetic substrate
addition. With the ddition of NH,Cl, 5 free ammonia conditions for each set of digestate
samples were achieved, with the lowest @mti@ation representing the condition of the
seeding digester. Overall, the free ammonia in the different batch tests varied from 236 to
1335 mg NH-N/L. Each bottle was connected to respirometer to record the gas production
profile during the tesCumulative 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 constantdculation

Oneway 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 methanetmod

is expressed empirically by the following Monod function:
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2 o+ (Equation4-1)

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 oNHgAg/L);
Rmax(L/d) is the maximum biogas production rate or maximum methane proaueat®
without having substrate (acetate) limitationjsthe Monod inhibition constant (niH3-

N/L) and describes the inhibitor concentration at which the maximum gas production
decreases by 50%. The Monod inhibition curve was fitted to maximum brates

observed in respirometer tesasidthere wasio 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 digest¢a af 15 free
ammonia and TAN, which varied in the range of 37 to 966 mg-N# and 1249 to 5820

mg TAN-N/L, respectively, were created providing performance information both at
transitions as well as at steady state (Figdi¢. There is no statisét difference between

the feed sludge composition during the three different phasesd(lidble4-1) in terms

of alkalinity, pH, TS, VS, total COD, soluble COD and TAMe average TAN, pH and

free ammonia concentrations for the steady state phassisaave in Tablel-3. It should

be noted that, due to the dosing of ammonium bicarbonateHBE:), all digesters
operated were well buffered and the pH in the digesters varied in the range of 7.5 to 8.2. In
phase lll, the additional 1000 mg TANL in the feed was added in the form of

ammonium chloride (NkCI) 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 thiéferent reactor runs.

Free ammonia TAN pH Reactor Phase
(mg NHs-N/L) (mg N/L) )
37t6 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 Il
202+ 71 2557 + 437 7.93+0.11 AD-4 I
211 +2 2959 + 13 7.94 +£0.01 AD-5 1
225 £ 21 3134 + 101 7.94 £ 0.05 AD-3 I
226 + 24 3220+ 118 7.93 +£0.05 AD-1 |
297 £ 29 2985 + 105 8.09 + 0.04 AD-4 Il
396 + 25 4076 + 40 8.09 £ 0.03 AD-4 1]
509 + 59 3781 + 140 8.24 £ 0.05 AD-2 Il
549 + 36 4635 + 31 8.19 £ 0.03 AD-2 1
554 + 74 4109 + 250 8.25 +0.05 AD-3 Il
734 £ 13 5820 + 276 8.23 £0.02 AD-3 1
800+£171 4809 + 227 8.41 £ 0.06 AD-1 I
966 + 22 5638 + 235 8.38 £ 0.02 AD-1 1]

Note: The different phases and reactors are highlighted in Figliand included here in
ascending free ammonia order for direct comparison with Figete #he different
operational phases of each reactor (5 reactors in total) is highlighted andocangdaeed
with the timeline graphs shown in Figurd 4Table 45 summarizes additional operational

conditions.

As a result of the step increase in feed ammonium concentration (start of Phase 1), the free
ammonia and total ammonia nitrogen levels in eagbster increased over one SRT and
reached a steady concentration after 30 days. At the transition from Phase | to Phase I,
digester gas production and methane yield decreased temporarilyfbr AD2 and AD

3 reactors, when their free ammonia concéimna reached about 550 mg BN/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 ‘NN respectively (igure 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 litéfdimazele

and Sartaj, 2018; Chen et al., 2008; Zhao et al., 201 8rger impact of the increased

free ammonia concentrations on biogas production rate was initially observed-fbaé\D

the increase ifree ammonia continued up to 800 mg NWL, while steady state free
ammonia concentrations for AP and AD3 reactors were 509 and 549 mg NWL,
respectively (Figurd-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 ADin the transition period was 14.1 L/day and 190 mL
CHa4/g VS added respectively (Figudelc, d), which corresponded to a 48% decrease in
gasproduction when compared to Phase |. Biogas production #2 Abd AD3 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 iR2Akas fully recovered after two

SRT. However, the gas production and methane yield deficiemrg only partialy
recovered in ABL and AD3 at their steady state. The VSR of ADand AD3 was 17%

and 9% lower compared to their Phase | performance, respectively @-ableThis
observation agreed with the findings from literat(fdansen et al., 1998; Zeeman et al.,

1985) This could be due to the internaldti@n shift of the dominant methanogens species
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and changes in methanogens popula{ideeman € al., 1985) Hansen et al. (1998)
conducted a batch experiment using inoculums acclimated to high ammonia concentration
to deternme the ammonia toxicity. They reported that ammonia inhibition started at a free
ammonia concentration of 1100 mg NN/L with the acclimated inoculum. Specific
apparent methanogens growth rate was found to be constant when free ammonia is below

1100 mg NHs-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 indicate&igure4-1. An overview of the different

free ammonia and TAN levels under steady state conditions is shown in4F2ablehe
performance parameters at steady state conditions were evaluated in function of free
ammonia concentrations (Figut€2, TableB2). The same evaluations in function of TAN

can be found in FigurB1. As mentioned above, data indicated that the main impacts were
relatedto free ammonia rather than TAN during transition periods, this was confirmed
during steady state (FiguBs) andis consistent with previous repo(&kindele and Sartaj,

2018; Chen et al., 2008; Zhao et al., 2019)
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Figure4-2. Key digester parameters in termg@y Volatile solids reduction calculated by
Van Kleeck method (VSR/K), (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) digestatalde COD and (f) VFA concentrations in
function of free ammonia concentrations. Data represent steady state conditions for the

different conditions presented in Tabl4
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A decrease in AD performance in terms of VSR, COD removal efficiency and biolghs yie
was observed when free ammonia concentration exceeded 554 ¢/ N{b=0.00015),

734 mg NH-N/L (p=0.000007) and 554 mg NHN/L (p=0.000001), respectively. The
decrease in steady state performance at around 550 rgdNMHwvas similar to the
temporary inpact observed during the transition periods (Figutg. At the highest free
ammonia concentration of 966 mg BN/L and 4809 TANN/L, a decrease of 33 £ 5% in

VSR, 22 £ 2% in COD removal and 18 + 6% in methane yield was observed (Figure

Very few gudies looked at the impact of extreme free ammonia-{00® mg NH-N/L)

on acclimated anaerobic digestion system fed with municipal slédgedele 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 mgAWL. The cumulative biogas production was
further decreased by 90% when free ammonia further increased to 1077 AN/INFThe
observed decrease in digestion performance in this studg3%3 was lower than
expected and more in the range of reported impacts for free ammonia levels of 60 to 480
mg NHs-N/L rather than 55®70 mg NR-N/L (Angelidaki and Ahring, 1993; Chen et al.,

2016; Chen et al., 2008; Wang et al., 2Q16)

Another potential explanation for the high tolerance to free ammonia might be attributed
to the buffeing capacity of this system. In this study, the buffer capacity andveté
higher than conventional AD systems and was close to reportedemaD systers.
Similar to previousobservations in thditerature, due to free ammonia inhibition of
methanogens, VFA accumulated in the reactors (Fidp2® (Akindele and Sartaj, 2018;

Sung and Liu, 2003; Yenigin and Demirel, 2013pwever, 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 ammontancentrationsan exponential increase in soluble COD and
VFA was observed in the digesters (Figut€e, f). To evaluate if hydrolysis or
fermentation was impacted by free ammonia, the potential biogas amount within the
accumulated VFA was added to theserved biogas production (Figuke). 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 reactdhen adding this calculated value to the observed 14.3 + 0.9

L CH4/d, the overall estimated methane of 17.7 Lu@Hvas close to the biogas rate of the
first digester at free ammonia of 45 mg NN/L. This calculation was done for all free
ammonia concerdtions and based on VFA accumulation. FigBi® 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 digestersAlthough it is generally agreed that hydrolysis and fermentation are less
sensitive to ammonia inhibitid@kindele and Sartaj, 2018; Angelidaki and Ahring, 1993;
Yenigin and Demirel, 2013)Vilson et al. (2013)eported 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 NH/L to 182 mg NH/L) due to ammonia inhibition. Ehouldbe noted

that the SRT of 15 days might have been long enough to compensate for potentially

decrease 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.
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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 amancomcentration was added to

the observed biogas rate. The maximum methane potential in 966 mdNMHBee
ammonia digester was overestimated due to the excessive VFA accumulation as shown in

Figure 42f.
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4.3.4. Impact of free ammonia on kinetiof methanogens

Previous studies have indicated that under high free ammonia, a selection for
hydrogenotrophic methanogens occurdgelidaki and Ahring, 1993; Borja et al., 1996;
Chen et al., 2008; Zeeman et al., 19853 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 wst®pped for 2 days at the end of phase Il study
and VFA consumption and biogas production was monitored (FB@)dn all digesters

a steep consumption of VFA was observed in the first 24 hours without feed ([BRipre

After 2 days without feed, sinaif cumulative biogas levels were reached in all digesters
and thus VFA levels decreased to below 100 mg CODI/L for all digesters with free ammonia
concentration below 734 mg NHN/L, and to levels of 430 mg COD/L for highest free
ammonia concentration (FigauB3b). 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 deased VFA accumulation and increased biogas rates under the
applied high ammonia concentrations. This was similar to suggestionGliomenhaga

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 ¢NAlHo 1000 mg
NHs-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 guidelsméor inhibition of methanogens, more detailed kinetic
information was gathered. Detailed 24 hours respirometer data was collected from which
maximum methanogen rates were calculated (FiB@)eand the calculated methanogen
rates are presented in Figdrda in function of free ammonia levels. Figure 4a shows that
methanogen rates were impacted earlier than the observed AD performance indicators by
free ammonia (Figuré-2a,b, c). Similar conclusion can be drawn from Figdf2d, which

shows the steady state maximum gas production rate of b &kle. As readily
biodegradable substrate concentration was similar for all digester conditions, maximum
gas production rate was directlglated to the digester methanogen rates and occurred
within the first 2 hours after feeding. Figut€d shows that the maximum gas production
rate was impacted earlier than the observed AD performance indicBtssconfirmed

that SRT of 15 days was cpensating for the decreased methanogen rates up to 550 mg
NHz-N/L. Based on the calculated maximum methanogen rates at digester steady state, an
inhibition constant for free ammonia was estimated (Fige4e). The Monod inhibition
constant K describinghe concentration at which half of the maximum rate was achieved,
was estimated to bel8 + 198 mg NHs-N/L and thus higher than threported values in
current literatur¢ 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, 201&nd SRT as discussed above. In addition, the use of THP
pretreated sludge allowed for the availability of VFA and readily biodegradable COD

(Barber, 2016band 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 respirtesete
using biomass from a low (211 mg BN/L, AD-5, Phase Ill) and a high free ammonia
concentration (966 mg Ni-N/L, AD-1, Phase Ill) were slightly lower, but not significantly
different (p>0.05; Figurd-4b) to the Monod inhibition constant &stimaed based on the
steady state maximum biogas production and methane production data from the digesters
(Figure4-4a, c). The similarity in inhibition kinetics between the batch and reactor data
suggested that overall population might not have changed mhath might be a result

of an enriched hydrogenotrophic methanogen population in THP digesters to start with
(Barber, 2016b; Wilson et al., 2008)nhibition 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 (Figirahke
highlighted grey area in Figure5 indicates the operational levels of free ammonia and
TAN for typical THP AD systemgBarber, 2016b; Higgins et al., 2018ased on the
kinetic information gathered in thidusly, current THP AD systems operate under an
estimated inhibition level of 128% for methanogens. Only at inhibition levels of more
than 40% (> 600 mg N4IN/L) significantly impact on VSR and VFA accumulation were
observed in our study under SRT of 1¥yslalhis 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 undeestding 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

intensificaion.

2500

i Ris= 2275 + 303 mL CH,/hr
K, = 817 + 198 mg NH,-N/L

2000

1500

1000

500 4

Maximum biopgas production rate (mL CH,/hr)

R,.= 22.8 + 2.6 mU/hr
16 =
- B K, = 370 + 108 mg NH,-N/L
£ 14 N\
E -
2 121
& i
c 10 e
o S
= S a
é 81 » Yy .
9 "
a 64 o
1% - -
-3 °
© 44 = Non-acclimated
@ e Acclimated
24 - - - Model
0

b

T T T
400 600 800

Free ammonia (mg NH3-N/L)

2000 ~

1500 4 - 4

1000 4

500

.
1000 0

T T T T
600 800 1000 1200

Free ammonia (mg NH3-N/L)

T T
200 400

c
Ria= 1440 + 130 mL CH,/hr
K, = 847 + 222 mg NH,-N/L

Maximum methane production rate (mL CH,/hr)

T T T T
400 600 800 1000

Free ammonia (mg NH,-N/L)

1
1400

Figure4-4. Estimation of Monod inhibition constant Ki and maximum rates (Rvaies)

based on the (a) observed maximum biogas rates in the 24h profiles in function of free

ammonia concentrations in the reactor (see also Figtd).4(b) Average biogas

production rate in the first 24 hours in function of free ammonia. Data wamettfrom

batch tests using biomass from ADat low free ammonia (211 mg NHW®L, non

acclimated) and biomass from APat high free ammonia (966 mg NHBL, acclimated)

and dosing of NH4CI. (c) observed maximum methane production rates in the 24sprofil
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in function of free ammonia concentrations in reactor (see also Hgdlde The line in (a)

and (b) represents the Monod inhibition function fitting and dotted lines represent 95%

confidence interval (see Equatiori)
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Figure 4-5. Translation of estimated inhibition kinetics based on the steady conditions

obtained in this study (Figure4h) into inhibition levels for methanogens at different free

ammonia levels and their equivalent TAN levels assgraipH 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 decrease
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dewaterability at increased ammonium concentrat{biggins 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 nee@¥/u and Wu, 2001pr increase in monovalent to divalent
cations ratio(Higgins and Novak, 1997)o evaluate the impact oframonia 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 (Ta#&). No impact of higheFAN on optimal polymer

dose nor cake TS was observed in this study. Due to additional polymer addition within
the recuperative thickening protoclli et al.,, 2019) overall polymer doses for the
recuperative thickening reactors (reactor -BDAD-4, AD-5) were higher than the
conventional digesters (Digester A AD-2) despite the lower polymer additions during

the dewatering test (Tabke3). Thus, ®parate 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 thatreviously observed relationships between TAN and
dewaterability(Higgins et al., 2008)vere 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 accumulatibayed onn-reactor
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kinetic rate indicators. A Monod inhibitioconstant Ki for methanogenesis of 847 + 222

mg NHs-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¥@88ecrease in AD performance was observed at the
highest free ammonia concentration of 966 mgMIAL. The results of this study show

that free ammonia inhibition levels in current THP digesters are orl8%, indicating

potential for further AD intenditation.

Note: This chaptewas redrafted after:

Li, B., LadipoObasa, M., Romero, A., Wadhawan, T., Tobin, Michael., Manning, R.,
Higgins, Matthew., AlOmari, A., Murthy, S., Riffat, R., De Clippeleir, H. 2020. The
inhibitory impact of ammonia on thermgalhydrolysed sludge fed anaerobic digestion.

Water Environment Research. In Press.
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Chapter 5:  Generate kinetic parameters for highrate anaerobic digestion system
for application in process models

5.1. Introduction

A number of nathematical modslhave been developtat the anaerobic digestion process

In the past few decades, many microbiological studiese performed on anaerobic
digestion procesfAngelidaki et al., 1993; Angelidaki et al., 1999; Batstone et al., 2000;
DonoseBravo et al., 2011a; Kalyuzhnyi and Davlyatshih@97; Keshtkar et al., 2003)
aimedto 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 reseatlshsed anaerobic digestion process model, the Anaerobic
Digestion Model No.1 (ADM1yvasdeveloped by the IWA Task Group for Mathematical
Modeling of Anaerobic Digestion Processes in 2(B&stone et al., 2002J here are two
methane production pathways considered in ADMZXtoatastic methanogenesis and
hydrogenotrophic methanogenesis pathway. ddastic methanogens utilize acetate as
substrate to produce GHwhile the hydrogenotrophic methanogens utilizeadd CQ
(Figure 5-1). ADM1 does not incorporate the acetate otaa (ACOX) mechanism
(Figure 5-1a), which is reported to be the dominant methane production pathway in a
digester withhigh ammonia concentratigBatstone et al., 2002; Karakashev et al., 2005;

Wett et al., 2014)

As describedn the previous chapter,Amonia has been known to be a significant inhibitor
for AD when concentration exceed threshold number. From past studidagelidaki

and Ahring, 1994, Borja et al., 1996; Chen et al., 2016; Hansen et @8, K@yhanian,
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1999) free ammonia has been shown to be the main cause of ammonia inhibition. Free
ammonia is membraAgermeable and hydrophobic, thus canspato the microbial cells

freely and led 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 produceztnd CQ. The hydrogeotrophic methanogens will then

use the Hand CQ to produce CH Wett et al.(2014) implemented the acetate oxidizing
mechanism into the ADM1 and published the ACOX model (Figutb)5This provided

a useful framework for high loading/ammonia AD process simulation. The ACOX model
is published with a set of model paramst@tett et al., 2014yhich is calibrated only
based on the methagenic inhibition factors generated from a simple batch ammonia
toxicity test(Wilson, 2009) A more detagédmodel calibration baskon a dad set collected

from the longterm 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 THRD level (0 to 2918 mg N/L). Reently,
ammonia inhibition is drawing more AD operat
treatment intensificatio(Barber, 2016a; Choi et al., 2018; Higgins et al., 2017a; Li et al.,
2019) and high nitrogen content orgasicoedigestion €.g.food waste, manure waste)
(EI-Mashad and Zhang, 2010; Esposito et20112; MataAlvarez et al., 2014)Research

aims for further AD intensification via combitgretreatmenthave also shown the

possibilty of even higher ammonia concentration in the futirdigester operation.

To fill the knowledge gap mentioned above, a wide range of experimental data generated
from a longterm ammonia inhibition study, which covered the TAN concentration in the

rangebetween 1250 to 5640 mg N/L, was used for ACOX model calibration. A new set of
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kinetic parameters/as developed for the ACOX model for future high loading/ammonia

AD application.
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Figure5-1. Diagram of hydrolysis, fermentation and methanogenesis implemented in (a)

Sumo2 model and (b) Sumo2ACOX model.
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5.2.  Materials and methods

5.2.1. Model structure description
In this study, Sumo2ACOX model was calibrated and Summai2lel was use for
comparisorof the simulation results on high loading/ammonia anaerobic digeStimno
iS an open source, multipurpose simulation environment developed for environmental
models, particularly municipal and industrial wastewater treatrpéarit modelling.
Sumo2ACOX was modified from Sumo2, which is a plarde model considering typical
physco-chemical and biological reactions of anaerobic digestidajor processes
concerning anaerobic digestion process modeled using Sumo2ACOX arewas:foll
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 pedly with ammonia inhibition
5. Hydrogenotrophic methanogenesis pathway
6. Acetateoxidizing pathway with ammonia inhibition
Table 51 shovs the majorsteps ofanaerobic digestion process modeled udinth
Sumo2ACOX and Sumod.o help better understand the Sumo language terms used in the
procesquationsn the following section, description of the terms apeovidedin Tables
in Appendix A andC. The main rateexpression for Sumo2 and Sumo2ACOX model are
generated from theindamentaéquationpresenteah Chapter 2Therate expressiorsre

as follows:
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1. Soluble biodegradable organic fermentation rate with higA MiFSumo2:
Yo Fop2® zZ0EMQOO R 5 200 @§ | (Equation 51)

2000 5 5 zZ0OBR 5 R
2000 5 5 z01i wWop R

2. Soluble biodegradable organic fermentation rate with low ¥F8umo2

Y ‘ FORZ® zZ0EMQOO [ z0i 0w 5 (Equation 52)
z00R 5 5 2000 B

2000 5 5 zZO0Hi WOR §
Z0i WO 5 zO0i WO z0 i oy
z0i WO | 20 Qaq e

3. Soluble biodegradable organic fermentation rate with high MFBUmo2ACOX:

Y ' FopZ0 zZ0EIQNO [ j z0i e f (Equation 53)
2008 5 200 ;i
200 5 5 Z0i WOoj R
200l 0o 5 zO0i WO 20 i 0o j
z0 'Qa'a

4. Solublebiodegradable organic fermentation rate with low MRAumo2ACOX:

Y ‘ P RZ®  zZ0EMQNO [k zDi 0 § (Equation 54)
2000 5 5 2000 B
LAVINO 5N Foz20i wop B
Z0i 0o j zZ0i 0oy z0 i oy
200 ®o j z 0 'Qa'a

5S¢ %

5. Ordinary heterotrophic organism decay rate in both SumoZanmb2ACOX:

zZ@ sy 2000 5§ (Equation 55)

YR @
2000 5 g 0TR o
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6. Aceticlasticmethanogens growth rate in both Sumo2 and Sumo2ACOX:

Y A 5 omig” @ b0 A R ddo 07vo (Equation 56
2 0E QWi -6 5 00 e i 6 07vo
20 OB s 6o 0 060 | @O0%0 g o 0o
Ul WA+ oo o5V | I@awo W | 0% 6o
20 QU'Q 88 oo

7. Aceticlastic methanogens decay rate in both Sumo2 and Sumo2ACOX:
Y ﬁ O IO zsp z0O0 5 g (Equation 57)
VIO 5 I 208 5§
8. Aceticlastic anaerobic decay rate in both Sumo2 and Sumo2ACOX:
Y S (Equation 58)

) z® VIO 5 I B

20 00§ j

5S¢ ¢

9. Acetate oxidizer growth rate in Sumo2ACOX:

Y A F‘iYZ A z'd M@O z Oé“Q"gm"Q[j Gh (Equation 59)
20 OB or 20 DBy vy o 6 6 B0 | o
ZUgom0f U1 WO §oib o U1 O¥Odiy o6y
201 @Pwo# 0 QUQ QE

10. Acetate oxidizer decay rate in Sumo2ACOX:

Y i ® FZQ zsp 2008
VIO 5 B zD A8 |

5¢
pmy

o (Equation 510)

¢

11. Acetate oxidizer anaerobic decay rate in Sumo2ACOX:

Y ooh R O 5z z0OR (Equation 511)
2008 5

12.Hydrogenotrophic methanogens growth rate in both Sumo2 and Sumo2ACOX

Y A FZO z'd wo (Equation 512)
z2 DE"QR B 2D 08 5§
VIO SN N ZDi 0o z0

Z0i WO | 201 @O zZD i Wof
zQaQ R
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13. Hydrogenotropic methanogens decay rate in both Sumo2 and Sumo2ACOX:

Y R Wop 0wy Pob ovs | Oivo? O 1 6@k wios o-vs | (EQuation 513)
A0 five ¢%aP | WO sfiids 61100 O"Y6
2 0 08 iciion 0o

14.Hydrogenotrophic anaerobic decay rate in both Sumo2 and Sumo2ACOX:

Yo hoh ) (Equation 514)
() ) 2000 7§

15. Particulate biodegradable organic hydra@yste in both Sumo2 and
Sumo2ACOX:

Y i N rZ20 5 20Yi wp § (Equation 515)
zZ 01 Wwop S 5 Z0i®0y
Di ®Wo j Eoz0oae i
2008 5§ S z) 08 | R
z) Q¢ Foz0Q0 5 i

16. Soluble nitrogen content ammonification rate in both Sumo2 and Sumo2ACOX:

Y hh n FZ2YRZD R (Equation 516)

17.Particulate endogenous organic matter conversation rate in both Sumo2 and
Sumo2ACOX:

Y g N 20 (Equation 517)

18. Particulate endogenous organic matter anaerobic hydrolysis rate in both Sumo2
and Sumo2ACOX:

Y iR N hZ® f 20Yi @O0 @O § (Equation 518)
z 01 WOy p S
zZ 00 @O B 0aR B
zZDi ©Wo j 200 5§

The individual terms are explained in Tabla provided in AppendixA and C
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5.2.2. Data collection for Sumo2ACOX calibration and validation
Five labscale mesophilic (37°C) anaerobic digesters (two with convenaod#hree with
recuperative thickening configuration) were fed with a mixture of primary and secondary
activated sludge after fuficale THP treatment (9.5% TS) and operated usaieilar
organic loading rate of 8.9 + 0.5 kg COD/thand SRT of 15 days. Different desaf
ammonum bicarbonate wreadded 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 dsgm
acclimated to the different TAN concentration, each digester scenario was operated for no
less than 180 days. The study was conducted for 20 months.eQeélsicription can be
found from theresearch work ofi et al,, (2020. As the process model lsievesperfect
mass balances, model calibration was focused on correct representation of the feed
compositionand 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 metatranscfiptenauation
of presence and activity, respectively, of acetoclastic and hydrogenotrophic methanogens.
As part of the Water Research Foundation project, the molecular measurement was
conductecat Columbia University by Professor Kartik Chandran andéssarch 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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Table5-1. Major physiachemical and biological processes concerning in Swenad2

Sumo2ACOX model.

Physio-chemical and biological processes Sumo2 Sumo
Flocculation of colloidal organics Implemented Implemented
Hydrolysis of particulate biodegradable organic Implemented Implemented

dependent on all the biomasses under aerobic,

anoxic, andanaerobic condition

Fermentation of soluble biodegradable organic: Implemented Implemented
Acetoclastic methanogensis pathway with Implemented w/o Implemented
ammonia inhibition ammonia

inhibition
Hydrogenotrophic methanogensis pathway Implemented Implemented
Acetate oxidizing pathway with ammonia Not Implemented Implemented
inhibition

5.2.4. Calculation

The model simulation, calibration and validation were all performed using the Sumo
procesamodeling software in the version of 19.3.0 (Dynamita, Sigale, France). ézktail

model setup configuratioris shown in Tablé-2 and Figuré-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 infterms o

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.

Table5-2. Digester configuration and model-s#t.

Parameter Non_ RT reactor RT reactor Unit
Solids influent flow rate 0.0006 0.0006 m/d
Dilution water flow rate N/A 0.000666 m°/d
Influent temperature 37 37 °C
Dilution watertemperature N/A 37 °C
Liquid volume 0.01 0.01 m?
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
Hydraulicretention time (HRT) 15 7.5 Days
NH4HCO:s flow rate 0.000066 0.000066 m/d
1200 TAN condition 0 0 g/m®
2200 TAN condition 7989 7989 g/m®
3200 TAN condition 15978 15978 g/m?
4200 TAN condition 23967 23967 g/m®
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Figure5-2. Model configuration of both neRT reactor and RT reactor.

From the same study mentioned abdeey RT (recuperative thickenifgligesters with
0/1000/2000/3000 mg N/L of TAN addition were used for model calibration.l&imi

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 Tibl&ableC2 and TableC3, respectively.
Process model parameters not shown in T&fe 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 (orresponding 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 Sumqg2 model

except the parameters thvegre not implemented in Sumo?2.
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5.3. Results and discussion

5.3.1. Methanogenesis and pathwayeséon
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 secific to the two pathways was used for evaluation (Fige8g Figure5-4a and
Figure 5-4b show the 16S DNA functional genes read from acetoclastic and
hydrogenotrophic methanogenesis pathway, respectively, in function of free ammonia.
Increased copied -AMINOCYCLOPROPANE1-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, Figure5-2a). Within thg first step of acetoclastic methanogenesis, an increase in acs
gene counts was observed up to about 600 mg-MWH, before it declined due to free
ammonia inhibition or toxicity. As SRT of the system was long enough to maintain overall
performance (Li el 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 inhilition. The decline at 600 mg NHN/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 formylnhenofuran dehydrogenase (fwd) was observed

(Figure 5-4b). Unlike the acetoclastic methanogens, gene copies remained constant
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between 170 to 600 mg NHN/L and thus indicated increased resistance of
hydrogenotrophic methanogens for free ammonia. Howevdgeaammonia higher than
600 mg NHY/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 ammamibelow 600 mg NEIN/L, increased counts of hydrogenotrophic
methanogens species were observed (Fidgi8. Methanobacterium was the most
significant methanogen observed in our test. Some members of Methanobacteeum ha
been known to live through thedwction of formate to methanerhile the rest of the

members utilie carbon dioxide and hydrogéBoone, 2015)
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Figure 5-3. Functional genes involved in the acetoclastiod hydrogenotrophic
methanogenesis pathway in anaerobic digestion. (ack: acetate kinase; acsCaketyl
synthetase; pta: phosphate acetyltransferase; cdh: -&@myldecarbonylase/synthase
complex; fdh: glutathionendependent formaldehyde dehydrogenasd-wd,
formylmethanofuran dehydrogenase ; ftr: formylmethanofteamhydromethanopterin
N-formyltransferase; mch: methenyltetrahydromethanopterin cyclohydrolase; mtd:
methylenetetrahydromethanopterin dehydrogenase; mer: coenzymealégitdent N5,
N10-methenyltetrahydromethanopterin reductase; mtrABCDEFGH,
tetrahydromethanopterin -i@ethyltransferase; mta: [meth@o(lll) methanolspecific
corrinoid protein]:coenzyme M methyltransferase; mcr, metbgihzyme M reductase
alpha; hdr: heterodisulfide reduatagFigure is reproduced, original source fidfong et

al. (2013)
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Figure5-5. Metagenome count for main methanogens in both acetoatatic

hydrogenotrophic methanogenesis pathwBsata 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 tonpleotbr
pathwayqGalagan et al., 2002 addition, Methanosarcina has been observed before in
THP digester$¢Chen et al., 2019; Chen et al., 2018; Choi et al., 28d&)under increased

free ammonia level§Hajarnis and Ranade, 1993; Sprott and Patel, 198&)kn the

versatility of Methanosarcina, mMRNA data will need to reveal true pathway contributions.

Combining all information (Figure5-4a,b and Figure5-5), we concluded that
hydrogenotrophic methanogens were dominant organisms within the THP digesters

studied. A potential presence of 30% acetoclastic methanogens (driven by Methanosarcina)

97



might be occurring at low free ammonia conditions based on metagetata (Figuré-

5). Due to inhibition, both acetoclasitic and hydrogenotrophic methanogen counts
increased up to 600 mg NHN/L. At higher free ammonia concentration, SRT became
limited and due to increased inhibition on both type of methanogens, dstreas
methanogens were found. This was summaiizédgure5-4a,b ad 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 (FigGréc,d) rather than absolute counts
(Figure5-6). Almost all functional genes involved in the acetoclastic pathway fdak,

acs and cdh) decreased with the increase in free ammonia concentrationgHigurgne
decrease was faster in the range of 170 to 600 mgNMHand slower in the free ammonia
range higher than 600 mg NM (Figure 5-4c). In contrast, carbon monide
dehydrogenase (cdh), the functional gene converting ACEN into Methyt
Tetrahydromethanopterin  (MethyHMPT) (Figure 4-3) was showing an overall

increasing trend over the process of free ammonia increasement.

In contrast to the decreasing trenfis acetoclactic methanogens, fold changes of
functional genes of the hydrogenotrophic pathway showed an initial increase in gene
expression (20000 mg NH-N/L, Figure5-4d). The only exception functional gene,-H2
forming methylendetrahydromethanopteridehydrogenase (hmd), instead showing a
decreasing trend during the process of digester free ammonia concentration incensement.
At free ammonia concentrations above 600 mgsdNIHL functional gene expression

remained constant (Figufe4d). Overall, the difierence 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.
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Figure5-6. Molecular results and biomass information from calibration and validation
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Studies have reported that hydrogenotrophic methanogetisities are inhibited less
severely compared to acetoclastic methanaygetsvities(Amha et al., 2018; Gao et.al

2015; Hagen et al., 2017; Niu et al., 201Bhis was suggested due to the reason that
inhibition of acetalastic 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 actiyitas et al., 2015)Unlike

what was reported in literatures, inhibition of hydnoggophic methanogens in this study
was only observable in 163NA functional gene expression measurement of free
ammonia higher than 600 mg MM /L. This could be due to the fact of using HAP
digestate as inoculum sludge. Because of the higher orgatimg, THRAD digestate

has a higher free ammonia concentration compared to the conventional AD, thus microbial
community in THPAD digestate have already adapted to the higher free ammonia
concentration. This was also shown in Figttg as the only ntkanogens that perform
methanogenesis through acetolachMethanosaetaand Methanosarcingare much less
abundant compared to the hydrogenotrophic methanogens in base line free ammonia

condition.

The molecular data results were translated into FigtBg, 5-6b and thus showed the
increased in hydrogenotrophic methanogenesis contribution as a function of free ammonia
inhibition. The latter might also suggest thdg¢thanosarcinamost likely switched from

an acetoclastic mechanisms to a hydrogenotrophitbvameems as the free ammonia got

higher. It has been shown that methanogenesis mechanidvietb&nosarcinacould
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potentially switched in response to the most energetically favorable substrate or to a stress

environmen{Maeder et al., 2006; Reichlen et al., 2012)

5.3.2. Model calibration
The model calibration was conducteith the measured TAN, sCOD, VFA, VSRktal

COD removal rate and the methanogi@mformation as shown in Figuée6a,5-6b.

Figure 5-6¢ and5-6d shown the calibrated Sumo2ACOX simulation result of biomass
concentration and rates of different methanogens. With the increasing TAN concentratio
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 (Figbece The

model simulation results matched the measured data well (Figt6a, b). Similar
observations were found for the calibration result of different methanogenesis rate (Figure
5-6d). Hydrolysis rate yjand halfinhibition constant of Nkl for AMETO Kinnz was
calibrated to be 1.4 1/d and 0.18 mol N/L, respectively. The estimated hydrolysis rate value
ghin 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 similaI$Bgdins et al.,
2017a) The lower hydrolysis rate in the THP sludge fed digesterg bedue to the fact

that a significant portion of hydrolysable organics has gone through the hydrolysis process
during the THP. The halfhhibition constant of Nklfor AMETO calibrated is 25%olwer

than the default value. In Sumo2ACOX, there is no-imddibition constant of Nklfor
HMETO. The ammonia inhibition on HMETO is controlled by the ammonia inhibition
mechanisms of ACOX. By default, the hathibition constant of Nkifor AMETO and

ACOX are the same at 0.24 mol N/L. This is conflict to the reported information which

101



suggesting ACOX and HMETO are less sensitive to the AMEAIGha et al., 2018; Gao
et al., 2015; Hagen et al., 2017; Niu et al., 20TBus, a lower halinhibition constant of

NH3z for AMETO compared to HMETO/ACOX is expected to be realistic.

Figure 5-7a, 5-7c and5-7e shavs the simulation result of digester TAN, pH and free

ammonia. With the different dosing of ammamibicarbonate in the feed stream, digester

TAN simulation result matched the measured pilot data well (Figtidis®. The simulation

pH result (Figures-7c) was not able to repeat what was measured from the pilot study.

Free ammonia was calculated based lo gfH thus free reported free ammonia from

simulation also shown a bid error (Figi&e). pH in the laiscale study was measured

with the digester effluent right after every
pressure difference between thienulated digester headspace and the lab placing the

digester, the pH measured from the-$alale study is expected to be higher compared to

the simulated pH from Sumo. Thus, in this work, we are comparing simulation results and

the labscale study data #teir 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 and5-8g. With the calibrated hydrolysis ratew@lue and half
inhibition constant of Nkifor AMETO, all the mrameters compared matched thedaale

data well at different TAN concentration. Other calibration results including TS, VS, total

COD (not shown in the figure) are presented in T&EgTableC6.
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Figure5-8. Calibration and validatioresult ofsCOD, VFA, VSR andtCODr.
5.3.3. Model validation

The model validation was conducted using the data generated from tisealab
recuperative thickening digesters operated at different TAN concentration. Validation
results in terms of methanogens biomass concentration are presented irbfaguaad
Figure 5-6f, respectively. Similar trend of AMETO, HMETO, ACOX biomass and
methanogenesis rate as observed from the calibration can be seen fronbfaguaad
Figure 5-6f. Due to the same pH measurement error as mentioned above, validation pH
dataand free ammonia data do not match thededle data, which is expected. Other
parameters used for model validation including VSR, total COD removal rate (bigfire
4-8h), TS, VS and total COD concentration (TabB#® all matched the measured datalwel
with maximum error of 7.6% (Tabl€5). 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

concentratio 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 sandeenarios
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 Fige8. It was found that @ 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 wignify when it is
stabilized for Sumo2 model (Figurg9a). 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 (Figde). The trendof
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. Fig&8c shows that the normalized hgdenotrophic
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 ragzalD8umo?2

is not able to present the dynamic methanogens dynamic changes found irbfagi e

6b, which is expected due to the lack of acetate oxidation pathway implementation.
Normalized rate in terms of AMETO, HMETO and acetate oxidizer (ACOXuafi@& in
reaction to the increase digester loading are shown in Figfde 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 digegtenic 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 loadnaggingfrom 045 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 remtucate and digester
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volatile fatty acid concentration of both Sumo2 and Sumo2ACOX are presented in Figure
4-9e and4-9f 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 (Fi§t®e). 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 (FigbHE).
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5.3.5. Free ammonia level difference betweenfadasured value and
mathematicallyestimated 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 Chdptee 4mmonia
which was calculated based on the pélue, TANIevel, and digester temperaturthus
shown asignificant difference between the pHoteasured value and the Sumo estimated
value Figure 57e).Although thepH valuein the labscale study was measured with the
digester effluent right aftehe dailyfeeding process. Due to the envinoental pressure
difference between the simulated digester headspace and the lab placing the digester, the
pH measured from the ladrale studyoundto be higher compared to the simulated pH
from Sumo.Because of the high concentration of bicarbonate withe digester due to
the ammonia bicarbonate addition, the difference between the measured free ammonia
level andheestimated value in our study is particularly significant due to CO2 dissociation.
Thus, it is very important to report the pH value aexhperature value along with the
digested dree ammonia concentration. In the typical anaerobic digestion operation
procedure, pH and temperature measurement of the digestate should bagtekaiter

the digestate is collected to minimize the erroreéfammonia calculation.

Other than getting the accurate pH and temperature value of the digesiaténg the
appropriate methodology for free ammonia calculation in anaerobic digestion is also
important. Capsoifojo et al, (2020) provided a detail review comparingdifferent
algorithms for free ammonia calculation, aiming at finding the best compromise between
simplicity and accuracy. It was shown that the assuming anaerobic digestattectiolbal

liquid solution leads to the overestimation gd ammonia concentration up to 37%. The
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modified Davis equation, whiatonsidering the anaerobic digestate as aideal solution
behavior by taking into account the ion strerg¢hy using the concentration of NH Na'

and K") of the mediaonly has a 2% calculated error when compared to the comprehensive
MINTEQAZ2 equilibrium speciation modekor full-scale anaerobic digester operator and
designer, it is essential to put the digester environmental factors, including pH, temperature,
ion stength, 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-t@ngn anmonia inhibition study. A

set of kinetic parameters for methanogenesis activities are proposed based on the
calibration. The logistic halfihhibition constant of Nkl for ACOX and AMETO was
calibrated to be 0.024 mol N/L and 0.018 mol N/L, respectively fiodel simulation
results showed that the calibrated Sumo2ACOX model could properly simulate the kinetic
activities of methanogens and digester overall performance for indrieegbng while

Sumo2 model overestimated the digester performance whenlevaalids loadingvas

higher than 0.5 g VSS/L/d.
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Chapter 6:  Evaluate the overall impact of dynamic sludge characteristics and

THP conditions on full-scale operation of THRAD 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 pr@ewatering loading, digester loading demand etc.,
reaction times within the Blue Plains advan&TP have varied from 30 to 25@inutes

(see Figuré&-1a), while the setpoint was set to a minimum THP reaction time of 30 minutes.
THP temperature has been changed indcdlle facilities to decrease color and recalcitrant
nitrogen in final effluentDwyer et al., 2008)or to decrease inhibdh on side stream
deammonification(Zhang et al., 2016)However, no clear guideline on optimal plant
specific THP conditions for full plant optimization, and hylgsis 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 sysiad place within thAWTP.
Previous academic studies investigated the impact of different THP conditions ranging
from 130 to 1 8rinutes@ngeovided irdsightstfoo différént sludge types
(Barber, 2016a; Higgins et al., 203 Thu et al., 2015; Manning et al., 2019; Sapkaite et al.,
2017; Wilson and Novak, 2009; Zhang et al., 2018has 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 atumger
increased from 13Q 7 O (Higg@s et al., 2017hXii) increased inert soluble compound
formation onceemperatureexcee@d 1701 8 0 (SepRaite et al., 201,7iii) increased
formation of inhibitory compound affecting sidé&ream nitrogen removal syste(@hang

et al., 2018)(iv) melanoid formation due to reactions between denatured polysaccharides
and protein at t dBaer,2G6auWwilson andh Movak, 20B8dEv) e C
increased gel formation due to denatured polysaccharides or proteins reacting with itself
resulting in gelike or solidlike structures with decreased biodegradability and AD
kinetics(Lu et al., 2015; Manning et al., 2019) 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 of1300 ¢1iGging 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 couldincreasehe sludge solubilization from 53% to 75% with constant temperature

s et a t(DodoZeBraw € al., 2011b)Also, one of the early researches conducted by
Hiraoka et al. (19858howedthat similar gas production improvement can be achieved by

a 60 eC THP with | onger retention time and
recent THP pilotscale 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 temperaturetime) to describe THP conditionfR&sel,2019). It should be

noted thathe latter study operated in a small THP temperature rangel(536 e C) and
therefore might not have seen the previously reported dominant temperature impact

compared to timéLi and Noike, 1992; Lu et al., 2014)
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In addition, it was found that the efficiency of orgameattersolubilization is heavily
dependat on the organic content of the treatment slu@g@eo et al., 2012)It is reported

that thermal hydrolysis is mainly beneficial to carbohydrate and protein solubilization and
has negligible impact on lipidéBarber, 2016a) Also, carbohydr@s require lower
temperature and shorter reaction time to initiate solubilization in thermal hydrolysis
process compared to proteifisu 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 impad overall THP sludge characteristics, and when one wants to optimize biogas
production, dewaterability and final effluent water quality, seasonally different THP
conditions might be desirablalthough the major driver for THP implementation has been
the viscosity reduction of sludge (Barber 2016), thus far,obdsand THP system
monitoring has been focused on hydraulic, sludge and chemical siytedsen 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 mephadtified a gelation factor,
which descriled 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
measuredRasel et al., 20)91In addition, THP pilot testing in combination with kinetic
testing revealed that when gelation factors above 0.8 were measured as a tlesuttalf

treatment, decreased hydrolysis rates and decreased overall biogas yield during anaerobic
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digestion were detecteldasel et al., in prep.This parameter might be a good global
measurement to detect unwanted side reactions of denatured polyskeschad 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 ischlé
systems given the typical long sludge retention time (S&TAD system and less

controlled conditions.

This chapterprovides the detailed saltsfrom 400 doperation of a fullscale THRPAD
facility. Within this study, the overall impact of the dynamic sludge characteristics and
dynamic THP conditions inheremt tull-scale operation on (i) gelation behavior of sludge,
(i) solubilization degree in THP, (iii) volatile sludge reduction in AD and (iv) final
dewateringwas investigated for the Blue Plains Advang&iTP. This study focused on
understanding the valud a newly developed physical property measurdneeg.gelation

factor, for process understanding and optimization compared to conventionally used
chemical measurements. Results obtained from this study provide directions-éoafall
facilities to maximize the benefit of THP pretreatment for biogas production and final

dewatering.
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gelation factor, e) anaerohiligestion volatile glids reduction and f) dewatered cake
total sludgesolids

6.2. Materials and methods

6.2.1. Research overview and sludge processing in Blue PAANMEP
DC Water Blue Plains advanced wastewater treatment plant has a treatment capacity of
1.5x1° m¥d and treats an average flow of abouk1( m?d. Treatment processatBlue
Plains includes ferric chloride addition for phosphorus removal in primary treatment, high
rate active sludge process for organic content removal, nitrification/deatioficorocess

for nitrogen removal and sand filter as the polishing step for final effluent.

At Blue PlainsAWTP, primary and waste activated sludge are collected from gravity
thickeners and dissolved air flotation process, then sent to solids blendlarke

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 andgeevatered to about 16% TS dry €olDS) with the

aid of polymer at around 3.5 kg/tone dry solid. After pretreatment, sladge 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 Teéactors and the flash tank. The
sludgeis homogenized in the pulper by pump recirculation-frated and homogenized
sludge are then sent into the THP reactors which operated under 600 kPa steam pressure.
The design temperature and retention time ®rarct or s i s 160 eC and
respectivel y ( emgnuhernna tloserehergy ioputy ByOrdlyzeg Sludge

then pumped into the flash tank where a sudden pressure drop takes place. All final effluent

of THP processs diluted with process war 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 Cl&sdewatered cake sludggtransporteadutfromthe plant.

To accomplish the goslof the study, full scale information in termspoimary sludgeo

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
treatmenbutcome 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 ave 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 opration 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 szes 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 standaedhods 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'dmd1
volatile solids content ofigestate sludge of day #5Dewatered cake sludge total solids
weresimply 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
relationslip 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 (sCODyas measured twice per week based upon Standard Methods 5220D.
Solude COD samples were obtained by centrifuging digestate samples at 3000 G for 30
mins, and filtering through 0.45 um 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 seasorenempact the sludge composition dynamics significantly and

thus affect the analysis of THP impdtitgdata corresponding to digester flow higher than
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3100 n¥/d and lower than 2300 ¥d were discardedOnly datatha fell into the normal

operation regionvasused for analysis.

6.2.5. Statistical analysis and cumulative probability calculations

Oneway analysis of variance (ANOVA) test was performed to compare the mean values
of data sets for statistical difference. Thelested 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 andliles 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
Figure6-1(a) illustratesthe 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 eC. Lower temperatures-sttaml 65 ¢€eC)
deammonificatiorsystem 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 pr@ewatering loading, digester loading demand, etc.
the varialdity of reaction times was high (b0 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 (&itaixe
Similar toRasel (2019)we chose to define THP conditions asexitial dose, combining

both temperature and reaction time, as within the temperature range tested we hypothesized
that temperature would not have a dominant impa¢hermal hydrolysis outcomes. This
resulted in a broad rangd thermal dose variation irhé data set i.e. 4500 to 41200

e C. (frigure6-1b). The variability of feed sludge composition in PS/WAS is shown in
Figure6-1c and showed high variability with average values around 49 + 9% PS/WAS
(Table6-1) and 78 £ 4% VS/TS (Tabk-1). The overall performance of the bidigls

facility was good with an average VSR of 62 + 2% and average final cake sludge of 32
2% (Table6-1). 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 minegC.1ndi5n e C)
was expected. However, due to the minimum setpoint of 30 minutes and operational
complexity, thermal doses were significantly higher (Figid). Rasel (2019%uggested
overcooking conditions leading to decreased biodegradability and increased gelation to be
ar ound .n@mMa@doan gpttimal THP thermal dose of 39® 0 .ngnCThe largest
change in sludge properties wasmwowdndmor ved at
significant difference in sludge properties was found between sludge treated at thermal
dose abowe n6 ®0 Ontn®TDeefore Ghistudy used a thermal dose of 6000

e (Inin 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 (Tablé-1), allowing for fairprobability calculations. Figuré-2(a) shows the

cumulative probability of the gelation factor (GF) of sludge treated below and above a

t her mal d o.mie. Asignificand idcBease i@ median gelation factor from 0.67 to

0.87 was observed when thea | doses armioweee readhédQp=00048)

(Figure 6-2(b)). In addition, the probability of producing sludge with a gelation factor

higher than 0.8, previously defined as overcooking condiiasel, 2019)increased from

5% to 68% when increasing the tninear 36a8l dose f

minutes(Table6-2).
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Table6-1. Key parameters used in this analysis.

All data Data from days with GF measurement performed
Media 18t 3 Average Media 18t 3rd Average  Threshol
n Quartil  Quartil n Quartil  Quatrtil d
e e e e selected
PS/WAS (%) 49 44 55 49 +8 50 44 54 4919 50
VSITS (%) 78 76 81 7814 78 77 80 78+3 78
Thermal Dose( en@in) 6771 5091 9952 9393+4113 6760 5254 9674 826614760 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 287104536 29300 27290 31990 28710536 29000
0 0
VSR (%) 63 60 66 6216 63 59 65 62+6 60
Cake TS(%) 32 29 34 31+2 32 29 33 32+2 32

Note. Dataspread is shown in all data seluring 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 sludgenGF gelati

factor; ££OD: soluble COD; VSR: volatile sludge reduction)
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Table6-2. Observed probability of THP sludge gelation factor, soluble COD concentration, anaerobic digestion volatile sludge reductio

anddewatered cake total sludge content based on thermal dose of THP. system

Overall data PS/WAS>50% PS/WAS <50% VSITS>78% VSITS <78%
set
THP thermal THP thermal THP thermal THP thermal dose THP thermal dose
dose dose dose
Probability (%) of: <6000 >6000 <6000 >600 <6000 >6000 <6000 >6000 <6000 >6000
0
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 68 58 69 55 65 50 82 55 58 57
(mg/L)
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 daysskedle data from Blue Plains Advanced WWTP. Data can also be found in Panel Figure 6
3, Figure &4 and Figure & (PS: primary sludge; WAS: waste activated sludge; VS: volatile sludge; TS: total sludge; G {pettirg

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 (G&t)le

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 (Téd2e Table6-2 show that the
production of high gelation sludge (GF > 0.8) at increased thermal dosegndgant

when feeding high PS/WAS ratio sludge (p=0.009) (TabB®) and not statistically
significant in the low PS/WAS ratio sludge (p=0.28) (Figbu2b). Similarly, sludge with
higher VS/TS ratio (> 78%, median value, see Tdblg led to increasededption at

t her mal d 0 s e snin @rabe6-2). ThHe @rob&biliy 6f 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% (Tabi2).

In addition to he gelation behavior of sludge, soluble COD levels (sCOD) were evaluated
(Figure6-2c, d, e, f). Overall, median sCOD levels around 32000 mg COD/L and 28000
mg COD/ L were observed f or t h.mim nespectivdy s e s
(Figure6-2d, f; p=0.118). The slightly decreased sCOD levels at increased thermal dose
correlated with the increased gelation behavior (Figt&e, f) and might indicate gelation

of solubilized organics into a gel or solid matfiManning et al., 2019)The latter impact

was statistically significant for increased PS/WAS ratios (p=0.044; F@ade ), while

this relationship was not significant for lower PS/WAS ratios. The increased soluble COD
levelsabi eved at | ower tmngwemnn aot sigaifecatdp> 0.65) véhénO O

for VS/TS ratio of sludge above 78% (Fig&®&), unlike results for high PS/WAS ratios.

Figure6-1c 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 tha@@®B mg/L while this probability
reduced to only 40% when looking at the THP sludge with gelation factor greater than 0.8
(Table6-1). 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 differenceshdé <6DD

concentration between lower and higher gelation factor group (FeeRatef).

6.3.3. Impact of THP conditions and gelation factor on AD performance
The i mpact of THP ther mal dosm@n anctkesludges sed as
composition, exgessed in PS/WAS ratio above or below 50%, on the volatile sludge
reduction (VSR) observed over a tiay period, is shown in Figuré-3. Only slightly
reduced VSR was observed at increased thermal doses (6i8ayeln addition, no clear
impact of increaed 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 (Talél€2). This indicated that thermal dose as a

parameter does not aW for direct prediction of impact on AD performance.

In contrast, gelation behavior of sludge did impact observed VSR (F&gBece d). A
significantly lower VSR (from median VSR of 67 to median VSR of 58%) was observed
when sludge with GF > 0.8 was fetithe AD system instead of sludge with GF < 0.7 (p=
0.008, Tablé1). In addition, when considering sludge composition, the latter impact was
mostly driven by high PS/WAS ratios (FiguBe3d). No significant impact of gelation
factor on VSR was observed & PS/WAS ratio was below 50% (Figug€d). 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 @&ple

Overall, it can be concluded thidte probability to achieve at least 60% VSR increased
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from 22 to 80%, when GF of the feed sludge decreased from GF > 0.8 to GF <0.7 (Figure
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Figure6-2. Impact of THP thermal dose (TD) on THHRidge 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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Figure6-3. Impact of THP thermal dose (TD) @, and feed THP sludge gelation factor

(THP GF) (c,d) on volatile sludge reduction of anaerobic digestion. Data seidaiibl
0 *inflicatea statisticallysignificantdifference observed between the average value of

two data groupin 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
(Figure6-4, correlation factor0.694), 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

appearace in free drainage zonej dewatered sludgeas 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 (TalBel). Table6-1 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, ammoni
VS/TS and gelation behavior in the digestate (Ta8lde As the gelation factor was a new
parameter, this was further investigated in detail (Figede A significantly better cake
sludge concentration was achieved for digestate with a gelatiom fabtd compared to
digestate with gelation factor > 0.4 (p= 0.004; Fig6réa, b). Median cake sludge
increased from 31 to 33% (FiguBedb). Expressed in probabilities, when GF >0.4 was
achieved, the probability of getting cake sludge above 32% incrdéama 45% to 78%
(TableD1). Unlike previous analysis, no clear impact of sludge composition on the latter

observation was detected (Fig@rdb).

To try to predict dewatering performance based on THP sludge characteristedatios

factor of the THRsludge as well as the thermal dose, 15 days earlier than the cake TS, was
evaluated (Figuré-4c, d, e, f, Tabl®2). No clear relationships between the THP gelation
factor or thermal dose on the cake sludge was observed (Biglir&he latter might have

been caused by the variability in THP sludge conditions, long retention time in the digester

and the uncertaintyrotime delay of feed impact on digestate composition.
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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 biodegitgdabil
(Manning et al., 2019; Rasel, 2019he gelation factor parameter, develdy (Rasel,
2019) showed increased gelation behavior of sludge at increasedaiigose, or thus in
this case increased reaction time (Figg#B). The latter indicated that the restructuring of
denatured proteins and/or polysaccharides might be indeed occurring dursuafallTHP
operation as suggested Rasel (2019) The decreased soluble COD concentration at
increased gelation factors (Figu8-2e, f) aligned with a potential transition from soluble

to getlike or solid organic structures.

Thermal treatment of primary sludge was the main cause for tH&edlehavior of the
sludge at increased thermal dose (> 680G . »or increased reaction time (>-36
minutes) (Figures-1b). Previous studies showed faster solubilization of primargigs

than waste activated sludge, at lower temperatures and shorter reactighidiraeal.,

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

compoundsmight 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 weathe events, SRT in the activated sludge system, seasonal changes in operation,
and the pralewatering and thickening performance. In addition, the VS/TS level of the
sludge did not fully correlate with the PS/WAS ratilndicating 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 isabigin

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 fCkd#¥pite increases
in soluble CODformed 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., 26@3he THP temperature
only slightly changed from 15860°C, we hypothesized that the impact of thermal dose
in this study was mainly an impact of THP reaction tilmggins et al. (2017b3¥hown
increasing THP temperaturefromdl3t o 170 eC (30 mins r-eaction
5100 e @nin) leads to an 60% sCOihcreasement 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 $igtically different (Figures-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 increaskdiage especially for high
PS/WAS ratios, the thermal dose could not predict the AD performance expressed by VSR
(Figure6-2a, b). Production of recalcitrant compounds at increased THP temperature or
time has been reported before and has been one ofiheconcerns when implementing

THP systemgBarber, 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 procdsscontrast, a tatistically
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 thdwsealand
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 rgtdanning et al., 2019; Rasel, 2019)
however initial work on model polysaccharides showed contradicting ré¢slatsing 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.
Althoughthe 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 negatie impacts on AD performance.
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6.4.3. Impact of sludge gelation on dewatered cake suihdls
Higgins et al. (2017bjhowed thatt ncr easi ng THP temperature fr
min reaction time, equalent to 39066100e (nin) linearly increaseéthe cake totasolids
from approximately 2% to 32% Everett (1972)eported that dewatered cake sludge total
solidscoul d i ncrease from 26% to 34% by increas
(various reaction time; 5 to 60 mins, equivalent to-8600e @in) in the heapressure
treatment process. It was therefore expected that increased thermal dose would lead to
increased caksolids Such relationship wakowever not observed in this studfFigure
6-4e, f). Similarly, no relationship between the gelation factoheffiHP sludge and final
cakesolidswas observed (Figur@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 (Figures-1) and the uncertainty of time dglof 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 caadids The previous studies cited systems
operatedat constant THP conditions and sludgenposition and@ould 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 thelag®n 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 (Table6-1). Increased gelation behavior of the digestate decreased final
dewatered cake totablids(Figure6-4a, 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 slufi{@siris and KouzelKatsiri, 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 fulscale THP facility studied comtted 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 blais facility impacted the actual
reaction times appliegignificantly. Given theeality of this complexity, adjustment in the
control system to better manage the start of a THP batch, better prediction of the amount
of THP reactors neededin service and incorporation of maximum THP time linrigsher
than minimum THP limits wouldbe 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 devigdment of an online parameter with the same strength of the

gelation factor to allow for online control.

6.5. Conclusions

Based on &00d samplingstudy at the THPAD facility, this study was performed to
evaluate the redife dynamics in THP operational conditions and sludge composition on
THP sludge characteristics, anaerobic digestion (AD) performance and final dewatering. It
was found increased THRdrmal dose abov@00e @nin 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 ¢éated.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 byvoiding 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 selelefound to be correlated with a

higherdigestate gelation factor.
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Chapter 7:  Discussion

This chapter discussése feasibility of applyingrecuperative thickening on the thermally
hydrolyzed sludge fed anaerobic digestion (FAIP) system.The impact of (free)
ammonia and THP over cooking on the FAB systemthe methanogenesisechanisms
of high rate AD and the application of novel ACOX niematical model on such system

are also discussed.

7.1. Application of recuperative thickening on thermally hydrolyzed sludge fed
anaerobic digestiogystem

Improving the anaerobic digester capacity and orgamaitterremoval 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 impredggestion performance significantlg,
cettain fraction of biodegradable COD can still be found in ThRH>-AD effluent. This

could result in about 20~30% biogas production IBgguperative thickening, as a process
that decoumsdigesteiISRTandHRT, can increase the digester SRT without chantiie
digester flowrate and digester volun@ar study showed thapplication ofRT to increase
digester SRT will only be beneficial when one operates closer to the washouF&RT
example, increasing SRT of THAD from 15 to 30 days did not improve Alzgormance

or kinetics under similar OLRAD 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 forALH8ystems has not been

defined clearly in literature. #\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 losé dags, independent

of organic loadingDue to the limited size of the das®tof our study, theestimated
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 kineticshe current fulscale THPAD sydem operating at

an SRT of 223 days (Blue Plains advanced WWTP, Washington, DC, USAJ fafety

factor of 22.5 until reaching biomass limitation.

Other than increasing digester SRT, RT can be also applied to detbeeadsgester HRT

while maintainng SRT and OLR. This isspecialy useful when WWTPsrelimited 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 andvould

double the digdsr throughput rateshus 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 AP systems without sacrificing

digester performance.

However, there are some limitatiaihstneed to be considered when applying RT to THP
AD. Firstly, RT cannot increase TS concentrati@gonentially At a certain point
(typically > 8 % TS), the viscosity of the digester sludge becomes too high for efficient
mixing and for efficient gaiquid transfer. Risks for rapid rise events need to be taken into
consideration. Secondly, the operational costrnekd to be evaluated arplantby-plant
basis. The application of RT often requires significant capital cost for sludge thickening

process upgrade. lIthis study, we applied polymer for sludge thickening and solids
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separation. The polymer dose appliedidg 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 11L.%kg/ton TS for the
conventional system, witthe 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 conventionaADHP
system. Although better dewaaility in RT digester was reported befdf@obbledick 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 ahermally 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;
CapsonTojo et al., 2020; Hghimoto, 1986; Sung and Liu, 2003; Tao et al., 2017; Yenigln
and Demirel, 2013and overall total ammonia nitrogen (TAN) levels are often of concern
during full-scale design of AD systems. As introduced in the previous section, bénefite

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 THRAD systems. It is understood that the free ammonia is the leading
cause oammonianhibition in AD systemsThis is due to the fact that free ammonia was

freely membrang@ermeable and hydrophobic, and passively diffused into theobnat
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cells(Gallert et al., 1998; Kroeker et al., 197%his wouldleadto a proton imbalance that
disrupted microbial activitiesTo date, there are no clear guidelines on (free) ammonia
inhibition in AD systems that can be generally applied in process modelslabbaalrhe

latter data will be essential to support the industrial trend ofABRpplication. Our pilot
studywas aimed to fill this research gap by conducting astade study in which five
digesters were fed with a mixture of primary and secondaingsed sludge after fukbcale

THP treatment and operated under similar organic loading rate and SRT but different

ammonia concentration (adjusted by ammambicarbonate addition).

7.2.1. Impact of (free) ammonia on overall AD performance
It is known thatthe degree of microbial acclimation i @amportant factor which
determinga when an impact in overall AD performanceolsservedDuring the process of
ammonia concentration build up in the THAP systems, weobserveda daily gas
production rate and metharyield decrease in all digestehgringthe first 25 days of the
study. The degree of biogas reductisras positively correlated to the ammonia
concentration in the digestees expected. The lowest daily gas production and methane
yield in the transitia period was found in AEL when its free ammonia reached 800 mg
NHz-N/L. This was 14.1 L/day and 190 mL Gid VS added respectively. This
corresponded to a 48% decrease in gas production when compared to the contrad digester
which wereoperated at free ammonia of 103 mg NHN/L. Due to the lower free
ammonia concentration, biogas production in-ARnd AD3 reactors oly 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 theeabtor

decreased the overall impact on biogas production rates ahdmastield. It is intereisig
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to notethat biogas production and methane yield deficiency in2ARas fully recovered

after two SR, and the gas production and methane yield deficiency was only partially
recovered in ABL and AD3 at their steady state €luo their higher free ammonia
concentration. Our observation confirmed the findings from literdiimasen et al., 1998;
Zeeman et al., 1985yhich reported that the free ammonia inhibition could be partially
mitigated by the internal fraction shift of the dominant methanogen species and changes in

methanogen populatiaiZeeman et al., 198%fter adaptation.

On the other hand, the impaat free ammonia on THRAD was also evaluated
based on the steady state peraiddigester performance and thus after adapta#dn.
steady state after acclimation, our study showed the decrease in digester performance at
free ammonia around 550 mg BN/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 NHN/L and 4809 TANN/L. The observed decrease in digestion
performance in this study (4®%) was lowe than expected and more in the range of
reported impacts for free ammonia levels of 60 to 480 mg-INWH rather than 55®70
mg NHs-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 theffering capacity of this system due to thedition of
bicarbonate alkalinity. Thus, the potential acidification caused by the free ammonia
inhibition wasavoided andallowed for the assessment of free ammonia impaittowt

interference of acidification.
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7.2.2. Impact of (free) ammonia on AD kinetiamd methanogenesis pathway
selection

An exponential increase in soluble COD and VFA was observed in the digesters with
increased free ammonia concentrations. Our sitdigated no significant impact of free
ammonia on hydrolysis and fermentation within the digesters. The methanogenesis was
found to be the critical biological step thaslimited by the increasef free ammonia. It
is generally agreed that hydrolysis and fermentation are less sensitive to ammonia
inhibition (Akindele and Sartaj, 2018; Angelidaki and Ahring, 1993; Yenigin and Demirel,
2013) Wilson et al. (2013Yyeported 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
NHa3/L to 182 mg NHY/L) due to ammonia inhibitionDigestesin 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 methamigenicrobial community as a function of free
ammonia inhibition, the presence of the dtianal genes related to the acetolactic
methanogenesis and hydrogenotrophic methanogenesis was studied based on the 16s DNA
sequencing and mRNA based metatranscriptome test. Riesaiteur stug showed that

the hydrogenotrophic methanogens were dominageinismsand ttat hydrogenotrophic
methanogenesis was the dominant pathwidlyin the THRAD studied.This could be due

to the us of THP-AD digestate as inoculum sludge. Because of the higher organic loading,
THP-AD digestate has a higher free ammormaceentration compared to the conventional

AD, thus microbial community in THRAD digestate have already adapted to the higher

free ammonia concentration. As shown in the previous sectpmteatial presence of 30%
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acetoclastic methanogens mainly driven Methanosarcina might be occurring at the
control THRAD without ammonia addition. Due to free ammonia inhibition,thember

of both acetoclastic and hydrogenotrophic methanogens indremsempensate for the
reduced methanogeractivities. Thencreaing trend oimethanogen count wabserved

to cease at the free ammonia of 600 mgsMA. SRT became limited at higher free
ammonia concentration and decreasathber ofmethanogens were foundue to more
severe free ammonia inhibition on both tgpef methanogens.Inhibition of
hydrogenotrophienethanogens in this study was only obsdmwhen free ammonia was
higher than 600 mg N4-N /L. It is understoodhat hydrogenotrophic methanogéns
activities are inhibited less severely compared to acetoclastic methadegétugies
(Amha et al., 2018; Gao et al., 2015; Hagen et al., 2017; Niu et al.,.ZD1i8) was
suggested due to the reason that inhibition of acetoclastic activities favor the growth of
syntrophic acetate oxidizing bacteria (SAOB). SAOB convert acetate iftorcdroxide
and hydrogen, which thewdynamically favor the hydrogenotrophic methanogenic

activities(Gao et al., 2015)

The inhibition constant for free ammonia was estimated based on the calculated
maximum methanogénrates at digester steady state. The Monod inhibition constant K
was estimated to be 847 + 222 mgNWL. Thiswas higher than theeported values in
current literatur¢ Akindele and Sartaj, 2018; De Vrieze et al., 2015; Fernandes et al., 2012)
Inhibition constants presented here are for the overall digestion systemm@erteBased
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 leviE2-@B% for methanogens.
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The significant impact on VSR and VFA accumulation were only obseat inhibition
levels of more than 40% (> 600 mg BN/L) in our study under SRT of 15 days. This
also indicates that when enough bufigrcapacity is available to avoid acidification, free

ammonia inhibition will nobe abarrier for further intensification.

7.2.3. Impact of (free) ammonia on AD dewaterability

Digestate dewaterdlly is an important parameter in sludge handling and
contributes significantly to operational cost of biosolids treatment facilitiss reported
in previous studies that a decreased dewateratsilttyrrelated with increased ammonium
concentrationgHiggins et al., 2008)To evaluate the impact of ammonia on digestate
dewaterability, dewaterability parameters including optimum polymer dose and cake total
solids (Cake TS)whichwere measured for different steady state conditidosmpact of
higher TAN on optimal polymer dose nor cake, Was observed in our studyherefore,
this study indicated that the previously observed relationships between TAN and
dewaterability(Higgins et al., 2008js probably driven by other factors correlated with
TAN, such as increadesoluble COD causkby ammonia inhibition leadg to anincrease
in charge neutralization nee@&/u and Wu, 2001 )or increase in monovalent to divalent

cation ratio(Higgins and Novak, 1997)

7.3. Application of novel ACOX model ohigh rate anaerobic digestion process

A proper mathematical model which incksglthe essential physigalchemical and
biological reactions is crucidbr accuratesimulation of theAD processAs discussed in

the above sections, AD methanogenesissgr@anarilyon 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 concerdrg@per
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mathematical model with detad calibration for high ammaa AD process is urgently
needed. Wett et a2014) implemented the acetate oxidizing mechanism into the ASDM
and published the ACOX modelThis provided a useful framework for high
loading/ammonia AD process simulation. The ACOX model is published avgbt of
model parametsr(Wett et al., 2014yvhich is calibrated only based on the methanogenic
inhibition factors generated from a simple batch ammonia toxicity batch{\iéison,

2009) In our study, a wide range of experimental data generated from outdong
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
parametersvas devebped 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 performarighfor
rate digestion processwhile Sumo2 (ASDM) model overestimated the digester
performance when digester volatile solids loadiag 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 TH? overcookingn anaerobic digestion process

Despite the constant reaction temperature and time targets for thermal hydrolysis
pretreatment (THP) process when designingdodlle THP systemseallife full-scale

THP conditionhave 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 logdidemand etc. Alsothe

efficiency of organics solubilization is heavily depended on the organic content of the

144



treatment sludgéQiao 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 prdiemnet al., 2012;

Lu, 2014) Knowing the complexity of the organic content present in the WWTP sludge
and the dynamic fulécale THP operational conditions, overall THP pretreated sludge
characteristics are oftengugtively 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. study
provideddetailed reort from 400 days operation of a fsitale THRPAD facility and an
evaluation of the overall impact of the dynamic sludge characteristics and dynamic THP
conditions inherent to fulkcale operation on (i) gelation behavior of sludge, (ii)
solubilization aégree 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 expdsuirecreased 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 decreaseddgoddabilityManning et al., 2019; Rasel, 2019)

The gelation factor parameter, developed Rgsel (Rasel, 2019) showed increased
gelation behavior of sludge at increased thermal dose. Oursafiyned that increased
thermal dose was linked to increased gelation, especially for high PS/WAS ratves. It

also foundthat the thermal treatment of primary sludge was the main cause fordiegel
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behavior of the sludge at increased thermal dose or increased reactiorhisrie.due to

the faster solubilization of primary sludge than waste activated sludg&war
temperatures and shorter reaction tine 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 reaains between denatured organic compounds might occur when treating

increased PS/WAS ratios.

A significant amount ofesearctwasdone n previous studies to investigate the impact of
THP conditions on AD performance. The formatiorr@talcitrant organics at increased
THP temperature was report@@arber, 2016; Higgins et al., 2017; Phothilangka et al.,
2008) Higgins et al. (20173howved thatincreasing THP temperatureb m 130 t o 170
(30 mins reaction time, equivalent to 399000e (nin) leads to a 60% sCOD increase in
THP sludge butid not impactdigester performance in terms of both VSR and total COD
removal rate. In our study, we hypothesized that the impatieofnial dose in this study
was mainly an impact of THP reaction tinas the THP temperature only slightly changed
from 155160°C. 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 probabilityf achiewvng a VSR above 60% dropped to 228en a
gelation facbr above 0.8 was reached after THP. Gelation factor combined the impact of
thermal dose and sludgemposition andvas therefore found to be a superior THP

characteristi¢or predicing AD performance.

Previous studieBaveshown an increase digestate dwaterability with increasing THP

temperature. Bwever, such relationship was nobservedn our study. This might have
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been caused by the fast and high variability in THP conditions in the facility and the
uncertainty of time delay of the THP effect oake 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 relatups. Evaluation of THP condition on final

dewatering at more stable conditions will be needed to draxe accurateonclusions.

Given the complexity of the fubcale THP facility, adjustment in the control system to
better manage the start of a TH&dh, better prediction of theolume of THP reactor
needed in servigand 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 gelati factor of the THP sludge might be a good operational

parameter to inform THP settings and optimize AD output.

Chapter 8:  Conclusiors
This chaptepresentghe final conclusions dhedifferent objective®f this researchlhe
recommendations for future research on TAIP systems are also proposed at the end of

the chapter.
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8.1. Conclusiors 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, thushowing potential for increased AD volumetric capacity (Phase II).

This study showed that due to the low SRT requirements for-ABIFsystem, RT
application for SRT enhancements from 15 to 30 days did not improve AD performance
or kinetics. Onlywhen one would operate close to or lower than washout SRT (estimated
at 67 days), RT application for SRT enhancement would make sense. However, RT
application to maintain SRT while increasing throughput rates showed great potential for
further intensificion of AD system while maintaining biogas yields, VSR and COD
removal efficiencies. Based on a calibrated process mRdeapplication 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 THFAD
systems.This wasinvestigated with an experimental gt of five labscale digesters fed
with a mixture of primary and secondary activated sludge aftesdale THP treatment
(9% TS) andoperated under similar organic loading rafe8.9 + 0.5 kg COD/rhd and

SRTof 15d

This study, for the first time, identified free ammonia inhibition constants for methanogens
without interference of acidificatiomwhich occursasaresult of VFA accmulation) and
on the basis of mneactor kinetic rate indicators. A Monod inhibition constant Ki for

methanogenesis of 847 + 222 mg NK/L was estimated. The estimated Monod inhibition
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constant was independent of the SRT condjteomd 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 96&mg NH
N/L. The results of this study shedthat free ammonia inhibition levels in current THP

digesteravere only 1218%, indicating potential for further AD intensification.

Objective 3. Generate kinetic parameters for highrate anaerobic digestion system
for application in process modelsThis was achieved by calibrating the higtte 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
comprehensivexperimental data collected from letgym ammonia inhibition study. A

set of kinetic parameters for methanogenesis activities are proposed based on the
calibration. The logistic halihhibition constant of Nkl for ACOX and AMETO was
calibrated to be 0.02¢hol 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 performéodaigh ratedigestion process

while Sumo2 mdel overestimated the digester performance when digester volatile solids

loadingwas 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 THRAD facility. Thisincluded evaluation of: (i)
gelation behavior of sludge, (i) degree of solubilization in THP, (iii) volatile solids
reduction in AD, and (iv) final dewatering, at the Blue Plains AWTIiHs was done by a

detaiedanalysishased on a 408ay samplingtudyat the THRAD facility.

149



This study was performed to evaluate the-héaldynamics in THP operational conditions

and sludge composition on THP sludge characteristics, anaerobic digestion (AD)
performance and final dewatering. It was found increased THP thermal dosesab6ve

e (in 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 sludgastreated AD system has a prability

of 88% to achieve above 60% volatile solids reduction when gelation factor of THP sludge
wasbelow 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 higligielgradable
primary sludge. Finally, no statistical correlation between THP sludge gelation factor and
digestate dewaterability was found. However, lower dewatered cake totalveadifisind

to be correlated with a higher digestate gelation factor.

8.2. FutureResearch

The THRAD systemis a promising technologyor 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 dgeclmait.
However,there are several areas that still require further research forALH8&ystem

improvement.

Recuperative thickening has been shown as a promising technology for increasing digester
throughput for THPAD system. However, there are sevdgadtors 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 coebknefit assessment needs to be conductedmpare 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 capabilitydse® 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 viscqditys 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
intensfication. The reasons of THRD 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
matrematical models still require improvements for proper 3P process simulation.
Detailed process information is still needed for better calibration of model kinetic
parameters, inhibition factors, conversion factors, correlation factors, etc. Futurehresea
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, asawe&Hriations in pH
measurement, #situ versus esitu. To minimize the error of estimated free ammonia
concentration, calculation methodologies that consider thadsah solution should be
used, and pH of the digestate should be either measured thighiigester or immediately

after the digestate is collected.

151



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 facilites. 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-ABHAN terms of various

inhibition factors.
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Figure Al. Labscale anaerobic digester-sgt used in this study
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Figure A2. All five | ab-scale anaerobic digessarsed in this study
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Table A1l. Summary of volume information used for RT digester in both RPhases

Phase Polymer Digester Supernatant Feed
solution effluent volume after RT Volume

volume (mL) (mL) procedure- (mL)

excluding

polymer

volume (mL)

I 210 1000 333 666
I 420 2000 666 1332
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Table A2. Influent fractionation applied and adjusted general stoichiometry factors for Sumo2ACOX model calibration for both

experimentaPhase

Symbol Name Value  Unit
Influent Characteristics
frVSS, TSS Fraction of VSS/TSS 73 %

frSCCOD,TCO Fraction of filtered COD (SCCOD, 1.5 pm, incl. colloids) in total COD (TCOD) 1545 %
D
frSCOD,TCOD Fraction of flocculated filtered (SCOD, wo colloids) COD in total COD (TCOD) 1545 %

frVFA,SCCOD Fraction of VFA in filtered COD (SCCOD, 1.5 um, incblloids) 10.5 %
frSU,SCCOD Fraction of soluble unbiodegradable organics (SU) in filtered COD (SCCOD, 1.5 25 %
incl. colloids)
frXU,TCOD Fraction of particulate unbiodegradable organics (XU) in total COD (TCOD) 28 %
frXOHO,TCOD Fraction ofheterotrophs (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 0.0001 %
SCOD)
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
VSSs?t
ICV,XU COD ofparticulate unbiodegradable organics in volatile solids 1.8 g COD.g
VSst
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iICV,SU

ICIT,BIO

ICIT,SB

COD of soluble unbiodegradable organics in volatile solids

Inorganic carbon content of biomass

Inorganic carbomrontent of SB and SU

0.63

0.35

0.32

g COD.g
vst
gTIC.g
cob?
gTIC.g
cob?
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Table A3. Sumo2ACOX parameters used related to the new processes (Bahlgplled in the model

Symbol Name Default Unit
Ordinary heterotrophic organism kinetics (OHO)
HOHO Maximumspecific growth rate of OHOs 4 d*t
UFERM,OHO Fermentation growth rate of OHOs 0.3 d?
bOHO Decay rate of OHOs 0.62 d*
dOHO, anox Reduction factor for anoxic growth of OHOs 0.6 unitless

Half-saturation of VFAs in fermentation of g COD.m
KVFA,FERM,AS OHOs(AS) 50 3

Half-saturation of rb substrate in fermentatic g COD.m
KSB,ana,AS by OHOs (AS) 5 3
VFA acidoclastic methanogen organisms kinetics (AMETO)
HAMETO Maximum specific growth rate of AMETO 0.3 d?
bAMETO Decay rate of AMETOs 0.03 d?

g COD.m
KVFA,AMETO,AS Half-saturation of VFA for AMETOs (AS) 400 3
g COD.m

KiVFA,AMETO,AS Haldane inhibition of VFA for AMETOs (AS) 99999 3
KO2,AMETO,AS Half-saturation of O2 for AMETOs (AS) 0.05 g 02.m?®
KNOx,AMETO,AS Half-saturation of NOx foAMETOs (AS) 0.05 g N.ni®
KiNHX,AMETO,pH,AS Half-inhibition of NHx for AMETOs (AS) 2500 g N.n3
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)
HACOX Maximum specific growth rate of ACOX 0.26 d-1
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bACOX Decay rate of ACOXs 0.03 d-1

g COD.m
KVFA,ACOX,AS Half-saturation of VFA for ACOXs (AS) 400 3

g COD.m
KiVFA,ACOX,AS Haldane inhibtion of VFA for ACOXs (AS) 99999 3
KO2,ACOX,AS Half-saturation of O2 for ACOXs (AS) 0.05 g 02.m®
KNOx,ACOX,AS Half-saturation of NOx for ACOXs (AS) 0.05 g N.ni®

Logistic haltinhibition of NHx for ACOXs
KiNHx,ACOX,pH,AS (AS) 2500 g N.nm3
Logistic haltinhibition of NH3 for ACOXs

KiNH3,ACOX,pH,AS (AS) 0.024 mol N.L?
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)
HHMETO Maximum specific growth rate of HMETO 1.3 d1
bHMETO Decay rate oHMETOs 0.13 d-1

g COD.m
KH2,HMETO,AS Half-saturation of H2 for HMETOs (AS) 0.1 3
KO2,HMETO,AS Half-saturation of O2 for HMETOs (AS) 0.05 g 02.m®
KNOx,HMETO,AS Half-saturation of NOx for HMETOs (AS) 0.05 g N.ni®
pHlow,HMETO pH inhibition low valugor 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 platié Sumo2 model for simulation of anaerobic digestion at increased free

ammonia levels caused tyermal hydrolysis pretreatment

Process Rate Expression
SB fermentation with  yFERM,OHO, T*XOHO*LogsatSVFA ,KVFA,FERM*MsatSB,KSB,ana*MinhS02,KO02,0HO*MinhSN
high VFA (OHO 2,KNO2,0HO*MIinhSNO3,KNO3,0HO*MsatSNHx,KNHx,BIO*MsatSP0O4,KPO4,BIO*MsatSCAT,K

growth, anaerobic) AT*MsatSAN,KAN*BellinhpH

SB fermentation with  yFERM,OHO, T*XOHO*LoginhSWA ,KVFA,FERM*MsatSB,KSB,ana*MinhS02,K02,0HO*MinhSN

low VFA (OHO 02,KNO2,0HO*MInhSNO3,KNO3,0HO*MsatSNHx,KNHx,BIO*MsatSP0O4,KPO4,BIO*MsatSCAT,

growth, anaerobic) CAT*MsatSAN,KAN*MsatSCO2,KCO2,BIO*BellinhpH

OHO anaerobicdecay b OHO, T* XOHO* db, ana*Mi nhSNO2, KNO2, OHO* MOKHM SNC
HAMETO, T*XAMETO*HsatSVFA,AMETO*LoginhpHNH3,AMETO*MinhS0O2,KO2,AMETO*MInhS
NOx,KNO3,AMETO*MsatSNHx,KNHx,BIO*MsatSPO4,KP0O4,BIO*MsatSCAT,KCAT*MsatSAN,KA

AMETO growth N*BellinhpH,AMETO
bAMETO, T*XAMETO*(mtox,aer*MsatS02,KO2, AMETO+mtox,anox*MsaNOx,KNO3,AMETO*Mi
AMETO decay nhS02,KO2,AMETO)
AMETO anaerobic
decay bAMETO, T*XAMETO*MIinhSNOx,KNO3,AMETO*MinhS0O2,KO2,AMETO

HACOX, T*XACOX*HsatSVFA,ACOX*LoginhpHNH3,ACOX*MinhS0O2,KO2,ACOX*MIinhSNOXx,KN
Ox,ACOX*MsatSNHx,KNHx,BIO*MsatSPO4,KP0O4,BIO*MsatSCAT,KCAT*MsatSAN,KAN*Bellinhg

ACOX growth H,ACOX
bACOX, T*XACOX*(mtox,aerMsatS0O2,KO2,ACOX+mtox,anox*MsatSNOx,KNOx,ACOX*MinhSO:
ACOX decay KO2,ACOX)
ACOX anaerobic
decay bACOX, T*XACOX*MinhSNOx,KNOx,ACOX*MIinhS0O2,KO2,ACOX

MHMETO, T*XHMETO*MsatSC02,KC0O2,BIO*MsatSH2,KH2,HMETO*MinhSO2,KO2,HMETO*Min

SNOx,KNO3,HMETO*MsatSNHx,KNHx,BIO*MsatSPO4,KPO4,BIO*MsatSCAT ,KCAT*MsatSAN,K
HMETO growth N*BellinhpH,HMETO

bHMETO, T*XHMETO*(mtox,aer*MsatS02,KO2,HMETO+mtox,anox*MsatSNOx,KNO3,HMETO*V
HMETO decay nhSO2,KO2,HMETO)
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HMETO anaerobic
decay

bHMETO, T*XHMETO*(MinhSNOX,KNO3,HMETO*MinhS0O2,KO2,HMETO)

XB hydrolysis

gHYD, T* XBI O, ki n* MRsat XB, XBI O, KHYD* ( Msat SO2, k
HO+Msat SNO3, KNO3, OHO* Mi nhSNO2, KNO2, OHO) * Mi nh
NO3,0HO*MinhSNO2,KNO2,0HO*MinhS02,K02,0HO)

SN,B ammonification

gAMMON,T*SN,B*XBIO,kin

SP,B conversioto
PO4

gSPB,T*SP,B*XBIO,kin

XE conversion

qQXE, T*XE

XE,ana hydrolysis

gHYD, T* XBI O, ki n* MRsat XEana, XBl O, KHYD* ( Msat SC
OHO+MIinhSNO2,KNO2,0HO*MsatSNO3,KNO3,0HO)*MinhS02,KO02,0H0O)
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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 Influent Effluent
Alkalinity mg/L 1908 1908 4962
pH - 6.03 6.03 7.7
TS % 9.07 9.07 7.3
VS % 6.8 6.8 4.0
tCOD g/L 123 123 65
TAN mg N/L 465 465 1324
Performance
VSR! % 56 57
COD removal % 62 63
Biogas rate L/d 28.8 28.8
CH4 content % 61 61
Kinetic rates (g COD/m?/d)
Hydrolysis rate 5376 5487
Hydrogenotrophic 1946 1983
methanogenesis rate
Acetoclastic methanogenesis 3178 3231
rate
ACOX H2 production rate 0.75 2.2
Biomass composition (g COD/rf)
Ordinary heterotrophic 1917 2105
organisms (OHO)
concentration
Acidoclastic methanogens 3029 3862
(AMETO) concentration
Hydrogenotrophic 767 853
methanogens (HMETO)
concentration
Acetate oxidizers (ACOX) 0.82 3.02
concentration
COD of all biomasses 5715 6824
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FigureB1. Key digester parameters in terms of (a) Volatile solid reduction calculated by
Van Kleeck method (VSR/K), (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.

187



3000 3000 -
a « AD-12
= AD-2
25001 2500 AD-3
£ £ ~ AD-4
z 2 proes ¢ AD-5
£.2000+ £ 20001 o ooy,
) §) i g
g [ o a“‘n 4
S 1500 S 1500 4 o %‘
= - L
e . g --
£10004 = 2 1000
2] * 12}
8 . 8 -
500 - 500 E
©
o
0 T T T T T 1 0 T T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25
TIME (hours) TIME (hours)
3000 c
= AD-1
AD-2
2500 - AD-3
5 AD-4
o AD-5
E 2000 -
s il
g & “""‘lu«
S 1500 -
©
=
°
2 1000 4
Q.
w
3
500 .
L
&
0 1 T T T T 1
0 5 10 15 20 25

TIME (hours)

FigureB2. Gas production rate profiles over 24 hours (feed was added at time 0 hours)
for all reactors at thesteady state of (a) Phase I, (b) Phase Il s and (c) Phase Ill. 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
presentedn Figure 32d. Details on ammonia levels for the presented reactors and phases

can be found on Table&
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FigureB3. (a) Cumulative gas production and (b) volatile fatty acid (VFA) concentration
profile of all reactors during 72 hours of no feed (feed wnly added once at time 0 hours).
The test was performed at the end of phase lll. The digesters in this figure were labeled

with their free ammonia concentration and reactor label (see more details in Pable 3
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Table B1. Digesteoperational 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 SRT Configuration Source of
(mg TAN/L) d additional
ammonia
AD-1 I 3200 15 no-RT NHsHCGOs
AD-2 I 2200 15 no-RT No addition
AD-3 I 1200 15 no-RT NHsHCO3
AD-4 | 2200 15 RT NHsHCOs
AD-5 I 1200 15 RT No addition
AD-1 Il 4200 15 no-RT NHsHCOs
AD-2 Il 3200 15 no-RT NHsHCOs
AD-3 Il 2200 15 no-RT NHsHCOs
AD-4 Il 3200 15 RT NHsHCOs
AD-5 Il 2200 15 RT NHsHCOs
AD-1 Il 5200 15 no-RT NHsHCO3+NH4CI
AD-2 11l 4200 15 no-RT NHsHCO3
AD-3 Il 3200 15 no-RT NHsHCO3+NH4CI
AD-4 1l 4200 15 RT NHsHCO3
AD-5 1 3200 15 RT NHsHCOs
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TableB2. 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 VSR tCODr Methane Peakgas sCOD Total VFA
ammonia (%) (%) yield rate (%) (mg
(mg NHs- (mL CHd/g (mL/hr) CODIL)

N/L) VS added)

37+6 552+ 56.7% 365+ 34 2604 +

3.6 0.1 2022+ 304 222 149+4.7
103+76 529+ 547+ 363 + 38 4179 £

7.1 0.2 2423+ 267 181 26.8 +9.6
128+8 549+ 518+% 367 £ 20 2941 +

4.5 0.1 1704+ 267 518 65.6 £ 14.3
202+71 50.7+ 555% 358 £ 30 2528 + 46.9 £

4.2 0.1 1736+ 374 294 111.4
211+2 571+ 541+ 352+11 3111 + 1109 +

3.0 0.2 1598+ 106 223 45.7
225+21 53.0+ 519+% 371+31 2822 +

5.2 0.1 1861+ 340 157 175+45
226 +24 526+ 51.0% 348 £ 40 5476 +

4.8 0.1 1968+ 170 500 31.9+5.7
297+29 553+ 56.0% 37115 3016 + 100.1 +

3.6 0.1 1704+ 181 358 129.8
396 +25 564+ 559+ 354 +11 4179 £

3.6 0.1 1534+ 102 108 328+11.1
509+59 527+ 535+ 354 + 17 4766 + 431.4 +

4.8 0.1 1616+ 126 840 117.9
549+36 484+ 535+% 344 + 16 4215 + 252.6 +

5.3 0.1 1353+ 116 317 34.5
554+74 508+ 52.0% 330 £ 28 5842 + 706.5 +

4.8 0.1 1412+ 63 48 56.2
734+13 469+ 53.0% 298 + 12 4948 + 470.3 £

5.2 0.1 1002+ 56 203 17.7

800 + 43.8+ 452+ 305+21 9025 + 898.1+

171 6.3 0.4 1109+ 124 699 107.5
966 +22 354+ 39.3% 285+ 10 998.7+ 9484 + 3473 +

5.7 0.1 52.3 97 48.2
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Table C1. Influent fractionation applied and adjusted general stoichiometry factors for Sumo2ACOX model calibratiomé@or both
RT reactors and RT reactors.

Symbol Name Defaul Used Unit
t value value

Influent Characteristics

frVSS, TSS Fraction of VSS/TSS 84 75 %

frSCCOD,TCO Fraction of filtered COD (SCCOD, 1.5 um, incl. colloids) in total COD 40 25 %

D (TCOD)

frSCOD,TCOD Fraction of flocculated filtered (SCOD, wo colloids) CODtatal COD 20 20 %
(TCOD)

frVFA,SCCOD Fraction of VFA in filtered COD (SCCOD, 1.5 um, incl. colloids) 11.765 4 %

frSU,SCCOD Fraction of soluble unbiodegradable organics (SU) in filtered COD (SCCC 11.765 18 %
1.5 pm, incl. colloids)

frXU,TCOD Fraction of particulate unbiodegradable organics (XU) in total COD (TCOI 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 20 0.0001 %
(SCCODSCOD)
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 inparticulate 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 biodegradaldebstrate (SB) 4 4 %
General Stoichiometry
ICV,XB COD of biodegradable substrate in volatile solids 2.2 2.2 g COlD.g
VSS
ICV,XU COD of particulate unbiodegradable organics in volatile solids 2.5 2.5 g COlD.g
VSS
ICV,SU COD ofsoluble unbiodegradable organics in volatile solids 0.93 093 g CPD.g
VS
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iCIT,BIO Inorganic carbon content of biomass 0.35 0.35 gTIC.g
coD?

iCIT,SB Inorganic carbon content of SB and SU 0.32 0.32 gTIC.g
coD?
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Table C2. Sumo2 ADM) and Sumo2ACOX (ACOX) model ma i
Sumo2ACOX model.
Default Used
Symbol Name Value Value Unit
Ordinary heterotrophic organism kinetics (OHO)
Maximum specific growth rate of
HOHO OHOs 4 4 d?!
UFERM,0OHO Fermentation growth rate of OHC 0.3 03 d?!
bOHO Decay rate of OHOs 0.62 0.62 d?
Reduction factor for anoxic growt
d OHO, anox of OHOs 0.6 0.6 unitless
Half-saturation of VFAS in g COD.m
KVFA,FERM,AS fermentation of OHOs (AS) 50 50 3
g COD.m
KSB,ana,AS OHOs (AS) 5 5 8
VFA acidoclastic methanogen
Maximum specific growth rate of
HAMETO AMETO 0.3 03 d?
bAMETO Decay rate of AMETOs 0.03 0.03 d?
Half-saturation of VFA for g COD.m
KVFA,AMETO,AS AMETOs (AS) 400 400 3
Haldane inhibition of VFA for g COD.m
KiVFA,AMETO,AS AMETOs (AS) 99999 99999 3
Half-saturation of O2 for AMETO:«
KO2,AMETO,AS (AS) 0.05 0.05 goO2.m
Half-saturation of NOx for
KNOx,AMETO,AS AMETOs (AS) 0.05 0.05 gN.m?®
Half-inhibition of NHx for
KiNHX,AMETO,pH,AS AMETOs (AS) 2500 2500 g N.nt3
Half-inhibition of NH3 for
KiNH3,AMETO,pH,AS* AMETOs (AS) 0.024 0.018 mol N.L-?
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Logistic slope of NH3 inhibition ol

LoginhNH3,AMETO,slope* ACOX 120 120  unitless
pH inhibition low value for

pHlow,AMETO AMETOs 4.5 4.5 pHunit
pH inhibition high value for

pHhigh, AMETO AMETOs 9.5 9.5 pHunit

VFA oxidizer organi smbés kine

Maximum specific growth rate of

HACOX* ACOX 0.26 0.26 d-1

bACOX* Decay rate oACOXs 0.03 0.03 d1
Half-saturation of VFA for g COD.m

KVFA,ACOX,AS* ACOXs (AS) 400 400 3
Haldane inhibition of VFA for g COD.m

KiVFA,ACOX,AS* ACOXs (AS) 99999 99999 3
Half-saturation of O2 for ACOXs

KO2,ACOX,AS* (AS) 0.05 0.05 gO2.m
Half-saturation of NOx for ACOX¢

KNOx,ACOX,AS* (AS) 0.05 0.05 gN.n?®
Logistic halfinhibition of NHx for

KiNHx,ACOX,pH,AS* ACOXs (AS) 2500 2500 g N.nt3
Logistic halfinhibition of NH3 for

KiNH3,ACOX,pH,AS* ACOXs (AS) 0.024 0.024 mol N.L*
Logistic slope of NH3 inhibition ol

LoginhNH3,ACOX,slope*  ACOX 120 120  unitless
pH inhibition low value for

pHlow,ACOX* ACOXs 5.5 5.5 pHunit
pH inhibition high value for

pHhigh,ACOX* ACOXs 9.5 9.5 pHunit

Hydrogenotrophi c nkimdtids HMBTPE n

Maximum specific growth rate of
MHMETO HMETO 1.3 1.3 d-1
bHMETO Decay rate of HMETOs 0.13 0.13 d1

196



Half-saturation of H2 for HMETO:« g COD.m
3

KH2,HMETO,AS (AS) 0.1 0.1
Half-saturation of O2 for HMETO:

KO2,HMETO,AS (AS) 0.05 0.05 gO2.m
Half-saturation of NOx for

KNOx,HMETO,AS HMETOs (AS) 0.05 0.05 gN.m?®
pH inhibition low value for

pHlow,HMETO HMETOs 4.5 4.5 pHunit
pH inhibition high value for

pHhigh, HMETO HMETOs 9.5 9.5 pHunit

Conversion kinetics

QHYD Rate ofhydrolysis 2.0 14  1d
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Table G. Sumoterminology description

Symbol in Sumo Description

M Maximum Specific Growth Rate

T Temperature

S Soluble

K Half-saturationConstant

Logsat Logistic Half-saturation

Msat Saturationrerm

Minh Inhibition Term

Bellinh pH inhibition Term

b DecayRate

X ParticulateMatter

d ReductionFactor

Hsat HaldaneTerm

a Aerobic

ana Anaerobic

d Arrhenius coefficient

f Diffusion factor

FERM Fermentation

OHO OrdinaryHeterotrophs Organisms
Anox Anoxic

MEOL Methanol

PAO Polyphosphat@ccumulating organisms
PHA Polyhydroxyalkaoate

AOB AmmoniumOxidizing Biomass
NOB Nitrite Oxidizing Biomass

AMX AnamoxBiomass

AMETO VFA AcidoclasticMethanoger®©rganisms
HMETO HydrogenotrophidM ethanoger®©rganisms
ACOX VFA Oxidizer Organisms

CAT StrongCations

ASSIM Assimilation

SPB Phosphate Converting Biomass
XE Particulate Endogenous Substrate
HYD Hydrolysis

FLOC Flocculation

IS lon Strength

BOD BiochemicalOxygen deman

COD ChemicalOxygen 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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TableC4. . Main calibration results: non R€actor

Parameter Influent Effluent Effluent Model
data model error
0 mg/L of NH4HCO3 addition
Total solids (%) 9.3 5.16 4.99 -3.3%
Volatile solids (%0) 7.2 3.16 3.08 -2.4%
pH 6.0 7.82 7.87 0.6%
Total ammonia nitrogen 498
(mg-N/L) 2264 2338 3.3%
Free ammonia (mél/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 NHKHCOs3 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 1498
(mg-N/L) 3220 3391 5.3%
Free ammonia (ml/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 NHhHHCO3 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 2467
(mg-N/L) 4220 4168 -1.2%
Free ammoni@gmg-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 NHkHCOs3 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 3512
(mg-N/L) 5220 5022 -3.8%
Free ammonia (ml/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 solidsreduction (%) N/A 35.4 38.2 8.0%
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TableC5. Validation results: RT reactor

Parameter Influent Effluent Effluent Model
data 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 498
(mg-N/L) 1249 1200.00 -3.9%
Free ammonia (mél/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 NHFHCO3 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 1498
(mg-N/L) 2093 2125.00 1.5%
Free ammonia (m{l/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 NHhHHCO3 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 2467
(mg-N/L) 3134 3157.14 0.7%
Free ammonia (ml/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 NHkHCOs3 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 3512
(mg-N/L) 4109 4250.00 3.4%
Free ammonia (ml/L) 3.23 688 21941 -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%

200



Appendix D

201



Table D1. Observed volatile sludge reduction based on THP thermal dose and gelation factor of THP sludge (based onl400 days f
scale data from Blue Plains Advanced WWTP). (Data can also be found in Panel Rgkiguie 63 and Figure 81) (PS: primay

sludge; WAS: waste activated sludge; VS: volatile sludge; TS: total sludge; GF gelation factor; sCOD: soluble COD; \I8R: volat
sludge reduction)

Overall data PS/WAS>50% PS/WAS <50% VS/TS>78% VSITS <78%
set
THP sludge THP sludge GF THP sludge GF  THP sludge GF  THP sludge GF
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 <04 >0.4 <04 >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 dewateri
performance.

Cake total sludge < 32% Cake total sludge >32% P value from ttest

THP applied thermal dose € C* m)i n s 8634 + 4493 8353 + 4660 0.5457
Primary to waste activated sludge ratio (%) 47.2+8.0 522+9.1 0.0054
Volatile to total sludge ratio (%) 80.2+29 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
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