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PLANT -WIDE PROCESS ANALYSIS TARGETING RELIABLE
ESTIMATION OF BIOGAS PRODUCTION FROM ANAEROBIC
SLUDGE DIGESTION

SUMMARY

Anaerobic sludge digaen is a criticaland widely usedechnology employed in
wastewater treatment plants for the stabilization of solids generated dheng t
treatment process and for the production of biogas as a renewable energy source. This
process typically involves the treatment of mixed primary and biological sludge in
digesters. Primary sludge comprises inorganic solids and organic matter, whereas
biological sludge is rich in active biomass and residues from biochemical reactions.
The process faces challenges, such as the lower organic degradation efficiency of
waste activated sudge (WAS) under both aerobic and anaerobic conditions,
necessitating exteled sludge retention times.

Hydrolysis, identified as the rateniting step in microbial degradation across various
environmental conditions, significantly influences the efficiency of the anaerobic
digestion procesS.herefore, the nature of tlimgradéon of the hydrolysable matter
directly influences the efficiency of the anaerobic digestion procEsslitional
activated sludge models, which conceptualize COD turnover through a single
hydrolysable matter compone(Xg), do not adequately account ftre range of
hydrolysis kinetics observed in practice. Despite a plethora of parameter values
proposed for anaerobic hydrolysis, research into the kinetic analysis of anaerobic
sludge digestion, particularly considering varying mixes of primary and waste
activated sludge, remains sparse.

The appropriate selection of wastewater treatment and sludge disposal methods
depends on specific aspects, including the organic matter components in the influent
wastewater and the kinetic parameters specific to the bgnidmerefore, the
integration of experimental studies with plavitte modeling tools is becoming an
important strategy for selecting suitable treatment systems and executing reliable
process calculations.

In this study, seven laregrale wastewater treatmteplants were analyzed for
operational parameters and dynamic modeling was combined witHfptarsied batch
experiments to uncover deviations from the calculated data during the design phase.
The longterm performance of three fedcale carbon and bigaal nutrient removal
plants with anaerobic sludge digestion systems was rigorously monitored. This
approach aimed to improve the understanding of process kinetics for carbon removal,
nutrient removal, and anaerobic digestion. It involved GBtionatian, nitrification

and denitrification kinetics, and anaerobic batch experiments.-§actfic kinetic
parameters were determined experimentally and integrated withval@etSUMO

model simulations.

The research revealed that anaerobic hydrolysis ragesgnificantly lower than the
available literature values. The study identified this stage as a critical point in
optimizing biogas production. Anaerobic digestion batch experiments anenptint

xXxiii



model calibration showed that anaerobic hydrolysis ratkeisritical parameter for
biogas production. In parallel, anaerobic digestion performance and modeling studies
in full-scale plants showed low biogas production efficiency.

The innovative use of plantide model calibrationin conjuctionwith anaerobic
digestion tests in the study, illuminated the significant challenges posed by low
anaerobic hydrolysis rates for efficient biogas production. This was demonstrated by
the poor performance and low biogas yields in-$athle plants. The study also
discoverd that the degradation rate of primary sludge through anaerobic hydrolysis is
significantly higher compared to the hydrolysis rate of biological sludge, shedding
light on areas for process improvement.

In the secondstageof the studythe effect of anaekiac hydrolysis rate on biogas
production was investigated with mesophilic digesters in sevendaaie wastewater
treatment plantsThis phase was critical in understanding how the process parameters
underpinning anaerobic digestion could be optimizezhttance biogas productioh

linear correlation was determined between the percentage of primary sludge mass in
the total sludge fed to the digester and the overall anaerobic hydrolysig hete.
correlationemphasise the heightened efficiency of prinyasludge in undergoing
anaerobic hydrolysis, a revelation that emerged from identifying that the rate of
anaerobic hydrolysis for primary sludge was threefold greater than that observed for
biological sludgeThe anaerobic hydrolysis rate of primary sluelges determined to

be three times higher than that of biological sludiggthermore, the study delineated

the reduction factdior anaerobic hydrolysi§Hyp,ang, falling within the range of 0.11

to 0.30. This finding is particularly noteworthy as isftlow the range recommended

in the existing literaturg0.30-0.50), thereby highlighting a potential area for further
investigation and optimization within the field of anaerobic digestion.

In the final phase of the studfe study advocates for the @tion of an innovative
model paradigm, distinguishing the anaerobic degradation kinetics of particulate
biodegradable organics stemming from influekg)(and decay processeXzg().
Traditionally, plantwide models have utilized a singular kinetic expi@ssto
represent the degradation process, necessitating the recalibration of the model for each
treatment plant to accurately predict biogas flowrate, based on the varying
compositions of primary and secondary sludge introduced to the digesters. This
apprach not only facilitates a more streamlined and accurate prediction of biogas
production across different treatment facilities but also represents a significant
advancement in the field by addressing the variability in sludge composition without
the needdr model recalibration.

By introducing anovel model approach the study segregates the anaerobic
degradation kinetics of particulate biodegradable organics derived from both influent
and decayoriented(Xg, Xg,g), significantly refining the precision diogas production
forecasts across varying treatment plants without necessitating recalibration to account
for fluctuating sludge compositions. This avgarde methodology not only elevates

the predictive proficiency of plawide models but also addresseitical challenges

in wastewater treatment, including energy conservation and environmental
stewardship.

This new modeling approach sheds light on the changes that need to be made in the
design criteria of BNR systems, including proper sizing of-Bidanks and
optimization of anoxic zones fa@&fficient denitrification.It is also expected to make
major differences in process calculations for the accurate assessment of biogas
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production capacity and the design and optimization of sluggeehgrationprocesses

such as thermal hydrolysis. Therefore, the proposed model facilitates a comprehensive
re-evaluation of process performance and design methodologies for biological
processes, including sludge fermentation and BNR processes. As a next stage of the
study, it became evident that it is imperative to develop specific experimental
procedures to determine new model parameters, especially related to hydrolysis under
araerobic and anoxic conditions.

The study's findings underscore the importance of adoptinghoaelbased
experimental characterization coupled with planmde modeling to overcome the
limitations of current kinetic parameter adjustmenfthrough the integration of
insights gleaned from kinetic batch experiments within the simulation architebiire,
investigation achieves a formidable prediction of the {targh operational efficacy of
wastewater treatment facilities, thereby establishing a novel benchmark for the design
and enhancement of anaerobic digestion processes aimed at advancingbdeistaina
wastewater management practices.

XXV






ANAEROBKK CAMUR CURUTME PR OS E S K BRYDGAZ
URETKMKNKN GUVENKLKR TAHMKNKN E Y ¥ N ETE®KBGE NE L K
PROSESANAL K Z K

OZET
Anaerobi k -amur - ¢t me, atéksu arétma t
katée maddel erin stakbhkrifaskaymnaye véar heé
i-in kullanélan kritik ve yaygén bir tek
kar e k e k ikncir (biyolojik)la t wasnurunbirlikte stabilizasyonunucerir.
Birincil -amur y ojoularplaari gka nki &kt énhaadd eMeer d en
biyolojik camur aktif biyokitle ve biyokimyasal reaksiyonlardan kaynaklanan
kal ent &l ar b a kAaamehikd@iime posemdeiant deikr .a k t i f -at
yapéséhegmeredgriobi k hem de aaher dlyaokkk k ok ul
olarak bozunma®°® zel | i Ji - ambe bibyelkel et me s¢releri
gerektirmektedir.
Cexki tli -evresel kokul |l ar da mi krobi yal
tanéml anan hidroli z, anaer obi Wi oleider ¢t me
etkilemektedir Bu nedenlehidroliz olabilen organkkma ddeni n k iay e € K jmia
anaerobi k -¢re¢gtme s¢egrecinin verimliliJini

tek biry av ak ayr émaadd eorigke)ne kereir i (den kavr arm
gelenésel aktif camur modelleile pr at i kt e g°zI| emlbehrigen hi dr
uyukmamakt a, dol ayeséyla bekl enen biyoga
mi kt aré araseénda b. Ayagrdébik hidralizk 1 a eactnbrjeriler ma k t a «
cokayéeéda parametre dej er i ntmeninkengtiknemalizneanaer
i li kkin arakt ér mhbiyolajik- atmazredh i dkejei bemilkani & k
al & n d Bigradinverderi yeterli gelmemektedir

Uy gun ar @&dergamurberaraf yontemlerinirsecimive konf i g¢rasyo

belirlenmesigini Kk at éksuyundaki organi k vensgbpdde bi
konusu biyokutleye 6zgu kinetik parametreler de dahil olmak tzere belirli hususlara

bajl edeér . Sonu- ohae aki s dieoadeeylsléehme- aal réak-nhe
entegrasyonu, uygun agieehilmar cc9d es¢ elmd sea g Ind ma
yér et el mesi i -in zorlu bir strateji ol ar |
Bu - adbgediadatb ¢ y ¢ k ° 1| - ekl i at erepdlametrelé&in ma t e s

kapsamlaé i zi veytasgednl meésknas énda hesapmahameéev
aydénl at ma k s kesgki dekeyl@led i nami k modaealimi emier bir
Bu kapsamda, ¢ adetaerobik camur cliritme sistemlbtlunantamaolcekli karbon

ve biyolojik nitrient gidegn tesislerin uzurstrel performanseée titizl

Bu entegre yaklakem sayesinde -al ékma,
anaerobi k -6 ¢t me I -1n proses kiBueti i
y a k | g k &lm@llfalenmesinitrifikasyon ve denitrifikasyoR i net i J i il e ar
kesiklideney a | € kymeap éalrt@tse Ozghkeetik parametreler deneysel olarak

bel i r veebuparametrelerintesis genelinde \8no mo d e | sim¢égl asyon
entegre edilmesiylger - ekl ekt i ri |l mi ktir.
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Arakterma, ahaerrembehkhahi drobkerat¢r dejerlerind
d¢kéek ol dujunu ortaya koymuk ve bu akamayé
kritik bir noktao | ar ak t an é ml aim@nrekesikli .deneylari@ectesis b i k
bazéenda g e medelkkélierasyonur anbesobik hidroliz & z &iyogar

Uretimindekritik parametreo | duj unu g°ster mi Ktir. Buna para
tesiderde Kk i anaer obi k -vgmogdleme ap exfmarl mares & ncel end
tesislerdel ¢ K ¢ Kk bi yogazglréeimmhéwdneikimada anaer obi k
testl eri Il e birlikte tesis -apénda model }
°l - ekl i tesislerdeki dekeki pdef gP mares dvegi dgi
d ¢ K @nkerobik hidrolizh € z | arreé@ n am | bi yogaz sret i mi i -1in
zorl ukl ar é aydenl at mékt er . Ayr éca, anaerobi
bozunma oranénénhibdryollitzeiyhézd anmed ndahml i °1 - ¢de
yiksek (~2,53) ol duju kekfedil mik ve bu da proses
tut muktur .

¢al @ékmaneén i kanaewbik hidrelizn i ansbigiogak diretimi Uzerindeki
etkisi,toplamda yedb ¢y ¢ kK ° | - ek | i leantded knezdfilikavae¥obikna t esi s
curlticilede ar akt ér él mékt éer . C¢eretegceye besl enen
¢amur kutlesinin ylzdesiilenaer obi k hidroliz hézé araseénda

tespit . dAmherdbikihidroliz icindizeltme faktdri (Anyp.ang literatirde
°neril en alr,a5 0e)] a k & y0a s3l0alan @,41H0a 30d ¢ gkl €] énda
belirl enmicktir.

Caéekman son akagmheékkdygoak)lve icsél olunumdan
kaynakbnan (Xsg) y a v a K aorganik kmeddéerin  anaerobik bozunma

kinetiklerinin birbirindenayr él déj é yeni biird mmeekeirr yakl aké
kinetik ifadeye sahip tesis a zrleveut modelleranaerolk curuttculere beslenen
farkl e birinci./l ve i kincil -amur oranl ar éna

debisini hesaplamakizere modelin yeniden kalibre edilmesini gerekéktedir

Onerilen ¥ n i modely ayvagpkt sagamkinkkalm e bi Xeeds® ni ni n
bozunma kinetijini ayeér ar akhthayradeestirg i bir vyer
at eéksu ar ét mgaz liretimini tahma edebilmektedb.i y o

Yeni bir mo d el bw-a&kll é&amane & k kneeyr eeanki¢gséd v e
solunumdan kaynaklanap a v a kK arganilerraddéerin anaerobik bozunma

kineti kl eri arasénda ayr ém yarpamalbgnmnénve b°yl e
sajlamak i -in yeniden kalibrasyona gerek kal
dretmt ahminl erinin dojrubenijyakd amémegr maldtea ke rt.e
genel i ndeki model |l erin tahmin Kke@amgndasi t esi ni
enerji verimlilifjJi ve =-evreselyenisngsiide¢gr ¢l ebil

zor | ukl amaék tdaad €erl e al
¢al ekmanén bul gul ar &, kahbeasycnu $ € nkéirn eatmakk apamam

Ustesinden gelmek icin tedisa da&nmmodelleme ile birlle model tabanl e bir d
karakterizasyonun beni msenmesinin °nemini vu
b a zZinetk kesikli testlerden elde edilen bilgilerden yaradahr a k , ateéksu areéet
tesislerinin uzun vadeli Kk | @temd o r ngaversliebn &mminini eldeetmeyi

sajl amaekta¢grder el ebilir at eksu yenet i mi ar
s¢re-lerinin tasaréemé ve optimizasyonu i -1in

Bu yeni model | efmet yrakullgeerk@ @ | 8 n oyeke& | masé ve
verimli denitrifikasyon igin anoksik bdlgelerin optimizasyonu dahil olmak Gizere BNR
sistemlerinin yvapatmmsé&rgeeekenidegi ki kl ikl e
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pasitesinin dojruz bir K
gi bi -amur par - ama s¢ire-|l gapeiacakhsarae
hesaplarénda da bg¢ye¢k f ar.iBl eeteald l6reenleny ar a't
model, camur fermantasyonu ve BNR prosesleri de dahil olmak tzere biyolojik

proseslericipr oses perf ormansénén ve tasarém me
yeni den dejerl endiri I¢tndstiknmankal ayilrakg @mm

Biyogaz ¢retim kapa
al m
y

olarak Ozelliklealmer obi k ve anoksi k kokull ar alteé
parametrelerinb el i r | emek 1 -in °zel d e nirezgrenai | pr os
ol duju ortaya -éeékméxter
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1. INTRODUCTION

The European Commission (EC) announced a set of policies called the European
Green Deal to achieve climate neutrality by 2050 (Rgtt2020). In this regard,
rethinking of the municipal wastewater treatment plant design has become crucial for
sustainable systems achieving the limit of technology treatment within the context of
energyefficiency issues. Currently, conventional biolaiautrient removal (BNR)
systems are known as the most widely used alternative to protect the environment from
pollutant loads (N, P). As one further step, integrated organic carbon diversion and
nutrient recovery options convert conventional treatmestesys into selufficient
resource recovery (RR) plants. In this respect, the management of organic matter
utilization in wastewater and sludge processes is of great importance in the design and

optimal operation of resource recovery plants.

Wastewaterreatment plants are vital for maintaining a sustainable environment, but
their design and planning need to be smart and tailored to meet local demands and
conditions. The nature of the wastewater and characteristics of the sewer system play
significant roks in choosing the process scheme, as well as in the design and layout of
the treatment units. Although safety factors are integrated during the design stage, they
sometimes prove inadequate in the «watld operation of fullscale facilities.
Selecting @sign parameters with precision is crucial, factoring in the requirements for
effluent quality and considerations related to energy. Regrettably, the tendency
towards conservative design norms in engineering practices can result in design flaws,

putting the success of costly projects at risk.

Wastewater treatment plant operators face significant challenges when it comes to
managing the treatment process under dynamic conditions. These conaigns
include changes imfluentwastewater characteristics, \wh have a significant impact

on theproces=fficiency of the treatment process. To address this challenge, engineers
and decisiormakers have turned to muttomponent process models that offer a more
detailed understanding of the complex interplay betwearious subsystems within

the treatment process.



Plantwide modeling methodologies have emerged as a particularly effective strategy
for assessing operational performance and identifying opportunities for improvement.
These methodologies take a holisiiew of the treatment process, capturing the
dynamic and interconnected nature of transformation processes occurring across both
liquid and solid phases. This enables decisi@kersand operatortdo make informed
choices about the design and managenfemastewater treatment systems, and ensure
that they are optimized for maximypnocess and energyficiency(Kazadi Mbamba

et al., 2016). Sophisticated analytical methods and comprehensive modeling
techniques are crucial for ensuring optimal processieficy in the face of varying
influent characterization and environmentahditions. These advanced tools provide
engineers and decisianakers with the ability to navigate the complexities of the
treatment process, and make informed decisions about haptitoize the efficiency

of the system.The intricate relationship between effluent quality and process
efficiency necessitates the adoption of advanced evaluation techniques aivadgeant
modeling in wastewater treatment facilities (Nguyen et al., 2@&0)julation studies

that consider environmentahd local conditios have revealed significant limitations

in treatment plants that adhere to conservative design principles, highlighting the need
for flexible and robust planwide modeling approaches tlethance the resilience and
efficiency of wastewater treatmeptants (Insel et al., 202Zenkins and Wanner,
2014).

During the design period, plantide modeling studies play a crucial role in predicting
the performance of wastewater treatment plantgs@&hstudies allow engineers to
simulate various scenarios and evaluate the impact of design choices on process
efficiency and environmental outcomes. By considering the complex interactions
between different components of the treatment process;\idatmodels provide
valuableinsights into optimization opportunities and potential challenges that may
arise during operation. Thereforimtegrating plantvide modeling into the design
phase enables engineers to develop more robust and efficient treatnemisstyst

meet regulatory requirements and environmental g&atsadopting sophisticated
analytical methods and comprehensive modeling techniques, complexities of the
treatment processan be navigatednd robust, flexible, and optimizedastewater

treatrment plant designs can be ensured



Plantwide modeling offers a comprehensive approach to optimize the performance of
wastewater treatment plants by providing insights into syst&ta interactions and
dynamics. By simulating various scenarios and consigehe complex relationships
between different components of the treatment process, engineers can identify
optimization opportunities, assess the impact of design choices on process efficiency,

and predict environmental outcomes more accurately.

During the operation of wastewater treatment plants, challenges such as dynamic
process conditions, uncertainty in influent characteristics, and design discrepancies
may arise, affecting system performance. Advanced evaluation strategies, including
plantwide modelng, facilitate reatime monitoring of process performance, rapid
identification of bottlenecks, and proactive decismaking to optimize system
operation. Rigorous validation of models against empirical data ensures their
reliability and applicability inpractical scenarios, mitigating operational risks and

enhancing overall plant performance.

Process models play a crucial role in deciphering the interplay among various
components of wastewater treatment processes under distinct conditions, such as
aerobc, anoxic, and anaerobic environments. These models employ mass balance
calculations to ascertain the efficacy of the treatment system. In the 1980s, the advent
of multi-component process models marked a significant advancement in wastewater
treatment, faditating the simulation of nutrient removal processes alongside the
removal of organic carbon (Dold et al., 1980; Ekama et al., 1986; Henze et al., 2000;
Wentzel et al.,, 1992). The development of the anaerobic digestion model (ADM)
represented a furthenkancement by incorporating additional components beyond
those considered in activated sludge models (Batstone et al., 2002; Siegrist et al.,
2002). In recent times, the preference has shifted towards-vpidatsimulation
approaches. These approachesfavered for their ability to swiftly resolve using a
singular model, thereby reducing uncertainties across interconnected processes. Plant
wide models stand out by offering substantial benefits in assessing the overall
performance of the system comparedspecific models. An integrated perspective
offered by plantwide simulations is indispensable for tackling emerging challenges in
wastewater treatment plants, including resource recovery, energy reduction, and

evaluating environmental impacts (Hvala ef 2018).



In recent years, plaiwide modeling has been increasingly used in various fields such
as estimatingarbon footprint andjreenhouse gas (GHG) emissions and evaluating
strategies foprocess modification and operatiohWWTPs(Kazadi Mbamba etla

2016; Kazadi Mbamba et al., 2019; Lizarralde et al., 2019; Ikumi and Harding, 2020;
Nguyen et al., 2020). However, as models become more complex and process
components and their relatiomscrease,overparametrization can lead to severe
parameter iderfiability problems(Brun et al., 2001; Brun et al., 2002p date, there

have beemlantwide evaluatiorstudiesin the literature However, most research on
modeltbased analysis has centered around validating models with either default values
from literature or data collected from laboratory studies conducted on a smaller scale
(Barat et al., 20135rau et al., 2007;izarralde et al., 201550lon et al., 201)7

Despite their advantages, plamide models often involve simplifications and
assumptions tmanage complexity and computational demands. These simplifications
may overlook certain nuances or variations in-veatld processes, potentially leading

to inaccuracies in predictions or optimizations. Therefore, it's essential to validate
these modelsigorously against empirical data and refine them iteratively to ensure

their reliability and applicability in practical scenarios

It is essential to conduct additional detailed offline experiments to gather critical
information about the sensitive paraers of the model that affect the output of the
model, and ultimately, the efficiency of the treatment system. For a biological nutrient
removal plant with a biogas facility, it is important to analyze the characteristics of the
influent wastewater, the tnate utilization rate (NUR), the biodegradation pattern of
influent organics, and the biomass activity to identify any process bottlenecks
throughout the plant.

The integration of biogas production modules into plaide models enhances their
utility in evaluating energy sustainability and resource recovery aspects of wastewater
treatment plants (Kazadi Mbamba et al., 2016). By simulating the entire process from
influent wastewater to biogas generation, these models provide a comprehensive
understanding fobiogas production potential within wastewater treatment plants.
Comparing the calculated design biogas amounts with the obtained real biogas
amounts during plant operation is crucial for assessing the actual biogas potential of

the systemThis comparisno facilitates the identification of any discrepancies between



the predicted and actual biogas production, allowing for adjustments and optimizations

to maximize biogas yield and energy recovery from wastewater treatment processes.

Biogas production during@naerobic digestion depends on the amount of influent
organic carbon, especially the slowly biodegradable (COD) fraction, and the
biodegradation characteristics (Eskicioglu et al., 2006; Yuan et al., 2019). Therefore,
it is essential to perform plaspecfic kinetic characterization and evaluation for

reliable decisiormaking on treatment processes.

Furthermore, the hydrolysis process of primary sludge and secondary sludge
significantly influences biogas production in anaerobic digestion. Primary sludge,
consisting of settled solids from the preliminary treatment stage, undergoes hydrolysis
to break down complex organic compounds into simpler compounds such as volatile
fatty acids (VFA) and sugarSimilarly, secondary sludge, generated during biological
treatment processes, also undergoes hydrolysis to release organic matter for
subsequent digestion. The efficiency of hydrolysis directly impacts the availability of
substrate for metharn@oducingarcheaduring anaerobic digestion, thus influencing
biogas yeld. Therefore, incorporating hydrolysis kinetics into ptamtle models
enables a more accurate prediction of biogas production and facilitates optimization
strategies for enhancing energy recovery in wastewater treatment(flkautsa et a).

2007)

In conclusion, the design and operation of municipal wastewater treatment plants are
paramount for achieving sustainable environmental outcomes, particularly in light of
initiatives such as the European Green Deal. These initiatives emphasize the need for
redwing greenhouse gas emissions, promoting resource efficiency, and fostering a
circular economy. The integration of plamide modeling techniques with newly
elucidated degradation kinetics provides a powerful framework for optimizing process
efficiency, identifying potential challenges, and meeting stringent regulatory
requirements.By simulating various scenarios and considering the complex
interactions between different components of the treatment process, engineers can
develop robust and efficient treagmt systems. These models allow for the
anticipation of system behavior under diverse operational conditions, enabling
proactive management and finening of the treatment processes to ensure consistent
performance. Moreover, the advancement of biogaduetamn modules within these

models underscores the importance of resource recovery and energy minimization in



wastewater treatment. The ability to convert organic waste into biogas not only
contributes to energy setufficiency but also reduces the cantiootprint of treatment
plants.However, it is crucial to validate these models rigorously against empirical data
and refine them iteratively to ensure their reliability and applicability in practical
scenarios. This involves continuous monitoring an@ datlection from operational
plants, followed by detailed analysis and model adjustments to refleevaddl
conditions accuratelyThrough continued research and innovation, wastewater
treatment plants can evolve into key contributors to a sustaifghke, facilitating

resource recovery and minimizing environmental impact.



2. PURPOSE OF THESIS

The primary aim of this research was to highlight the importance of using
comprehensive plaswide modelbased experimental characterizations to evaluate the
operational efficiencies and potential upgrade avenues within wastewater treatment
facilities. This involved precisely defining COD fractionation within influents and
specific kinetic parameters relevant to biomass. By applying such methodologies, it
becanes possible to understand the biological processes underlying wastewater
treatment, framed through real kinetic behaviors. This provides stakeholders with a
better understanding of the design and operational dynamics of these plants,

facilitating more inbrmed decisiommaking processes.

The study focused on identifying intrinsic kinetic and operational parameters tailored
to local environmental conditions. This approach allows for a robust evaluation of
process performance, particularly in the contextwftéiating nitrification rates and
anaerobic hydrolysis dynamics. The research reviewed sevescéildl wastewater
treatment plants, each equipped with anaerobic sludge digestion facilities. A critical
aspect of this study was the examination of COD wgnagates, nitrification and
nitrate utilization rates, and biogas production capabilities within these systems. By
conducting comprehensive planide process analyses, the study enabled a direct
comparison between theoretical models and the empiricditcmms observed within
these fullscale treatment facilities.

The study also explored the effects of varying mass fractions of primary and secondary
sludge on biogas generation and the kinetic degradation processes. Data from full
scale treatment facilgs was used to integrate respiromdtaged influent wastewater
characterization alongside specialized tests designed to assessnfical methane
potential (BMP) and specific methanogenic activity (SMA). This was complemented
by the analysis of online bgas data from largecale wastewater treatment operations

in Turkey. A significant contribution of this study was the development and
introduction of a novel model, SumolH. This model distinguishes between the

anaerobic degradation kinetics of slowly gdadable organic matter derived from



raw influent wastewater @ and the decay processes of active biomasgg)(>Such

a distinction is crucial for enhancing calibration accuracy and the comprehensive
determination of process performance and biogas uptmoh within plamrtwide
modeling efforts. The efficacy and accuracy of the SumolH model were rigorously
validated through calibration processes leveraging data from seven major municipal
wastewater treatment facilities operational within the region, sndeng its potential
applicability and utility in optimizing the operational paradigms of wastewater

treatment plants.



3. LITERATURE REVIEW

3.1 The History of Process Simulation

Today, process simulators have become indispensable tools for engineers during
desgn and operation of wastewater treatment plants. Scientific developments in
wastewater treatment, advances in measurement techniques and breakthroughs in
computer science and technology have contributed greatly to the success of process

simulators.

The first known linear model for wastewater treatment plants was proposed by Garret
and Sawyer in 1952. In the model, the amount of excess sludge produced is linked to
the substrate (BOd) load and the organic load is given in thange of

0.25- 0.50kg BODs/kg TSS/day. In the literature, the dynamic activated sludge model
was first proposed in 1974 by John F. Andrews (1974) and the development of IBM
personal computers in 1983 increased the use of process niode¢s1980s, in South
Africa, Dr. Peter Dold itroduced the concept of muttomponent model with the
endogenous decand deatiregeneration model and model setup was based on COD
fractions (Dold et al., 1980; Ekama et al., 1986). Inghme years, SSSP (Single
Sludge Simulation Program) dynamic siation program was prepared by Bidstrup
and Grady (1987). Dr. Gilles Patry laid the foundations of @R&eneral Purpose
SimulatorX) software of Hydromantis Company in 1987. In Europe, Dr. Mogenz
Henze published the Activated Sludge Model No.1 (ASMihéninternational Water
Association (IWA), which calculates organic carbon and biological nitrogen removal
(Henze et al., 1987). SubsequenityCanada, a defined process model for biological
nitrogen and organic carbon removal was released by Dr. Ratéwidhin the Biowin
program (Envirosim, Biowin) in 1990. While the ASM1 model has 13 variables and 8
processes, the mathematical model developed by Envirosim consists of 82 variables
and 46 processes. With Dr. Dold, the usagéP§&X that allows the simlation of the
wastewater and sludge streams of the plant togbteestarted. hancediological
phosphorus remova(EBPR) was introduced into the model literature by the

University of Cape Town (South Africa) with experimental and plant data (Wentzel e



al., 1992). This model includes organic carbon and biological nitrogen removal as well
as @hancedbiological phosphorus removal under aerobic conditions. Henze et al.
(1995) published Activated Sludge Model No.2 (ASM2), which includes biological
nitrogen/carbon and aerobic phosphorus storage. The effect of biolagicassive
phosphorus storage under anoxic conditions was characterized in University of
Capetown (UCT) type activated sludge systems. In addition to aerobic phosphorus
storage, the anoxic pephorus storage process was introduced into the model matrix
by Barker and Dold (1997). Under anoxic conditions, low anoxic conversion rates
(Ynp) have also been used by Orhon et al. (1996). The ASM2d models, which anoxic
phosphorus storage processes wemtded, were published by International Water
Association (IWA) as a technical report (1999). The ASM3 model (Gujer et al., 1999)
states that organic carbon is metabolized by bacteria after being converted into storage
products. However, subsequent sciengtudies have shown that storage and growth
processes occur simultaneously (Krishna and van Loosdrecht, 1999). The integration
of intracellular metabolism in bioprocesses into the metabolic model was intensified
by studies at the Delft University of Tlewology (Murnleitner et al., 199Bmolders

et al., 1994 These studies were followed by the scientific work carried out by Filipe
and Daigger (1998). Metabolic models were not as widespread astyjf&Mnodels

and remained on an academic scale.

Anaerobicsludge digestion models have also been developed in the process model
literature (Siegrist et al., 2002; Batstone et al., 2002). These models, which formulate
liquid-gas interactions, in which biological and physicochemical processes are solved
together, ee prepared for mesophilic/thermophilic sludge digestion proceskes.
model known ag\naerobic Digestion Model No.JADM1) is recognized as the first
globally accepted extension for describing anaerobic dige@@tistone et al., 2002)

The major motivaon for the development of this model was the increasing use of the
plantwide model application in plant design, operation and optimization. In a
comprehensive stoichiometric model publisbgdkumi et al.(2011)linked activated
sludgeto anaerobic ardr aerobic digestion. This model incorporates elemental

balances and employs a mixed weak acid/base chemistry approach for pH calculations.

Anaerobic digestion model components were created based on protein, carbohydrate
and fat components and neededdarttegrated with activated sludge models for plant

based simulations. For this purpose, interfaces have been created and algorithms that
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convert model components to each other have been proposed (Nopens et al., 2009).
However, since the uncertainty in feealgorithms creates a negative impact on the

evaluation of the overall performance of the plant, they have not found practical use.

Sedimentation processes in activated sludge processes have also been integrated into
general purpose models to evaludte performance of settling pondskéma et al.,

1997; Takacs et al., 199¥esilind et al., 1968). In addition, greenhouse gas emissions
(N2O) (Hiatt and Grady, 2008 Wild et al., 1995), competition between
glycogeraccumulatingorganism (GAO) and phosphoriaccumulatingorganisms

(PAO) (Yagciet al., 2004), the effect of high temperatures on the process (Sarioglu et
al, 2017), sludge reduction technologies (Cambi etc.), deammonification (Hellinga et
al., 1998) and physicochemical processes (Séteman 20@b; Takacs, 2008) have

also been included in the general models and the effects of all these processes on
overall performance can be calculated by the process simulators. Considering all
abovementioned developments, the calculation of filaséd processalculations on

a single supermodel provides great advantages in terms of overall evalk&aoma(

2009; Seco et al., 2020). In today's simulators (Mantis, Envirosim, Sumo®©, etc.), all
processes are combined in a single supermodel and model compoaente c
calculated timedependently by the processor according to ambient conditions.

3.2 Processes andl odel Parameters

Activated sludge models are introduced to phlaitte process simulators in Gujer
Matrix format, including model components, processes, kiratid stoichiometric
parameters (Gujer and Larsen, 1995) and flows between the state variables and rate
expressions are shown in the model matrix. The number of state variables varies
depending on the COD fractions and bacteria species introduced intoothe.
Reaction rates can be adjusted automatically with correction factors according to the

ambient/environmental conditions (temperature, pH, etc.).

3.2.1Heterotrophic growth

Organic matter removal in activated sludge systems is carried out by heterotrophic
microorganisms. Heterotrophic bacteria perform the growth process in aerobic, anoxic
and anaerobic conditions by using easily biodegradable organic matter in dissolved

form. These microorganisms use the energy released by biochemical reactions as an
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energy source and the organic carbon in the environment as a carbon source.
Heterotrophic bacteria population has the highest fraction in activated sludge systems

as it is the biomass community with the highest growth and conversion rates.

The microorganisms ithe system store more than half of the organic matter removed
by the microorganisms in the system to be used as an energy source in cellular
activities, while the remaining part is used for new cell formation. If there is not enough
organic matter in thenzironment, microorganisms perforemdogenousespiration

by selfoxidizing to provide the necessary energy source.
3.2.2Heterotrophic decay

The reduction oheterotrophidoiomass in activated sludge systems can be explained
by the concept of energy used by mimrganisms other than biosynthesis.
Microorganisms use some of the energy produced for regeneration of cell components,
movement, etc. As a result, growth is less than the amount determined by the
stoichiometric conversion rate. The degradation mechaofsniomass takes place
simultaneously with growth proceskhe decay ratas traditionally expressed by the
following equation using %1 order reaction kinetics with the assumption that it
decreases with a constant coefficient according to the biomasnt@ion(Equation

3.1).

Qwn .
g 0 O 31
Qo 31

"Q dHeterotrophic decay rate (1/day)
3.2.3Autotrophic growth

The nitrification process is typicallgonsideredas the autotrophic transformation
occurring within activagd sludge systems, characterized by the sequential oxidation
of saline and free ammoniaitrogen into nitrite and then nitrate, facilitated by
autotrophic microorganisms under aerobic conditions. These autotrophic bacteria
utilize inorganic carbon (C£pastheir carbon source and derive energy from inorganic
nitrogen compounds. The process unfolds in two primary stages: initially, ammonia
oxidizing bacteria (AOB), withNitrosomonasbeing a common example, oxidize

ammonia to nitrite. Subsequently, nitrd@idizing bacteria (NOB), often exemplified
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by Nitrobacter, convert nitrite into nitrate. This transformation is governed by specific
stoichiometric redox reactions that delineate the nitrification process.

00 EU it 00 o0 ¢O (3.2

60 gﬁ i 60 (33)
From theEquation 3.2 an@&quation3.3, the oxygen requirement candadculated as
3.43 mgO2/mg N for the oxidation of ammonia to nitrite and 1.4¥ O>/mg N for
nitrite to nitrate, totaling 4.5mg O2/mg N. Since the ammonia nitrogen is also used
in biomass synthesis, in reality, the total oxygen requirement for thetioxidaf
ammonia to nitrate is lower than this value and reported down tmg@2/mg N
(Henze et al., 2008). itification is the process most affected by environmental

conditions (oxygen, pH, temperature, etc.).
3.2.4Autotrophic decay

Similar to the heterotghic endogenous decay rate, autotrophic endogenous
respiration is als@xpressed by using'Dbrder reaction kineticsThe pocess can be
formulated as below (Equation 3.4):
o -
— REA 34
a9y @ @ (34)
As specific gravth rates, autotrophic organisms have much lower endogenous decay
rate (1=0.04 day}) than heterotrophic endogenous decay rateq24 day).

3.2.5Hydrolysis

Slowly biodegradable organic matter is converted into readily biodegradable organic
matter by the auwvity of heterotrophic bacteria in the activated sludge process. The
hydrolysis mechanism is expressed by a surface saturation function with a maximum
hydrolysis rate and a half saturation constdihie rate of hydrolysis is not directly
dependent on theoncentration of slowlypiodegradabl@rganic matter, but the ratio

of slowly biodegradableorganic matter concentration to heterotrophic biomass

concentration The hydrolysis process can take place under aerobic, anoxic and
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anaerobic conditions, bthe ate of hydrolysis isdwer thanthe aerobic conditions.
Since the slowly biodegradablerganic matter is present in higloncentratios in
influent wastewater, it has an importann terms of nutrient removal. In activated
sludge systems, hydrolysableganic matter can be separated into more than one
component as fast and slow hydrolysable organic matter fraction. In addition, colloidal
substances also participate in the hydrolysis mechanism by adsorption in model
simulations. Hydrolysable organic mattan be used in process modifications for pre
hydrolysis/fermentation for phosphorus removal, optimization of denitrification
potential, presedimentation in anaerobic digesters and increasing the amount of

biogas.
3.2.6Methanogenicactivity

In activated sludgenodels, especially in the calculation of anaerobic sludge digester
performance, the activities of acidoclastic and hydrogenotrophic methanogens are
mainly effective. Acidoclastic methanogens metabolize volatile fatty acids and
hydrogenotrophic methanogensetabolize hydrogen and G@to methane gas. In

plant simulations, methanogenic activity can also be calculated in the wastewater
process stream. The process stoichiometry and kinetics of these reactions are included
in the general model matrices. Détdiinformation onthe reactionsprocess kinetics

and microbiology of methanogenic activigy given inAnaerobic Sludge Digestion

Section
3.2.7Phosphorusaccumulating organisms

Phosphorus removal in activated sludge models is simulated by adding relevant
reactionsin which phosphorusaccumulatingorganisms (PAO) storing volatile fatty
acids (acetic acid, propionic acid, etc.) and releasing phosphorus under anaerobic
conditions. Furthermore, the utilization of storage products under aerobic/anoxic
conditions & integrated with 2 different kinetic expressions according to low and high
phosphorus concentrations. In anoxic conditions, phosplamaisnulatingoiomass

has the ability to denitrify and store phosphorus. Howeves réactionhasa slower

kinetics conpared to aerobic conditions.

Phosphorusaccumulatingbacteria can also contribute to the fermentation process

depending on the characteristics of anaerobic conditions. In simulations, secondary
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phosphorus release can be calculated when the stored sulstiapleted and the
microorganism switches ®ndogenousespiration. For example, phosphorus release
(by denitrification) can be calculated when sludge with biologieatessive
phosphorus removal igetainedin the final sdimentation unit K, Mg ionsin the

influent wastewater are also important in phosphorus stonegbanism
3.2.8Glycogenaccumulating organisms

Glycogen accumulating organisifGGAO) have the ability to store volatile fatty acids
under anaerobic conditions. However, they do not havebtliky o store phosphorus.
They canhavehighergrowth rategshan phosphoruaccumulating organismet high
temperatures and can affect thecessperformance of thavastewater treatment
plants. In simulationgGAQO population is also included in the callations (Yagci et
al., 2004).

3.2.9Chemical reactions

With the development of computer science and procesgstscalculationsin
biochemical processdsas becomemportant for the evaluation of overall process
performance (Sotemann et al., 2005). Chemicaltimas were first included in the
ASM2/2d model to calculate phosphorus remaviih metal addition. In the model,

two processes were defined as precipitation and dissolution. However, recent studies
have revealed that free ion effect, chemical equilibyiansorption and precipitate
maturation shouldlsobe added in order to calculate chemical reactpyoperly As

it is known, FeP@crystals are formed between pHi2Since especially municipal
wastewater treatment plants are operated close to nptiréhe effect of hydroxide

flocs on chemical precipitation was integrated into the models. In addition, in activated
sludge systems with anaerobic digesters, struvite (MAP), calcium phosphate and
vivianite must also be calculated in the reactors in adaccurately determine the
phosphorus and nitrogen mass balances. Since chemical reactions depend on pH
calculation and ion balance, anion and cation measurements in the inlet stream must
also bantroducedcorrectly into the model. Chemical reactions/angH calculations

can be optionally selected.
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3.2.10Temperature effect

As a known fact, increasing temperature thermodynamically increases reaction rates.
In new generation activated sludge simulators, temperature chafigesthe rate
constantsof reactionswith Arrhenius function. In activated sludge models, the
Arrhenius function is an exponential expression and assumes a continuous increase
with temperature. In the simulators, the process models are prepared as a single
exponential model. The usable temgiare range of the Arrhenius function can be
taken as 127°C. Above this temperature, the process rates in activated sludge
decrease Especially the substrate storage rates of nitrifying bacteria and PAOs
decrease with increasing temperature and theteffetemperature on the process

becomes evident above &) (Sarioglu et al., 2017).

3.3 Wastewater Characterizationin Activated Sludge Modeling

Achieving an accurate wastewater characterization, particularly with COD
fractionation, is fundamental for distimighing between organic substances based on
their biodegradability properties. This differentiation is essential for the precise
estimation of the electron acceptor demand and the projection of excess biological
sludge production in the context of modeliAgiditionally, the assessment of the inert
fraction of organic matter present in wastewater plays a pivotal role as it indirectly
reflects the quantity of biodegradable organic matter available. This biodegradable
fraction serves as the essential substfat microbial growth and the utilization of
electron acceptors such as oxygen) @nd nitrate (NG). In contemporary modeling
practices for activated sludge systems, COD is employed as a critical parameter. It
effectively encapsulates the electron eglémce among the organic substrate, active
biomass, and dissolved oxygen, thereby providing a comprehensive measure for the

dynamic interactions within wastewater treatment processes.

In multi-component activated sludge modeling, the organic matter iwdstewater

is defined in terms of COD, broken down into fractions according to the
biodegradability characteristics. In this context, the total CO ¢f the wastewater
consists of two main components: unbiodegradable or inert GODafd total
biodegralable COD Cs). Soluble inert CODSY), which is the soluble form of inert
COD, leaves the system as it enters, unaffected by biochemical reactions whereas
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particulate inert CODXj) accumulates in the system and leaves the system with excess
biological sbdge (Henze et al., 2008; OrhandArtan, 1994).

The total biodegradable COD in wastewater has been defined by two important
components, namely readily biodegradable C&)4nd slowly biodegradable COD
(Xs), according to their degradation rates (Daid Marais, 1986). Th¥scomponent,
which is defined as particulate organic matter in this approach, was later determined
to consist of dissolved, colloidal and complex large organic matter according to
particle size. The main feature of this componenthiat it needs extracellular
hydrolysis to pass through the cell wall (Henze, 1992). The rate of hydrolysis is the
ratelimiting step since it affects the rate of utilization of the slowly biodegradable
organic matter by microorganisms andatries for eals organic matter, making the
characterization of this component difficult. This component can be characterized
according to two different hydrolysis rates apidly hydrolysable COD %) and
slowly hydrolysable CODXs) (Cokgor, 1997; Henze, 1992; Orhamd Artan, 1994).

The COD components present in influerastewater are given Figure3.1.
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Figure 3.1: COD fractions of influent wastewater.

Wastewater charagieation in terms of organic content is very useful for the
determination of the treatment process and process kinetics and also for the prediction

of process performance and effluent quality.

A different COD structure is observed in the effluent streahisological treatment

systems compared to the influent wastewater. The soluble COD fractions in the
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effluent includes soluble inert COZ) and small amounts of biodegradable COD as
well as metabolically formed and inert soluble CGR,As a result, tare is generally
more soluble inert COD in the effluent than in the raw wastewater. The dissolved COD

components in the effluent are giverFigure3.2.
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Figure 3.2 : SolubleCOD fractions of the effluent wastewater.

Similarly, particulate COD has different components in the effluent stream than in the
raw wastewater. Apart from the particulate inert COX) (present in the raw
wastewater, which is retained and accumulated by tieigs| active heterotrophic
biomass Xn) utilizing biodegradable COD as substrate is observed in the effluent. At
the same time, the portion of the slowly hydrolysable organic mXigethat cannot

be removed according to sludge age can be observedeffltrent.

The fourth component of total particulate COD is the inert particulate Gghich
is formed as a result of metabolic activities during the biochemical reactions of
biomass. The components of particulate COD present in the sludge streaweare g

in Figure3.3.
X7
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Figure 3.3 : ParticulateCOD fractions present in the sludge stream.

The influent wastewater characterizaticenvary depending on the structure of the
model. Nowadays, in parallel with technological developments such as hybrid
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processeshigh-rate activated sludge systems, membrane bioreactors, more detailed
influent fractions have to be included in the models. Therefore, the importance of
flocculation and adsption processes has increased and colloidal COD fraction has
been reintegrated into the modefer influent wastewater characterization (Melcer et
al., 2003).

The equivalents of the influent wastewater fractions described in detail above in terms
of COD fractions in the Sumol model (www.dynamita.com) are summarized below
(Figure3.4).

Total readily biodegradable COD concentrati§s,
S=S/ra+ S+ Sveol (3.5)

Svra: Volatile fatty acidgdmg CODIL)
Ss: Readily biodegradable substrate (AdiRA) (mg CODI/L)
Sveou: Methanol(mg COD/L) (external carbon sourge

Total slowly biodegradable COD concentrati’s
Xs=Xg + Cg (3.6)

Xg: Slowly biodegradable substrgimg COD/L)

Cg: Colloidal biodegradable substrgtag COD/L)

Cu: Colloidal unbiodegradable organigag COD/L)

Xu: Particulate unbiodegradable organicsgy COD/L)

Filtered COD(1,5 ¢ mincluding colloid$: Sccop= (Su + Ss + Svra) + Ce + Cu
Filtered flocculatedCOD (1,5¢ mwithoutcolloids): Scoo= Su+ S8 + Svra

Su: Soluble unbiodegradable organ{csg COD/L)

The filtered COD is about 40% of the influent wastewater COD. The filtered
flocculated COD accounts for 60% ofetHiltered COD. These values may vary
according to the characteristics of the sewage system and industrial contribution to the

sewer system.

Calculation of biodegradabbnd inert COD fractions in colloidal form plantwide
models Cg, Cu) is given below(Melcer et al., 2003URL-1):
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- In the simulationa fraction ofCOD that cannot bdegradedn colloidal form(Cy)
Is incorporateanto particulate inert CODX{)) by adsorptiorprocessAccordingly,a
part of the @ is retained in the sludge stream dhdnonadsorbable fraction passes

to theeffluentstream.

- A fraction of COD that caibe degradedin colloidal form (Cg) is included in the
slowly biodegradableCOD (Xg) by the adsorption process. The remaingis

similarly calculated in theffluentstream to be discharged. Approximately18%6

colloidal COD is present in wastewater treatment plankstanbul, TurkeyS6zen et
al., 2008).
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Figure 3.4 : Comparison of COD fractions.

Determination ofinfluent COD fractionshas a great importance irselection of
advanced biological wastewater treatment plant configuration. It shoulotedthat
COD fractions mayliffer for each plant and therefore differgslint configuratiors
may be required. In ordego apply activated sludge models directly to industrial
wastewater treatment planssjitableCOD fractions for thepecificindustry must be
defined in the modglOrhon et al., 208). For example, in wastewater applications,
slowly biodegradabl€OD fradion in dissolved form&) is integrated into the model
(Ubay Cokgor et al.,, 1998oluble organic matter is particularly important for
industrial wastewater as it contributes to the COD concentration iefflnentand

affectsthe bioreactor volume.
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For the simulation of nitrification and denitrification processes,itifleent nitrogen
fractions in wastewatershould also be defined. IRigure 3.5, influent nitrogen
concentrations are fractionated considesolgible and particulate nitrogen forms. In
domestic/urbarwastewaterjnfluent nitrogen is generally in the form of TKN and
oxidized nitrogeriorms arenearlyabsent. Approximately 890% of the influent TKN

IS in solubleform. Influent NHs-N is measured heeen 6580% of theinfluent TKN
concentration (Henze et al., 2008). In Istanbul wastewater, this ratio was measured
between 5-75% (asel et al., 2020). Particulate asmlubleunbiodegradablaeitrogen
concentrations are-80% of the influent TKN value. In urban wastewater, oxidized
forms of nitrogen are generally absent in the influent wastewater except under special
conditions. Espeally in long sewerage systems, MN can be converted into
oxidized nitrogen by oxygen gained at pumping stations or at stack drops. In these

cases, the NN parameter should be added to tHentas a model component.

{ ™
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Figure 3.5 : Influent nitrogen fractions.
3.4 Multi -Component Activated Sludge Models

3.4.1Endogenous decay approach

In the context of the endogenous decay m@gdBIM), organic matter in wastewater is
classified as biodegradabl&andXs) and ubiodegradable§ andX)) organic matter

in dissolved and particulate forre and Xp are defined as soluble and particulate
microbial products resulting from metabolic activities in the reactoiXand defined

as active heterotrophic biomass.
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In the EDM, it is assumed that the active biomass is converted into particulate inert
microbial products with a ratio d&x and into soluble inert microbial products with a

ratio offes The particulate inert microbial products accumulate in the activated sludge
system like the influent particulate inert materials and leave the system with excess

biological sludge.
The rate of decrease in total biomasswas described by McKinney as in Equation
3.7.

2o o (37)
Qo Qo Qo

The formation of particulate inert microbial products is expressed by Equéagion 3.

- —a 3.8
26 0o (38)

In the endogenous decay approach, the decashamésm reflects the respiration
process and the electron acceptor (oxygen) is consumed during endogenous
respirationWhen the decay process of this mechanism is expressed with Equation 3.1,
it takes the form of Equation$.
X )
W

a5 (3.9)

& dEndogenous decay raie EDM (1/day)

SubstitutingEquation 39, the expression for the decrease in active heterotrophic
biomass, intdequation 38 gives the expression for the formation oftpmaulate inert
microbial productsEquation 310).

e SR A 3.10
,Qonoo (3.10

The relationship between the t@ecayrates ko andbn, can be expressed Eguation
3.1%

~

AR
Q p 0 — &) (311
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Soluble inert microbial products are the result of growth and decay mechanisms
(Artan, 1987; Orhon et al., 1989). When the dominant of these two mechanisms is

considered and thelar mechanism is neglected, the result will not be affected.

If the growth mechanism is considered to be dominant, the expression for the
formation of dissolved inert microbial products becomes as in Equatian 3.1
ay "y

— A < =
Qo | 1) Y

& (3.12)

| dCoefficient of dissolved inert formatidigrowth origin [-]

When the decay mechanism is dominant in the formation of the soluble inert microbial
product, the formatioexpression is considered asHquation 3.3.

ay o

i ORI (3.13

Qo
As can be seen from the above equations, it is assumed that during the degradation
mechanism, biomass is converiatb particulate inert microbial productsfak and
solubleinert microbial products dtsinstead of being oxidizedrigure 3.6 shows a

schematic representation of tBBM.
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Figure 3.6 : Schematis of EDM (OrhonandArtan, 1994)
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The matrix given inTable3.1 shows the kineticand stoichiometric relations the
EDM for carbon removal.

3.4.2Death-regeneration approach and ASM1 model

The deatkregeneratiorconceptwas firstsuggestedy Dold et al. in 1980, anthen
modified by Henze et aln 1987in the ASM1 model, which provides the basis for
many other activated sludge models

In the deatkregeneration mode(DRM), active heterotrophic bimmass Xu) is
converted into inert particulate matte) at a rate ofyfr and into slowly hydrolysable
particulate matterXs) at a rate of{-fxp). This fraction is then converted by hydrolysis
process back into the readily biodegradable fraction, wisialsed for growth and
finally is considered to be converted into soluble microbial prodiat According to

this approach, no electron acceptor is consumed in any process other than the growth
mechanism. When the decay process of this mechanism isssggrsimilarly to
Equaiton 3.7, it takes the form of Equation43.1

- ® 3.14
o5 B0 (3.14)

ceedHeterotrophic decay rate f&RM (1/day)

The difference between ttdecayrates of theEDM and theDRM is expressed as
Equation3.15.

uEe r— 5 (3.15

In Equation 313, fp is the coefficient for the inert component of biomass irXR&.
Figure3.7 shows a schematic representation of the desghneratiorapproach.

The matrix given inTable 3.2 shows the process stoichiometry and kinetics of the

DRM for carbon removal.
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Figure 3.7 : Schematis of DRM (OrhonandArtan, 1994)

In 1987,based on the deatlkegeneration concept, theternational Association on
Water Pollution Research and ContfldWPRC) Task Group developed the IAWQ
Activated Sludge Model No.1, which will be the basis for subsequent models (Henze
et al., 1987; Henze, P@). ASM1 approach is considered to be the key milestone,
especially when it comes to organic carbon removal, and still maintains its scientific
importance (Orhon et al., 2009).

The ASM1 model covers nitrification and denitrification kinetics in additoorganic
carbon removal and was developed primarily for municipal/urban wastewater.
However, it can also be used for industrial wastewaters with precise calibrations for
model parameter@Henze 2004; Orhon et al. 2009; PalaOzkok, 2012) The matrix
representation of the ASM1 model is givenTiable3.3.
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Table 3.1 : Matrix representation of carbon removal stoichiometry and kinetiE®M (Orhon and Artan, 1994)

Component, i 1 2 3 4 5 6 7 8 Process Rate
Process,j | — S S X Xs X Xp S So ML-3T!
P p I @ © Yoo
Growth — 1 | S A - —
w W V) Y
, - AP (N
Hydrolysis 1 1 Q T o Te
Decay -1 fex fes -(1- fex- fes) o
Parameter, M3 COD COD COD COD CellCOD COD COD O2
Table 3.2 : Matrix representatioonf carbon removal stoichiometend kineticsin DRM (Orhon and Artan, 1994)
Component, i —_— 1 2 3 4 5 6 7 8 Process Rate
Process, j | S S Xi Xs Xu Xp S S ML 3T
P p I O © Yo
Growth ~— 1 | = A - — W
w w U Y
Hydrolysis 1- fps -1 frs 0 ®
Decay 1- fpx -1 fpx @ 0
Parameter, M3 COD COD COD COD CellCOD COD COD O2
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Table 3.3 : Matrix representatioof ASM1 model(Henze et al., 2000)

Component, i 1 2 3 4 5 6 7 8 9 10 11 Proces Rate
Processj | S S X Xs Xu Xa Xp S Swo SwH Sk ML-ST?
Heterotrophioy P p @ 9 Q Y Y
growth @ @ 0T Yoy O
) o Q

Autotrophic 1 hx @ P 0 P Y Y
growth » &) = P YO0 g

X ®©

AP ()]
Hydrolysis, Xs 1 -1 OTd U
@
geeé(;;otrophlc 1-fp 1 o SO
g\g(tgc;ophm 1o 1 fo ® O
Parameter, M CoD cob cob cop S Celcop o N N caca
' COD COD
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3.5 Plant-wide Process Simulators

The insightful findings from simulation/modeling studies, particularly those that
incorporate the varmlity of environmental conditions, have cast a spotlight on the
profound inadequacies inherent in the conventional approaches to designing
wastewater treatment plants (Insel et al., 2022; Jenkins and Wanner, 2014). These
studies, by integrating a spectrwhvariable factors such as diurnal influent loads,
diverse temperature ranges, varying precipitation patterns, and the potential for
inhibitory substances, reveal that traditional design calculations may not adequately
prepare these plants to handle themplexities of realorld environmental
conditions. This revelation brings to the fore the critical necessity for a comprehensive
reevaluation and optimization of the design methodologies employed in the planning
and construction of wastewater treatmdangs.

To address these challenges, the employment of process simulators emerges as a
pivotal strategy. These advanced tools offer the capability to simulate a wide array of
environmental and operational scenarios, providing detailed insights into heveiff
factors interact and impact the overall performance of the treatment processes. By
leveraging the predictive power of process simulators, engineers and plant designers
can explore a multitude of design variations and operational strategies, eiadxing

to identify and implement solutions that enhance the robustness, efficiency, and
adaptability of wastewater treatment plants. This approach not only ensures that plants
are better equipped to deal with the uncertainties of environmental conditiaisdut
contributes to the advancement of sustainable and resilient wastewater management
practices. In this context, the optimization of wastewater treatment plant design under
variable conditions is not merely a recommendation but a fundamental requifement
ensuring the longerm effectiveness and sustainability of wastewater treatment

infrastructures in the face of evolving environmental challenges.

Plantwide process simulators serve many purposes such as determination -of plant
based design principleand process control, creation of automation scenarios,
selection of appropriate equipment in automation, evaluation of the performance of
wastewater and sludge treatment processes, bottleneck analysis, improvement of
treatmentefficiency, calculation of gaacity increase, reduction of operating costs,

calculation of greenhouse gas emissions, personnel trainingfestel, 004 Olsson
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et al., 2005). When plaigpecific wastewater characterization, model parameters and
operating conditions are introduced to the software, system performance analysis can
be investigated, process problems can be identified and resyltdase to reality can

be obtained (Insel et al., 2012).

The working principle of these programs is based on the general mass balance and the
model that carries out the process calculations and works in the background. The mass
balances depend on theesgkd reactor technology and plant configuratdodels
are available in the library of simulator programs or can be created by the user.

Multicomponent process models consisting of processes and variables have become
indispensable parts of process sinmia for wastewater treatment processes,
anaerobic/aerobic sludge digestion, innovative treatment processes and process
simulators with the development of computer technology. On the other hand, libraries
related to physicochemical processes integrateld bvdlogical processes (chemical
phosphorus precipitatioflagnesium Ammonium PhosphatdAP) Crystallization

etc.) and membrane bioreactors have also taken their place in commercial programs.
Commonly used academic and commercial simulator softwareuanenarized in
Table3.4.

The correct use ofimulatorsrequires that the plarshould bereflected irio in the
softwareclosest way to reality. The accuracy of the assumptions made in the plant
simulation and the data introduced ttee simulator will ensure realistic results.

According to this;

1. Influentwastewater charactestion, organic matter (COD), nitrogen and
phosphorus fractions
Inert/organic matter concentrations in the inlet

3. Appropriate model (kinetic and stoichiometriceéficients for
wastewater/process

4. Wastewater treatment plant configuration and process flow

5. Operationaktonditions (MLSS, volumes, air flow rate, all flow rates, sludge
age, etc.)

6. Process control system (aeration, sludge age, internal recirculation, sludge

recirculation, etc.)
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should be introduced to thsoftwareto represent the real conditiorigsel, 2004
Rieger et al. 2012 Otherwise, both the obtained results and the reliability of these
results areat the riskof the user. The processes and reactor technologies used in
process simulators are summarizedrable 3.5. Schematic representation of model

components in wastewater treatment plant simulation is giveigure3.8.

Table 3.4 : Simulation software used process modeling and simulatitn s e | et
al., 2022.

Software Country  Company/Institution

AQUASIM Switzerland EAWAG
ASIM Switzerland EAWAG
Biowin Canada Envirosim
GPSX Canada Hydromantis
SIMBA# Germany ifak
STOAT England Water Research Centl
SUMO France Dynamita
WEST Denmark DHI Technologies

Since, he simultaneous use of different plant configurations and conrpkstor
hydraulics make it impossible to solve the abovementioned stoichiometric calculations
manually in a reasonable time, the usesiofiulators for performance alysis has
become essentiaDn the other hand, wastewater treatment plant simulators are also
widely used to determine appropriate process control strategies. Especially during the
operation phase, simulators are also used for scenario analysis andrapairahg
without risking the plant operation (Makiread Zaborowske2(20; Vanrolleghem et

al., 2003).

Brief information about commercially used plamde process simulators can be
found in the following sections.

Table 3.5 : Processesndtechnologiesn plantwide smulators.

Biological / Chemical Processes  Separation Processes  Reactor Technologies

Nitrification/Denitrification Primary Sedimentatior Completely Stirred Reactor
Biological Phosphorus Remaal Thickening Processes Plug Flow Reactors
Sludge Production and Oxygen Upta Final Sedimentation  Sequencing Batch Reactor
Fermentatiori Anaerobic Digestion Reactive Sedimentatio Membrane Bioreactors

Nutrient Recovery Flocculation MBBR Systems
Greenhouse Gas Emissions Chemical Precipitation Trickling Filters
Aeration/Gas Transfer Filtration Membrane Oxygen System
pH - Alkalinity Cyclone Separators Hybrid Processes
Anammox Process Membrane Filtration  Granular Activated Sludge
Realtime ProcesSontrol Thermal Hydrolysis
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Figure 3.8 : Model component®f wastewater treatment plant simulation
3.5.1AQUASIM

AQUASIM was firstly designed by Swiss Federal Institute for Environmental Science
and TechnologfEAWAG) in 1994. Then, AQUASIM Version 2.0 was released in
1998. AQUASIM is a universal simulation software designed specifically for the
simulation and identification of aquatic systermi$ie software has the ability to
introduce seven different variablemd two types of processes. Additionally, six
different types of reactor compartments can be defined to the systems to be simulated
(Table3.6). AQUASIM allows its users to represent the configuration of the system
under investigtion as a set of compartments that can be connected to each other. The
software also enables sensitivity analysis, parameter estimation, and uncertainty
analysis. It allows estimation and calibration of mettite variables at once using a
reattime dataset as show(Reichert, 1998)Main window of AQUASIM is given in
Figure3.9.
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Table 3.6 : Processesvariables and compartmentsAQUASIM (Reichert, 1998)

Variables Processes Compartments
State variables Dynamic Processes Mixed reactor compartment
Program variables Equilibrium Processes Biofilm reactor compartment
Constant variables Advectivediffusive reactor compartmen
Real list variables Saturated soil column compartnten
Variable list variables River section compartment
Formula variables Lake compartment

Probe variables

£} AQUASIM

File Edit Calc View Window Help

D=l &5 s8|E| ~le] b

Ready [ M| 4
Figure 3.9 : Main window of AQUASIM.

3.5.2Activated Sludge Simulation Program (ASIM)

ASIM, an acronyn for Activated Sludge Simulation Program, stands as a sophisticated

dynamic simulation software, meticulously designed for the modeling of biological

wastewater treatment plants. This robust tool enables the detailed simulation of

activated sludge systemsffering flexibility through the capability to model up to 10

distinct reactors in series. This feature is further enhanced by the inclusion of options

for sludge return and internal recirculation lines, allowing for a comprehensive

representation of thieeatment process.

The software is adeptly equipped with a suite of Bnilimodels, including the

Activated Sludge Model No. 1 (ASM1), Activated Sludge Model No. 2 (ASM2), and
an extended version of ASM2 that incorporates ferrous oxidation models. These

models serve as the foundational frameworks within ASIM, enabling users to

accurately simulate a wide range of biological and chemical processes occurring
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within wastewater treatment systems. One of the hallmark features of ASIM is its
incorporation of proess control loops. These loops are instrumental in facilitating the
simulation of varying load conditions, be it diurnal or seasonal, as well as
accommodating fluctuations in temperature and operational parameters. This level of
detail provides users witlthe ability to model and predict the performance of
wastewater treatment plants under a diverse array of environmental conditions and
operational strategies. Through its comprehensive modeling capabilities, ASIM
empowers engineers and wastewater treatme@fiéssionals to explore, analyze, and
optimize the design and operation of activated sludge systems. This contributes
significantly to the advancement of wastewater treatment technologies, ensuring
facilities are equipped to efficiently manage and treastewater in alignment with
environmental regulations and sustainability go@sdiagram of the simulation

environment of ASIM is provided iRigure3.10.

i -
E ASIM 5.0.15 licensed to Teaching and Research C=a=

File Model Plant Definition Variation Computations Results Tools Help

Es 228 »8<s § RPMMDM ES 8% &

Flowscheme of the plant
Contol loops active!
O2 saturation =10.00
Influent = 1223.00 Sludge age, SRT 22.00
| Secondary clarifier
1 y Y - S Effluent
Return sludge = 2160.00
Reactor 1 2 3 - H Clar.1
Volume 100.00 $6.00 56.00 229.00 229.00 1080.00
02 Conc. - - - - -
Kla Value 0.0 2.0 2.0 150.0 100.0
Activated Sludge Simulation Program
]
| Project Example Model: example
\' Plant example Yariation: example

‘ User Directory: CA\Users\Public\Documents\ASIMwuser
.

Figure 3.10: Simulaton environment of ASIM.
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3.5.3BioWin

BioWin stands as a leadiregige process simulator, meticulously engineered to
facilitate the simulation of biological wastewater treatment systems. It offers users the
unparalleled flexibility to connect various process umitsating an integrated model
that mirrors the complexity of realorld wastewater treatment operations. Central to
its functionality is the adoption of the Activated Sludge Model No. 1 (ASM1)
extension, which incorporates the Enhanced Biological PhospRemnoval (EBPR)
process as proposed by the International Association on Water Quality (IAWQ). This
inclusion ensures that BioWin aligns with globally recognized standards for modeling
biological processes in wastewater treatment. The simulation of thiegsptocess
within BioWin is notably advanced, utilizing the douaeponential settling function
introduced by Takacs et al. (1991). This mathematical model is pivotal for accurately
predicting the sedimentation behavior of sludge, a critical aspebeaofiastewater

treatment process that influences overall system performance and efficiency.

BioWin provides users with the option to select between two comprehensive models:
the "CNP" and "CN" models. The "CNP" model encompasses the simulation of
carbon, itrogen, and phosphorus removal processes, offering a holistic approach to
modeling the nutrient removal capabilities of a treatment system. In contrast, the "CN"
model focuses on the removal of carbon and nitrogen, catering to scenarios where
phosphoruseamoval is not a primary concern. This flexibility allows users to tailor the
simulation to reflect the specific operational goals and regulatory requirements of the
wastewater treatment facility being modeled. By integrating these advanced modeling
capabiities, BioWin empowers engineers and wastewater treatment professionals to
conduct detailed analyses and optimization of biological treatment processes. The
softwarebés intuitive design and comprehensiywv
for enhancig the understanding and improvement of wastewater treatment systems,
ultimately contributing to the development of more efficient, sustainable, and effective
treatment solutionsJser interface of BioWin is given fRigure3.11
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Figure 3.11: Simulation environmeraf BioWin.

3.5.4General Purpose SimulatofrX (GPS-X)

GPS X is the first commercially used dynamic process modeling software used for
wastewater treatment plants developed bydddgnantis Inc., HamiltonGPSX
emerges as a sophisticated software platform renowned for its advanced capabilities in

modeling and optimizing wastewater treatment processes. Offering comprehensive

Hpek b saderc e

Soluble FO4F

Volatle suspended sobd
Total suspended sobd:
Diasoived ovygen

Modied Veded

04 howrs
06T mghdL
7.03 mohAL
0.08 mohAL
653 moPiL

2555 oSS
T mgTS5A
200 mgl
683

simulation functionalities, GRX facilitates detailed amgsis of treatment units

including biological treatment, physical treatment, advanced treatment technologies,
and sludge handling processes commonly found in wastewater treatmentTgiants.
software hasuilt-in biological modelbased on IAWPRC model (ke on ASM1)

and Anoreacldo mo d e | Thef softwares enabted parageterp r o c ¢

optimization, sensitivity analysis, and Monte Carlo analysis. This provides a
convenient way of adjusting model parameters based on nonlinear dynamic

optimization.GPSX also offers advanced tools for scenario modeling enabling users

to assess the robustness of treatment processes under varying operating conditions and

design configuration®Notable features include its advanced optimization capabilities,

support for ineégration with thirdparty software, and specialized modules for

modeling advanced treatment technologies such as membrane bioreactors (MBRS),

sequencing batch reactors (SBRs), and fifslad reactors, making it a versatile tool

for wastewater treatment siiation.UsingGPS X Advanced

Tool

S

are able to create Python scripts and integrate it intd RS manipulate variables

in the simulation. User interface of GPSis given inFigure3.12.
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SIMBA is a simulation environment based on Matthg Simulink™ firsly released

in 1994. A wide range of processes in wastewater treatment (MBBR, FBBBR,

TF, Granular) asvell as sludge treatment and anaerobic digestion processé&® can
modeled using SIMBA. The software is mostly compatible with DWA A131 2016
standard. Models and matrix can be freely edited or modified in SIMBA using the
editor in Gujer Petersen matrix atibn. The software already has 5 different binilt
models as default options: ASM1, ASM3, ASM3 with biological P removal, extended
ASM model (ASM_inCTRL) and extended ASM_XL laf model with anammox
option (as a result of the NoNitriNox Project). For sedtlprocesses, it has also four
different options. User interface of SIMBA# is given kigure 3.13. Noteworthy
features include its advanced calibration and validation tools, support for scenario
analysis and risk assessment fiotalities, and specialized modules for modeling
specific treatment processezinly like enhanced biological phosphorus removal
(EBPR), biological nitrogen removal (BNR), and integrated fikkd activated

sludge (IFAS) systems, making it a comprehemdivol for optimizing biological
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processes in wastewater treatment plants. SIMBA's advanced capabilities extend to
dynamic simulation, enabling users to model transient conditions, diurnal variations,
and seasonal fluctuations in influent characteristeey] assess the resilience of
treatment processes to changing operating conditions and external disturbances.
Additionally, SIMBA offers advanced reporting and visualization tools, allowing users

to communicate simulation results effectively, analyze trendgreatment plant

performance, and identify opportunities for process optimization and resource

recovery.
o M n
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Figure 3.13: Simulation environmerif SIMBA#.
3.5.6STOAT™

STOAT is a moduladynamicmodeling softwee for the simulation of wastewater
treatment systems$STOAT includes various compartments for different processes
including mesophilic and thermophilic anaerobic sludge digestion and sludge
incineration and heat exchangefrse software includes buiibh IAWQ extension of
ASM1 model calledAWQ#1and the doublexponential settling function proposed

by Takacs et al. (1991), call€generic STOAT is also compatible with other tools
such as for the sewer system modeling (MOSQITO) and for river impact ngpdelin
(MIKE 11) to provide integrated modeling package. User interface of STOAT is given
in Figure3.14.
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Figure 3.14: Simulation environmerif STOAT.

3.5.7WEST

WEST is a simulation platfen for dynamic modeling and simulation of aquatic
systems including wastewater treatment plants, rivers, sewer systems and urban
catchmentsControl strategies can be implemented to the system by adding sensors
and controller units to the layout withoutditibnal codes. New models can be
implemented and/or existing models can be modified using model editor consisting of
a code editor and graphical Gujer Petersen Matrix editor. WEST also allows the
integration with SCADA system and data management systembieo realscale
WWTPs.The software includes tools for parameter estimation, scenario analysis, and
uncertainty analysis, making it easy to adjust model parameters. The user interface for
WEST is displayed ifrigure 3.15.

38



CATOMMENT "‘W‘l

WASTEWATER TREATMENT PLANY
e
e
BZ

P p——————— - — -

Figure 3.15: User interface of WEST.
3.5.8Super Model SUMO®)

SUMO is athird-generatiorwastewater process simulation software released firstly in
2017 by DynamitaFranceSUMO allows users to simulgpéantwide dynamic model

using builtin three different full plant models (Mini_Sumo, Sumol, Sumo?2), three
focus models (Sumo2C, Sumo2S, Sumo4N) and museum models (ASM1, ASM2d,
ASM2d_TUD, ASM3, ASM3_BioP, BarkeDold). Biological processes including
BOD removal, nitrogn and phosphorus removal, anaerobic digestion processes,
photosynthesis and other biological conversions including flocculation, hydrolysis,
ammonification, endogenous products conversion, anaerobic methanol conversion and
assimilative reduction of nitranitrite areimplementedn all these modeltogether

with physicachemical reactions with pH and alkalinity calculations and chemical
removal of phosphorus and chemical precipitation. In Sumo22, carbon footprint
calculationswith database and reverse asis process units are also included to the

plantwide model(URL-1). User interface of SUMO is given Kigure3.16.
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Figure 3.16: User interface of SUMO.

Since t has open source plantwide code (MS Excel), users easily modify existing
models and/or built their own model in plamide mode using the MS Excel template
provided by the software itsglFigure3.17). It is easy to add processand kinetic
conversions to the current model by modifying the Gujer kinetic matrix. In addition,
new process units can be incorporated into these m&ietently, there are 107 state
variables included in default models, and there are five symboisgiigth the types

of state variables: soluble (Pprticulate (X)colloidal (C), gaseous (G) and enthalpy
(H). The list of state variables in the default models are givehable Al (see
Appendix A)

Additionally, SUMO integrées stateof-the-art algorithms for ofigas emission
calculations, enabling users to assess greenhouse gas emissions and air quality impacts
associated with wastewater treatment operations. Furthermore, SUMQO's versatile
platform allows for seamless integom with external tools and databases, facilitating
data exchange and interoperability for comprehensive modeling and analysis-Its user
friendly interface, coupled with advanced visualization and reporting capabilities,
empowers users to gain insightsoitreatment plant performance and make informed
decisions for process optimization and environmental sustainability. SUMO also
offers advanced features for dynamic control and optimization, includingimesal

data integration, model predictive controhdaadaptive optimization algorithms,
enabling users to implement optimal control strategies and respond to changing

operating conditions effectively. Moreover, SUMO's extensive library of process units
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and customizable modules enables users to model corimplment processes with

high fidelity, ensuring accurate representation and analysis efvoell treatment

plant operations. Continuous research and development efforts, coupled with user
feedback and industry collaboration, ensure that SUMO remaitie dorefront of
wastewater treatment simulation software, providing cuttidige solutions to address

the evolving challenges of the water industry. SUMO's advanced capabilities extend
to scenario analysis, allowing users to evaluate the performaddéoént treatment
strategies, assess the impact of regulatory changes, and explore innovative process
configurations for enhanced sustainability and resilience in wastewater treatment
operations. Additionally, SUMO's intuitive modeling environment antereive
documentation support users at all skill levels, facilitating knowledge transfer and skill

development in wastewater treatment modeling and optimization.
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Figure 3.17: MS Excel template of plarwide code.
3.6 Anaerobic Sludge Digestion

Wastewater contains water which comprises of with both biodegradable and inert
solids, alongside pathogenic organisms. The fundamental aim of a wastewater
treatment plant is to efficiently extract these constituents fuastewater prior to its
release into aquatic ecosystems. Through the treatment process, liquid effluents are
purified and then reintroduced to the natural water cycle, while solid residues are

segregated for subsequent treatment stages and eventualldisposa
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During the comprehensive treatment phédspemary, secondary, and tertiérya
significant volume of sewage sludge emerges as a residyabdyct. The specific
guantity and properties of this sludge are influenced by a myriad of factors, including
the nitial characteristics of the incoming wastewater, the structural design and
operational scheme of the treatment facility, and the particular sludge management
strategies employed. It's noteworthy that, even within a singular plant, the profile of
sludge @neration may exhibit notable variability on a seasonal or daily basis. This
variation is attributed to the substantial fluctuations in both the quality and volume of

the influent wastewater.

Given that sewage sludge represents the predominant compoinactsekthrough the
wastewater treatment process, the methodologies adopted for its management,
treatment, and ultimate disposal are subjects of critical importance. The strategic
handling of sewage sludge not only addresses environmental and public health
concerns but also plays a vital role in the overall efficacy and sustainability of
wastewater treatment operations. This necessitates ongoing assessment and
optimization of sludge treatment and disposal practices, ensuring they are responsive
to the chanmg dynamics of wastewater treatment and are aligned with environmental

conservation goals.

The U.S. Environmental Protection Agency (ERAe f i nes sewdlpe sl udge
solid, semisolid, or liquid residue generated duringttieatment of domestic sewage

in a treatment works. Sewage sludge includes, but is not limited to, domestic septage,

scum, and solids removed during primary, secondary, or advanced wastewater

treatment processes. The definition of sewage sludge also includes a material derived

from sewage sludge (i.e., sewage sludge whgselity is changed either through

further treatment or through mixing with other materials). i n t he r egul ati on
0 Code of Federal Regulations (CBR) P a r t+ A Gu@@ for Land Appliers on

the Requirements¢fh e Feder al Standards for the Use or
(EPA, 1994) Primary sludge igormed by thesettlingof raw wastewateandmainly

consist of particulate organic matter in the influent wastew&gsmondary sludges

produced during biolagal reactions in the systefa.g. conventional activated sludge

systems oBNR).

To be able toprotect human and environmental health, sludge stabilization is an
essential step. Due to inherent characteristics of the raw sludge (high organic matter
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content, pathogens, unpleasant odor, etc.), sludge stabilization prmgarily
stabilizing the biodegradable fraction of organic matteducing the number of
pathogens, minimizing unpleasant odors, and eliminating the potential for
putrefaction.In sludge sbilization, achieved biological reduction of the volatile
content and addition of different chemicals to the sludge determine the elimination and
reduction of these nuisance conditions, and turn the sludge into an inappropriate

environment for microorgasins to survive (Metcalf and Eddy, 2014).

Sludge stabilization methods can be classified into three categories: biological
methods which include composting, and aerobic or anaerobic digesiiemical
methodgalkaling, and thermal methods such as autotial thermophilic digestion.

The use of these processes not only helps in reducing the volume of sludge but also
generates renewable energy (methane) and enhances sludge dewaterability, besides

improving health and aesthetic factors.

Bioreactor sludge isisually combined with primary sludge and can be subjected to
various methods of treatment, with anaerobic digestion being the most widely used
process.

Anaerobic digestion is a natural process that can convert almost all types of organic
materials, as wklas many synthetic compounds, into biogase bimgas primarily
consists of methane and carbon dioxide, and has gained significant attention
worldwide due to its potential as a source of energy and its ability to mitigate
greenhouse ga$GHG) effects. Theproduction of methane through anaerobic
digestion has become increasingly popular in recent yeaes al., 2011; Lyberatos

and Skiadas, 1999; Zhang et al., 2014). iXamewable energy still has the highest
percentage of energy supply and this contabub environmental challenges due to
high quantities of greenhouse gas emissions. This challenge could only be overcome
by the usage of renewable energy sources which include solar energy, wind energy,

hydropower, geothermal and biog&bileke et al., 220).

Anaerobic digestion is a welistablished technology used to stabilize sludge and
convert organic waste into bioenergy. In the conventional AD process, a mixed sludge
is broken down by microbes in the absence of molecular oxygen. Generally, the
proces of anaerobic digestion of complex organic materials to methane can be
achieved through a sequence of four stages, as shofsigure 3.18. These stages
include hydrolysis, acidogenesis, acetogenesis, and methanog@&mses ¢ al.,
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2008; Gavala et al., 2003Biogas is composed of 50% to 7%%ls, 25% to 45%CO,,
and trace amounts df> (<2%), Oz (<2%), H2 (<1%), hydrogen sulfide, other gases,

and water vapofTyagi and Lo, 2013).

The anaerobic digestion process of sludge ples/inumerous benefits. It produces
methane gas which is a renewable energy source and can be used for electricity and/or
heat generation. Additionally, it stabilizes organic matter that can be used as soill
amendment, reduces sludge volume, decreases GHKSiens, reduces pathogens,
decreases fossil fuel usage, and provides flexibility in waste composition.

COMPLEX ORGANIC MATTER
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Figure 3.18: Reaction steps in anaerobic digestion.

Anaerobic sludge digestion is a cestective anl ecofriendly method used for sludge
stabilization. It is considered a modern WWTP approach due to its -atevioned
advantageslrhe anaerobic digestion (AD) process, although beneficial, also has a few
drawbacks.The challenges in anaerobic digestigstems include the necessity for
long hydraulic retention times (HRT) because the metipaogucing microorganisms
have slower growth rates. Additionally, there are low biodegradation efficiencies, and
the complex activated sludge floc structure hasstawd limited degradability. There

are also complex organic compounds that are either-bromtegradable or
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biodegradable. The high capital costs arise due to the large reactor volume and longer
startup time needed for biomass development. Poor dewatéyaloliv supernatant

quality, and potential odor production are other significant challenges.
3.6.1Anaerobic metabolism

3.6.1.1Hydrolysis

During the first step of the anaerobic metabolism, high molecular weight particulate
and insoluble orgao materials are transformed into soluble compounds. These
compounds can then be further broken down into simple monomers, which are utilized
by bacteria to perform fermentation. The complex organic material can be simplified
into three categories: carbalrates, lipids, and proteins. Carbohydrates are degraded
into simple sugars, proteins are hydrolyzed into amino acids, and lipids are broken
down into long chain fatty acids (LCFAs). These monomers can then penetrate the cell

membranes of bacteria and betabolized.

The three parallel hydrolysis processes are facilitated by extracellular enzymes
produced by a variety of facultative and obligate anaerobes, also known as hydrolytic
bacteria.These bacteria produce enzymes that are released into the hguitiesn

attached to the surface of soluble substances. In some cases, the process can also be
carried out by enzymes from organisms that are directly attached to the insoluble

substrate surface nearby.

3.6.1.2Acidogenesis

Acidogenesis, commonly referred to agrientation within the context of anaerobic
digestion, is a critical biochemical process through which microorganisms break down
hydrolyzed substrates in an oxygeee environment. This step is characterized by the
unigue ability of the substrates to sersenultaneously as electron donors and
acceptors, eliminating the requirement for external electron donors or acceptors.
Through acidogenesis, the complex organic compounds that have been previously
hydrolyzed are transformed into a suite of simpler mo&urhe primary products of

this transformation are shechain VFAs, which include substances such as acetate,

propionate, and butyrate.

In addition to VFASs, the acidogenic phase also results in the production of hydrogen

(H2), carbon dioxide (C¢), ammoma (NHsz), and a spectrum of other minor-by
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products. These compounds collectively represent the intermediate metabolites that
are essential for the subsequent phases of anaerobic digestion, notably acetogenesis
and methanogenesis. The production of thes¥mediates during acidogenesis plays

a pivotal role in the overall efficiency and effectiveness of the anaerobic digestion
process, facilitating the conversion of complex organic matter into valuable bioenergy
carriers like methane in the later stagesisTstep is thus integral to the biological
process of breaking down organic waste materials in the absence of oxygen,
contributing to the sustainable generation of biogas and the recycling of organic waste.

3.6.1.3Acetogenesis

Within the multifaceted stages afaerobic digestion, acetogenesis stands as a pivotal
phase where VFAs, which are the intermediary products derived from the preceding
acidogenesis process, undergo further fermentation. This step is crucial for the
synthesis of acetate, carbon dioxide g;@nd hydrogen (b, which serve as vital
substrates for the subsequent production of methane by acetogenic bacteria.
Additionally, LCFAs initially broken down during the hydrolysis phase, are further
degraded into acetate, C& and H during acetogenesisThis results in the
predominant generation of high levels of acetate apdvHich are essential for the

methanogenesis stage.

However, the successful conversion of propionate and butyrate into acetate and
hydrogen hinges on maintaining a low hydrogencemtration within the system.
Elevated levels of KHcan inhibit this conversion proce@dcCarty and Smith1986).

The presence of high hydrogen concentrations interferes with the thermodynamic
feasibility of the reaction, thereby halting the conversibpropionate and butyrate

into the necessary precursors for methane production. This underscores the importance
of regulating hydrogen levels within the anaerobic digestion environment to ensure the
efficient progression of acetogenesis and, by extensi@npverall success of the

biogas production process.

3.6.1.4Metanogenesis

Methanogenesis represents the culminating phase in the anaerobic digestion process,
driven by a specialized group of microorganisms known as methanogens. These
Archaeaare characterized heir strict obligate anaerobic nature, thriving only in

environments devoid of oxygen. The primary role of methanogens within the
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anaerobic digestion framework is the conversion of VFAs into methane),(@H
reaction that underscores the bioenergy p@kat this biological process. However,

the efficiency of methanogenesis is inherently moderated by the slow metabolic rates
of methanogens, which, in turn, are attributed to their heightened sensitivity to

fluctuations in environmental parameters.

The bbdegradation of complex, slowly degradable substrates, such as the excess
sludge typified by intricate microbial flocs, presents additional challenges within the
anaerobic digestion sequence. In such contexts, the hydrolysis stage is identified as the
ratelimiting step, by various researchéfgppels et al., 2008; Ariunbaatar et al., 2014;
Droste, 1997 Elliott and Mahmood, 2007; Gavala et al., 2Q08etcalf and Eddy,
2014;TyagiandLo, 2011) This bottleneck occurs because the breakdown of complex
organt matter into simpler compounds, which are then available for subsequent
fermentation and acetogenesis phases, progresses at a significantly slower pace. The
inherent complexity and recalcitrance of these substrates necessitate extended
hydrolysis duratios, thereby extending the overall timeline for methanogenesis and,
consequently, methane productiorhese dynamic underscorése importance of
optimizing the initial stages of anaerobic digestion, particularly hydrolysis, to enhance

the efficiency and tlmughput of methane generation from complex organic wastes.
3.6.2Process microbiology of anaerobic digestion

3.6.2.1Fermentative bacteria

During the first stage of anaerobic digestion, fermentative bacteria is responsible for
hydrolysis and acidogenesis proces3dss process involves the anaerobic species
belonging to the families Streptococcaceae and Enterobacteriaceae, and the genera of
Bacteroides, Bifidobacterium, Butyrivibrio, Clostridium, Eubacterium, and
Lactobacillus Bacillaceae EnterobacteriacegeandLactdbacillaceaeare all present

in digesting sludge, with Bacillaceae being the most predom{Navaes, 1986).

Acetovibrig Bacteroides, Cellulomonas, Clostridium, Erwinia, Fibrobacter,
Firmicutes,Prevotella, RuminococcuSuccinivibrio,and Microbisporaare some of

the key bacteria involved in hydrolysis step, whére fermentative bacteria such as
the Clostridia, ferment the hydrolyzed products of proteins, such as peptides and
amino acids, to VFAs, CQH;, NHs*, and $ (Zhen et al., 2017)

47



Obligatory and facultative anaerobic bacteria such Becteroides,Clostridium,
Desulfovibrio, Desulfobacter Eubacterium, Geobacter, Lactobacillus,
Phodopseudomonas, PeptocausgdSarcinaare responsible for acidogenesis process
(Zhen et al., 2017).

The diversity 6 substrates and the prevailing environmental conditionsréreal in
dictating the metabolic end products within microbial ecosystems. Among these
factors, the concentration of hydrogern)idlays a crucial role. Specifically, acetate,
carbon dioxide ©O,), and H serve as the primary substrates for methansgeith

their metabolic conversion being thermodynamically viable only under conditions of
low hydrogen partial pressure. Conversely, an elevated partial pressure i®f H
associated with a shifni metabolic pathways, culminating in the production of
propionate and additional organic acids (Novaes, 1986). This dynamic interplay
between hydrogen partial pressure and substrate utilization underscores the intricate
balance within microbial communitiessignificantly influencing their metabolic

outputs and ecological roles.

In recent years, the paradigm of waste management has shifted towards a more
sustainable and resourefficient approach, underscored by an escalating interest in
the valorization ofvaste streams. This burgeoning focus aims to extract-aalded
products from various waste materials, thereby transforming what was traditionally
viewed as refuse into a trove of economically and environmentally beneficial
resources. This interest isivien by the dual objectives of mitigating environmental
impacts associated with waste disposal and creating new revenue streams through the
recovery of valuable compound¥hen organic matter is not completely broken down

by fermentative bacteria, it leattsthe formation of useful byproducts such as organic
acids, solvents, nisin, hydrogen, and others. Lactic acid bacteria can produce lactic
acid and nisin, while acidogenesis by fermentative bacteria, particula®Btdbidia

genus, produces hydrogefh@anal, 2008).

3.6.2.2Hydrogen-producing acetogenic bacteria

This microbial consortiuns responsible for the conversion of C3+ organic acids (such
as propionate and butyrate), ethanol, and selected aromatic compounds (including
benzoate) into acetate, hydrogeti)( and carbon dioxide (G This conversion

process, however, faces thermodynamic challenges under anaerobic conditions,

48



particularly in the context of hydroggmoducing bacteria, where the anaerobic
oxidation of these substrates is thermodynamicadlgaiantaged. The pivotal role of

a symbiotic association between hydrogeaducing acetogenic bacteria and
hydrogenconsuming methanogeniarcheais thus emphasize (Hungate, 1967).
Methanogeniarcheaexpedite the consumption of hydrogen, thereby mismimz a

low hydrogen partial pressure. This low pressure, in turn, cultivates an optimal
environment for the acetogenic bacteria tgrddeorganic compounds into acetate,
H,andCQt hr ough a mechani sm known as finter

For the hermodynamic favorability of propionic acid oxidation to acetate, it is
essential that the hydrogen partial pressures are maintained béfatm0Similarly,

for the oxidation processes of butyrate and ethanol to be favorable, hydrogen partial
pressuresshould not exceed 1®atm and 1 atm, respectively (Pohland, 1992).
Notably, in the anaerobic digestion of sewage sludge and other complex compounds
or wastes, propionate oxidation is of significant importance, with up to 30% of
electrons being associatedth this process, highlighting its critical role in the
microbial energy metabolism. The bulk of the hydrogen production is attributed to the
oxidation of longchain fatty acids and other intermediate volatile fatty acids to acetic
acid, illustrating thecomplex interplay of microbial processes in energy conversion

and substrate utilization.

Desulfovibri  Moorella,  Pelotomaculum, Syntrophobacter,  Syntrophus,
Syntrophomonasand Syntrophothermusare mostly responsible for acetogenesis

process (Zhen et akQ17).

Propionic acid accumulation is worse under thermophilic conditions than under
mesophilic conditions. It is equally important to optimize reactor configuration,
nutrient supplement, characteristio§ substrate and microbial community for

propionicacid metabolism.

3.6.2.3Homoacetogens

Homoacetogenesis is a process that has gained a lot of attention lately because of its
ability to produce acetate. Acetate is an essential precursor to methane generation. The
bacteria responsible for homoacetogenesis cagitber autotrophs or heterotrophs.
Autotrophic homoacetogens use a mixture of hydrogepdhtl carbon dioxide (Cp

as their carbon source for cell synthesis. Some homoacetogens can also utilize carbon
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monoxide (CO) as a carbon source. On the other Inatefotrophic homoacetogens

use organic substrates, such as formate and methanol, as a carbon source to produce
acetate as the end product. Two mesophilic homoacetogenic bastetiahacterium

woodii, and Clostridium aceticunwere isolated from sewag&idge (Khanal, 2008;
Novaes, 1986} omoacetogenic bacteria have high thermodynamic efficiency, which
prevents the accumulation ot ldnd CQ during growth on multicarbon compounds
(Khanal, 2008; Zeikus, 1981).

3.6.2.4Methanogens

Microorganisms were previously adsified primarily based on their physical
properties. However, currently, classification is based on genetic characteristics known
as phylogeny. This method considers an organism's evolutionary history. Methanogens
were once classified as bacteria, butvribey are classified a&rchaeadue to the
presence of membrane lipids, the absence of basic cellular characteristics such as
peptidoglycan, and distinctive ribosomal RNA. Methanogens are obligate anaerobes
and are considered a rdiiting species in amerobic digestion. They are most
commonly found iroxygenfree environments that are rich in organic matter such as

swamps, marshes, ponds, lale@simarine sediments.

There are two distinct groups of methanogenicroorganisms that are responsible
for producing methanerlhe first group is aceticlastic or acetotrophic methanogens,
which are responsible for splitting acetate intos@Hd CQ. The second group I»-
utilizing or hydrogenotrophic methanogens afjnly Methanobacterium and
Methanoculleul which useH: as the electron donor a@D; as the electron acceptor

for methane productiorHydrogenotrophic methanogens are responsible for methane
production from Hand CQ, while acetotrophic methanogens are responsible for the
CHs; and CQ generabn from acetate. The most common aceticlastic methanogen
organismsare from the generlllethanosarcinaeand MethanosaetaMethanosarcina

sp. have a spherical shape and a doubling time of approximately 1.5 days, while
Methanosaeta gphave a rodike or filamentas shape with a doubling time of around

4 days(Droste, 1997)As a resultMethanosaeta sppequire longerlIsidge retention

timesduring anaerobic digestion processhrive and become more prevalent
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3.6.3Process fundamental®f anaerobic digestion

Althoughthe efficiency and stability adinaerobic digestioprocess mdly depends

on the feed sludge characteristics, AD process also related to environmental and
operational conditions due to sensitivity of microbial population to these factors. The
most imporant factors that could affect the performance of AD process are: 1) SRT,

2) temperature, 3) alkalinitypH, VFAsand4) ammonia

3.6.3.1Sludge retention time (SRT)

One of the most operational condition for design of AD process is sludge retention
time. Effective @athogen destruction and methane production due to removal of
organic materials is directly related to design of AD with a proper sludge retention
time. Peak loads of toxic substances and system failures can be avoided and process
stability can be achievedith longerSRTs. Also, more homogeneous digester content

can be provided with larger digester volumes (Parkin and Owen, 1986). Studies have

reported the following remarks (Appels et al., 2008; Metcalf and Eddy, 2014):

1. SRTs shorter than 5 days is inaddquar proses stability due to increasing
VFA concentrations resulted with washing out of methanogens from the
system.

2. Between 5 to 8 days, relatively high VFA concentrations are obtained to be
able to ensure complete breakdown of compounds such as lipids.

3. A SRT between 8 to 10 days is sufficient for process stability and low VFA
concentration and degradation of lipids can be achieved.

4. SRTs greater than 10 days is also adequate for stabilizing the majority of
organic matter degradation.

5. A SRT greater than@Bdays is required for conversion of nearly all degradable

solids.

3.6.3.2Temperature

The kinetics of hydrolysis and methane generation in AD processes are significantly
influenced by temperature, which directly impacts the population dynamics, metabolic
rates, ad growth kinetics of microorganisms within an anaerobic reactor.

Methanogens, the Archaea responsible for methane production, exhibit a particularly

high sensitivity to abrupt temperature fluctuations compared to other microbial
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inhabitants of anaerobidgesters. Both the physical and chemical characteristics of
the substances present in the reactor, as well as the rates of biochemical reactions, are

subject to alterations by temperature variations.

Anaerobic digestion facilities are commonly operatedhwvitthe mesophilic
temperature range of 3040°C, which is conducive to a stable microbial environment
and efficient digestion processes. Alternatively, some digesters are designed for
operation under thermophilic conditions, maintaining temperaturebrtad 60°C.

The adoption of thermophilic digestion has gained popularity due to its associated
benefits, including accelerated digestion rates, enhanced methane yield, and more
effective pathogen reduction (Lu et al., 2008; Metcalf and Eddy, 2014).

Despit these advantages, thermophilic digestion presents several challenges that must
be carefully managed. These include the necessity for additional energy to maintain
elevated temperatures, difficulties in the dewatering process, and a heightened
vulnerabilty to toxic compounds owing to the lower microbial diversity characteristic

of thermophilic environments. Furthermore, issues such as potential ammonia toxicity,
diminished quality of the supernatant, and reduced operational stability underscore the
complities of managing thermophilic systems (Chen et al., 2008; Gianico et al.,
2013; Lu et al., 2008; Parkin and Owen, 1986).

3.6.3.3Alkalinity , pH, and volatile fatty acids (VFAS)

Monitoring digester stability and maintaining system equilibrium are critical for the
effective operation of anaerobic digestion (AD) processes. To achieve this, the
measurement of pH, alkalinity, and volatile fatty acid (VFA) concentration emerges as
the paramount performance indicators. Despite the varied pH preferences among the
microbial consortia engaged in AD, a significant majority demonstrate optimal growth

at neutral pH levels. Specifically, methanogenic archaea thrive within a pH range of
6.6 to 8.0, whereas fermentative bacteria exhibit a broader pH tolerance, functioning
effectively across a spectrum from pH 4.0 to 8.5 (Metcalf and Eddy, 2014; Rittmann
and McCarty, 2001). It is also documented that pH values exceeding 8.3 or dropping
below 6.1 significantly impair biogas production, underlining the critical role of pH

regulationin optimizing AD performance (Arshad et al., 2011; Lay et al., 1997).

The presence of carbon dioxide (£§Qn high concentrations (285%) within

digesters, which leads to the consumption of alkalinity through the formation of
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carbonic acid, further emphiass the necessity for substantial alkalinity levels to
stabilize pH near neutrality. As a guideline, total alkalinity, measured as equivalent
calcium carbonate (CaGshould ideally fall within the range of 2,000 to 5,000 mg/L

in a wellfunctioning digster (Metcalf and Eddy, 2014). This requirement for high
alkalinity underscores the intricate balance between microbial needs and chemical
dynamics within the AD process, ensuring optimal operational conditions and

maximizing biogas yield.

Increase in theolatile fatty acid concentration is directly affect the alkalinity. VFAs
are intermediate products of acidogenesis stage in digestion process and consume
alkalinity. Due to effects on biogas production, VFA concentration should be
monitored as an operatial parameter of the anaerobic digester. An unbalanced
anaerobic digestion process in terms of VFA concentration affects the separation of
the acid producer and consumer in kinetic processes, due to theipwldVFAS.
Typically, methane production kine$ for methanogens are slower than production
kinetics forfor volatile fatty acidsTo establish adequate methanogenic population for
stable digestion process, VFA concentration should be between 50 mg/L to 300 mg/L
and pH should baigher than 7. Howevedue to unstable digester operation, VFA
production rate may exceed the methanogenic VFA utilization rate. This leads an
increase in VFA concentration and decrease in pH, based on the amount of alkalinity
present (Metcalf and Eddy, 2014).

3.6.3.4Ammonia

The pH stabilization in anaerobic digestion systems is critically dependent on the
balance between the ammonia and bicarbonate sygtengelidaki and Ahring,
1993).In AD process, it has been reported that ammonia nitrogen betwéen 50
200mg/L is beneficial for ell synthesis. Howevegxcessive accumulation of free
ammonia in the digester can be toxic and inhibit methanogeresimonia nitrogen

is produced from degradation of nitrogenous matter, mainly proteins and urea, in
anaerobic digestion process and camitesent in two different forms as ammonium
ion (NHs") or dissolved ammonia gas (MHThese two forms have an equilibrium
between each other, controlled by pH value (hydrogen ion concentration). Ammonia
toxicity/inhibition is related with dissolved ammargas if the pH value is higher than

7.2 while ammonium ion concentration may become inhibitory at lower pH values
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(equal or lower than 7.2). Dissolved ammonia gas concentration has an inhibitory

effect at a much lower concentration than the ammoniumMacarty, 1964).

3.6.4Modeling of anaerobic digestion of sludge

Anaerobic technology, historically utilized predominantly for sludge digestion and
stabilization, has recently expanded its application to encompass the treatment of low
cost, varyingstrength wastgaters, while concurrently facilitating energy recovery
through the production of methane and hydrogen. This technological evolution marks
a significant departure from the traditional reliance on empirical guidelines for the
design, operation, and contral anaerobic processes. The advent of comprehensive
anaerobic process models has been instrumental in this transformation, serving as a
cornerstone for the rapid advancements in this field. These mathematical models have
emerged as invaluable tools for ttiesign, operation, control, and optimization of a
wide array of anaerobic processes. By offering a quantifiable framework for
understanding the complexities of anaerobic digestion, these models enable precise
longterm performance forecasting and optiniiza, thereby enhancing the
efficiency, reliability, and sustainability of anaerobic treatment systems.

There are various models available for anaerobic processes, ranging from simple

kinetic model¢o more complicated structured models.

The anaerobic degtion of sludge represents a multifaceted process facilitated by
various microbial consortia, capable of proceeding at two distinct thermal regimes:
within the mesophilicZ5i 40°C) or thermophilic range>@5°C). Notably, the majority

of treatment systemare engineered to function at or below mesophilic temperatures
(de la Rubia et al., 2008g Mes et al., 2003; McCarty, 1964; Metcalf and Eddy, 2014;
Parkinand Owen1986).

Sewage sludge constitutes a heterogeneous mixture of components, predominantly
paticulate in nature, exhibiting varied biodegradability profiles and metabolic
trajectories. Particulate complex organic substances, such as carbohydrates, lipids, and
proteins, are impervious to direct microbial access due to their inability to cross the
cellular membrane. The hydrolysis stage initiates the process, wherein these particulate
organics are enzymatically degraded istoaller,solublemolecules carbohydrates
arebroken dowrinto sugars, lipids into LCFAs, and proteins into amino acids. These

solubilized entities are then converted through acidogenesisd@to and Ho.
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Following this, the acetogenesis commences, during which LCFAs and alcohols are
oxidized by protorreducing acetogens to produce acetic acid and hydrogen. The
culminating phasenvolvesCHs production, where methanogenic acetoclastic bacteria

and CQ reducing methanogens catalyze the conversion of acetic acid and the

reduction of carbon dioxide with hydrogen, respectively.

Thewholeprocessis executed through the synergistic @t of four distinct microbial
consortia: acidogens, acetogens, acetoclastic methanogens, and carbon dioxide
reducing bacteria. A pivotal factor influencing the efficiency of this process is the

disequilibrium in the kinetic behaviors of the various baatgroups involved.

Hydrolysisprocesss slowandits rate depends on the nature of the particulate matter
involved. This can cause decreasan the overall process kinetics, resulting in
considerable delays during the initial staptphase(de Mes eal., 2003 Eastmarand
Ferguson, 1981; Gujeand Zehnder, 1983; Land Noike, 1987 Metcalf and Eddy,

2014). The speed of acidogenesis is much faster than methanogenesis, meaning that
any disturbance that reduces methanogenic activity can negatively itn@gerocess
efficiency. This issue is worsened by methanogaricha's high sensitivity to

environmental conditions.

3.6.4.1Simple componentmodels

Hydrolysis limiting step models

Thesemodels detailing the anaerobic digestion of sludge adopt a simplifiecdbdneth
for characterizing the substratéhese models treat the sludge matnxithout
distinguishing among the different components. Additionally, these models define the
process kinetics based on the limiting or controlling sitdpch is the slowest process

in the sequenceThis slowest stage can lead to failus& processunder critical

conditions

Earlierstudiesconducted by Gossett and Belser (1982) as well as Pavlostathis (1985)
revealed that methanogenesis does not consistently serve as the predoagnant
limiting stage in anaerobic sludge digestion, contrary to its typical portrayal in models
of the anaerobic degradation proc&3sedegradatiorof this complex matrix involves
transforming the viable fraction of the sludge into substrdtes anaerbic
microorganisms can use, accomplished by processes such as cell lysis and/or

hydrolysis This initial phase is typified bglow rates and is deeméithiting stepin
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simplistic models. Additionally, the hydrolytic conversion of complex organic
compoundsinto soluble substrates, essential for acidogenic bacteria, significantly
influences the availability of substrates for methanagemncroorganismsgiven that

the kineticrates of acidogenesis surpass methanogenesis by an order of magnitude.

Eastman& Ferguson model

The Eastmar& Ferguson model involves a continuous stirred tank reactor (CSTR)
that treats primary sewage sludge. The acidogenic phase comprises two- stages
hydrolysis and fermentation. During the hydrolysis stage, biodegradable solids break
down into smaller soluble molecules. In the second fermentation stagdomamidg
bacteria convert these soluble intermediates into fermentation prodibetsnodel

posits that cell decay adds to the accumulation of fermentation products and assumes
that the levels of oxygen, nitrate, and sulfate are minirAalditionally, the only
electron acceptors in the system are organic<&®d The metabolic pathway in this

model is depicted ifigure3.19 (EastmarandFerguson, 1981)

The kinetics of hydrolysis concerning particulate biodegradable chemical oxygen
demand (COD), denoted as F, is posited to adhere to-arfitst kinetic model under
conditions of unvarying pH and temperature. This model stands as the most
rudimentary empirial formulation capable of encapsulating the aggregate effects
emanating from the intricate biological activities transpiring within an anaerobic
digestion environment. Consequently, it is frequently employed in the characterization
of anaerobic systems messing heterogeneous substrates, such as sewage sludge.
Herein, F symbolizes the namable or norliving fraction of the suspended solid
phase, whereas the microbial entitg®wing on the soluble substrate generated
through hydrolysis are designatedo&msmass X). Thegrowth kineticsof the biomass

are delineated by Monddnetics and the endogenodgcayis represented through a

15t order kinetic model in relation to the concentration of active bionddesg with
biomass, the digestion process ysefdrmentation product$), encompassing both
soluble and gaseous constitueriastman& Ferguson modematrix and list of

symbols and default valuean be found iTable3.7 andTable3.8, respectively
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Figure 3.19: Schematidiagramof model proposed by Eastman & Ferguson
(EastmarandFerguson, 1981)

Table 3.7 : Eastmar& Fergusormodelmatrix (Eastman and Ferguson, 1981)

Component, i — 1 2 3 4 Rate
Process, | J, F S P X gCODL'ht
Hydrolysis of particulate COD -1 1 T o
L p AY®
Substrate utilization -1 1-Y Y = = =
WL Y
Cell decay 1 -1 oA

Table 3.8 : List of symbols and default values of Eastr@afergusormodel
(Eastman and Ferguson, 1981)

Value
Symbol Definition pH=5.15 Units

T=35°C
Kn Hydrolysis constant 3 ht
A Maximum specific growth rate ht
Ks Saturation constant g COD/L
Y Growth yield coefficient 0.48 g COD/g COD
Kd Decay coefficient 0.018 ht
F Particulate degradable subsgrén the influent g COD/L
S Soluble degradable substrate in the influent g COD/L
X Active biomass concentration in the influent g COD/L
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Pavlostathis& Gosset model

According tothe model proposelly Pavlostathis and Gossé€1t986, biologicaly
genegatedsludge is considered as the standard substrate for anaerobic sludge digestion.
The study found that there are two potential limiting processes for the biomass
retention times used in this procedsath or lysis of celhnd hydrolysigprocessThe
auhors' research showed that Aoydrolyzed proteins constituted about 80% of the
biodegradable COD in the digester's effluent, indicating that hydrolysis or other
preliminary conversion mechanisms are critical for the prosegsenceFigure3.20

depicts a diagram illustrating the proposed conversion process by Pavlo&tathis
Gossetmodel

The sludge composition model elucidated herein provides a more comprehensive
delineation than the framework previously expounded by Eas&nBerguson. As
mentionedby Gossett and Belser (1982), the biodegradiahkdion of the activated
sludge is predominantly constituted by the biodegradddetion of viable
microorganisms. Thidraction is divided into two BOD subcategorysoluble and
pariculate. After the decay of these organisms, cellular lysis occurs, liberating
intracellular soluble BOD, characterized by its low molecular weight components.
After that, he residual intracellular soluble BOD from dged cells undergoes
modification viaintracellular hydrolysis process®gacilitated by still partially active
intracellular enzymes thereby converting intracellular particulate BOD into soluble
BOD, accompanied by the extracellular diffusion of these soluble entities.
Concurrently, the padulate BOD of dead cells is diminished through extracellular
hydrolysis, instigated by the active biomass within the digester. The culmination of
these mechanisms results in teéeasef soluble BOD into the bulk phase, where it

is assimilated by acidogé bacteria. This model now integrates the conventioval

phasgrathway of anaerobic digestion, comprising acidogenesis and methanogenesis.
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Figure 3.20: Conceptual model d?avlostathi® Gosset modelRavlostathi&nd
Gosset;1986)

However, this model is quite complex due to the large number of parameters that need
to be evaluated. Additionally, there is a lack of reliable methods for evaluating these
parameters, ssome simplification is necessary fthreir practical implementation
Although death and lysis are technically different in final products, evaluating and
distinguishing their characteristic parameters is challengiing. authors attempted to
measure cell lysis rate but were unsuccessfidréfore, it is best to combine the two
processes into a singlgrocess asleath/lysis for modeling purposebhis model
simplifies the process of death and lysis, assuming that there is no delay between them
and that the soluble substrate is releasedthmtobulk phase immediately after cell
membrane ruptur&€he simplified modelassumes that the entire pool of intracellular
substrate (2) is released by the death/ |
The model also assumes that the biodegradable frad¢§)ois the same in both the
activated sludge to be digested ahd anaerobic biomasg:igure 3.21 shows the
schematics ofhe simplified modelois the fraction of cell BOD released as soluble
BOD upon cell death/lysisk, is the hydrolysis rate coefficient wherelsis the
death/lysis rateoefficient.Matrix representation of PavlostatléisGosset modetan

be found inTable3.9.
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Figure 3.21: Schematics o$implified Pavlostathig& Gosset modelRavlostathis
andGosset, 1986

Table 3.9 : Matrix representation dPavlostathis& Gosset modglPavlostathis and
Gosset, 1986)

Component, i j = 1 2 3 4 5 6 7 Rate
Process, j J, F st g ® ® b CHs gCOD L!'h?
Cell death/lysis (1-2 ) Od -1 KON
Particulate hydrolysis -1 1 T 0
S(_)I_ublt_'—: su_bstrate 0 YO
utilization in the -1 1-YA YA : _
acidogenic phase L
Soluble substrate B v
QYw

utilization in the -1 Y8 1-YB : -
methanogenic phase v Y
Decay of acidogenic BA ¢

; ; (A
active biomass
Decay of
methanogenic active b @
biomass

Default values of kinetic and stoichiometric parameters listethlrle 3.10 andthe
symbolslist of the varables can be found ifable3.11 propod by Pavlostathis and
Gosset (1986).
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Table 3.10: List of symbols and default value$kinetic and stoichiometric
parametersf Pavlostathi®& Gossetimodel(Pavlostathis and Gosset, 1986)

Symbol Definition Value Units
fq Net biodegradable fraction of activeoass 0.73 g COD/g COD
Fraction of cell COD released as soluble
9 fraction upon cell death/lysis 03 g COD/g COD
Kd Cell decay constant 2 day?!
Kn Hydrolysis constant 0.15 day?!
[0 Decay coefficient for acidogens 0.1 day?!
YA Yield coefficient for aogens 0.2 g CODyiomastg CODutilized
Maximum specific substrate utilization rate
A - .
K for acidogens 8 g CODuilizedg CODyiomaséday
0 Semisaturation constant for acidogenesis 0.045 g COD/L
(o Decay coefficient for methanogens 0.015 day?!
Y8 Yield coefficient for methanogens 0.057 g CODviomastg CODitilized
Maximum specific substrate utilization rate - }
KB for methanogens 6.2 g CODJ(I“ZEC/g CODJlomaséday
0 Semisaturation constant for methanogene: 0.045 g COD/L

Table 3.11: List of symbols and definitions of composition variables in Pavlostathis
& Gossett model (in the unit of g COD/(Bavlostathis and Gosset, 1986)

Symbol Definition

F Degradable particulate (nemable) COD concemnation

st Soluble substrate concentration degradable in the acidogenic
s Volatile acid concentration
o
&
&

Viable AS biomass
Active acidogenic microorganism concentration
Active methanogenic microorganism concentration

3.6.4.2Advanced component models

Angelidaki et al. model

The dynamic model developed by Angelidaki et al. stasds seminal contribution,
underpinned by extensive experimental validation, and is pivotal for the simulation of
co-digestion processes involving a variety of waste types in conjunction with sewage
sludge. This model delineates substrates on the bagisiofihalytical composition,
primarily categorizing organic wastes into lipids, carbohydrates, and proteins. The
composition of substrates @arefully assessed, focusing on both primary organic
components and inorganic constituents, including ammoniagpplate, cations, and
anions, alongside their biodegradation intermediates such as volatile fatty acids
(VFAS).

Figure3.22 serves as a graphical illustration of the metabolic pathways integral to the
model, showcasg a series of biodegradation steps. Initially, the model depicts the
hydrolysis of carbohydrates (designated as step A) followed by the hydrolysis of
insoluble proteins (designated as step B). Subsequently, it outlines a suite of eight
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biological convern®ns, each facilitated by distinct microbial groups. These groups are
integral to the model's comprehensive representation of biodegradation dynamics,
including glucosdermenting acidogens, lipolytic bacteria, and laingin fatty acid
(LCFA)-degrading aetogens. Additionally, the model accounts for amino -acid
degrading acidogens, propionategrading acetogens, butyrategrading acetogens,
valeratedegrading acetogens, and acetoclastic methanogens. Collectively, these
elements underscore the model's gibhass in simulating the intricate processes
underlying the caligestion of diverse waste streams (Angelidaki et al., 1999).

In the model proposed by Angelidaki et al., carbohydrates are classified into three
distinct categories: soluble, insoluble, andrirfractions. The model articulates that

the insoluble fraction of carbohydrates is subjected to enzymatic hydrolysis, a process
through which soluble carbohydrates are generated. These soluble carbohydrates are
then metabolized by acidogenic bacteriasuteng in the formation of VFAs
(Angelidaki et al., 1999).

Lipids within the model are exemplified by glycerol trioleate (GTO), which undergoes
metabolism by a specialized subset of acidogenic bacteria. This metabolic process
converts GTO into glycerol @anLCFAs. Subsequently, glycerol is transformed into
propionate through a biochemical reaction that, although not kinetically limiting, is not
explicitly represented in the model's systematic delineation and is subsumed under the
hydrolysis of GTO. NotablyL. CFAs are characterized by their inhibitory effects
across all stages of the process, culminating in their degradation by acidogenic

microorganisms into acetate and hydrogen (Angelidaki et al., 1999).

Proteins within the model are analogized to gelatinicivis considered to contain

both soluble and inert fractions. The model hypothesizes that the insoluble
proteinaceous materials undergo hydrolysis, yielding amino acids. These amino acids
are then converted through subsequent stages of degradatiooeit#it® apropionate,
butyrate, and valerate, reflecting the model's comprehensive approach to simulating
the biodegradation of complex organic substrates (Angelidaki et al., 1999).
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Figure 3.22: Schematics foAngelidaki et al. model (1999)

In Angelidaki et al. modelthe hydrolysis phase is depicted through the employment
of a firstorder kinetic equation. Thiassumptionis substantiated by prior empirical
inquiries, which assert the superiority of this éic model in encapsulating the
intricate chemical and biologicahteractionsinherent in the syster(Noike et al.,

1985; Pavlostathis and Gosseft986 Pavlostathis et al., 1988Furthermore, the
decay of biomass is similarly delineated using a siripfisst-order formula, whereby

the resultant decay constituemsmely carbohydrates and proteiase reintegrated

as substrates for acidogenic organisms. The entirety of the biological phenomena
within this framework is kinetically characterized viaMdkinetics incorporating a
limiting adjunct for ammonia nitrogen, serving as a nutrient (or cosubstrate) for the
biomass growth Moreover, terms accounting for noeompetitive inhibition by
LCFAs are integrated for all bacterial stages barring theogeeic phase, which is
described by Haldane inhibition model. Inhibition of LCFA fermentation by acetate is
acknowledged, alongside the inhibition of the hydrolytic phas€fAs. The model

also includes Haldane inhibition by free ammonia for the acetaclghase.
Conclusively, the model accommodates the influence of pH and temperature on the

kinetics of the process.
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Table 3.12 enumerates thproposedkinetic parameterswhile the list of symbols
represating the kinetic parameters and composition variables is outlinetiabie
3.13 Table3.14 displays the rate equations of Angelidaki et al (1999) model in matrix

form.

Table 3.12: Processes andrietics proposed byAngelidaki et al(1999)
Parameteril_fo Mmax Ks  Ksnwz Kivea Kinac Kinwz Kitcea pHi pKn Kdec
d

Process, | d! gL g/L g/L g/L g/L g/L - - d?
A 1 - 0.33 - - -
B 1 - 0.33 - - -
1 51 0.5 0.05 5.0 - - -
2 0.53 0.01 0.05 5.0
3 055 0.02 0.05 5.0
4 6.38 - -

5 0.49 0.259 0.05 0.96 50 6.0 85

6 0.67 0.176 0.05 0.72 50 6.0 85

7 0.69 0.175 0.05 0.4 5.0

8 0.60 0.120 0.05 0.26 50 6.0 85

9 0.24

Table 3.13: List of symbols and definitions of kinetic parameters and variables for
Angelidaki et al. (1999) model.

Symbol Definition Units
ko Non inhibited hydrolysis rate day?
K Inhibited hydrolysis rate day*
Kdec Cell decay rate day*
HUmaxy  Maximum growth rate day*
Ks Half saturation constant g/L
Ksnws  Half saturation constant for the total ammonia g/L
Kii Inhibition constant for the substrate g/L
li Substrate inhibitionunction g/L
Chgsins ~ Carbohydrates insoluble/soluble/inert g/L
Prisfin Proteins insoluble/inert g/L
Li Lipids g/L
AAs Soluble amino acids g/L
Gly Glycerol g/L
X Biomass g/L
[VFA] Total volatile fatty acids g/L
[GTO] Glycerol trioleate (lipids) g/L
[CeH100s5] Glucose (carbohydrates) g/L
[AA] Amino acids g/L
[LCFA] Long chain fatty acids g/L
[HAC] Acetic acid g/L
[HPT] Propionic acid g/L
[HBU] Butyric acid g/L
[HVa] Valeric acid g/L
[T-NH3]  Total ammonia g/L
[NH3] Free ammonia g/L
pH -log[H"]
pK1 Lower pH limit for 50% microorganism inhibition

pKh Higher pH limit for 50% microorganism inhibitior
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Table 3.14: Angelidaki et al(1999)modelmatrix.

Component, | > 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 Process Rate

Process, | Chs Chy Chs Li LCFA Prs Pri AA NHz-N Ac Pr Bu Va CH, Co, HS X kg COD-n°d*
A. Carbohydrate

enzymatic -1 0.5 0.5 o lNe) 6Q
hydrolysis

B. Protein

enzymatic -1 0.2 0.8 Q 0 O
hydrolysis

1. Carbohydrate -12.86 0124 3543 2937  3.079 2.413 1A 200 o
acidogenesis 6od 0

2. Lipolysis -192.16  183.90 -0.124 15.151 -0.278 1 PURCAL TR
3.LCFA -9.387 0124 18.208 1905 -6.267 1 A ® 0 o
acetogenesis

4. Amino acid -14493 2061 9282 1178 1045 0705 1723 0018 1 A 2% 0 o
acidogenesis 606 0

5. Propionate 0124 8006 -1057 1509 1.01 1 A 2o o
acetogensis Ovi o

6. Butyrate 0124  15.366 -11.92 0.965 -3.303 1 A g ©
acetogenesis 560

7. Valerate 0124 7247 10029 1382 0966 -3.305 1 A e o
acetogenesis wo L

8. Acetaclastic 0124 24135 6.082 16.726 1 A 28 g o
methanogenesis 08 w0

9. Cell decay 0.18 0.82 -1 KORNNA)
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ADM1 model

Anaerobic Digestion Model No.1 (ADM1) is one such matielt can be considered

as the first internationalljused model to describe anaerobic digegtigatstone et a|.

2002 Jenkinsand Wanner2014). ADM1 model is a standardized and comprehensive
model published by the International Water Association (I\&#Jit can be used in
comhbnation with other wastewater treatment models such as activated sludge models
(ASMs) published by IWA in 1987. A common approach has been adopted in terms
of units and nomenclature to ensure consistency across the different models.
Moreover, a comprehena stoichiometric model that link ASM models to anaerobic
and/or aerobic digestion by Ikumi et al. (2011). The model includes elemental balances
and mixed acid/base reactions for pH calculatidtssmentioned before, continuity
based interface method (CB)Mpproach is suggested by Vanrolleghem et al. (2005),
by interfacing ASM1 to ADM1 for the excess sludge line and return (fexins and
Wanner, 201

In the anaerobic digestion process, four primary stages of reaction occur, each of which
is accompaied by a multitude of concurrent reactions and the formation of
intermediate product@Batstone et al., 200%5avala et al., 2003)lo model these
reactions in a cohesive and systematic framework, the International Water Association
Task Group introducedhé Anaerobic Digestion Model No. 1 (ADM(@Appels et al.,

2008; Batstone et al., 200DDonoseBravo et al., 2011)The ADM1 framework
encapsulates a variety of biochemical mechanisms responsible for transforming
complex organic substrates into biogas, apiated in (Figure 3.18). These
mechanisms encompass the disintegration/hydrolysis of intricate organic substances,
followed by acidogenesis, acetogenesis, and methanogenesis. Within the ADM1
paradigm, deceased microorganisms assimilated as part of the intricate organic
matter, serving as substrat@er decay degradedinto carbohydrates and proteins.

The catalysis of anaerobic digestion processes, either imtraxtracellularly by
enzymes, leverages available organic nialterinclusive of both soluble and
particulate forms. Such processes have been extensively verified and are supported by
a consensus within the scientific commur(iBatstone 2006; Batstone et al2002;

Gujer and Zehnder1983) The phases of acidogengesbr fermentation are
characterized by the assimilation of sugars, amino acids, anecthamg fatty acids

(LCFAs). Concurrently, acetogenesis involves the assimilation of valerate, butyrate,
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and propionate, whereas methanogenesis is marked by the agsmnafaacetate and
hydrogen

Within ADM1, the comprehensive mechanism of anaerobic digestion is dissected into
four primary stages, which are further delineated into nineteen distinct processes.
These processes facilitate a detailed understanding andasonuof the complex
biochemical reactions involved in the conversion of organic matter to biogas. Initially,
the disintegration of complex organic matter is accounted for by a singular process,
emphasizing the breakdown of solid organic substances fotmamore amenable to

microbial action.

Subsequently, the hydrolysis stage encompasses three processes, each tailored to the
breakdown of specific components of organic matter: carbohydrates, proteins, and
lipids. This differentiation acknowledges the iear pathways through which these
macromolecules are geadel into simpler molecules that can be readily assimilated

by microorganisms.

The progression of the digestion process is marked by eight distinctive processes
associated with the uptake of varioubstrates, including sugars, amino acids, fong

chain fatty acids (LCFAs), butyrate, valerate, propionate, acetate, and hydrogen. Each
of these processes is critical for the successive stages of acidogenesis, acetogenesis,
and methanogenesis, facilitatifgetconversion of intermediate products into methane

and carbon dioxide.

Finally, the ADM1 model integrates seven processes for the decay of organic
substrates: sugars, amino acids, LCFAs, butyrate, valerate, propionate, acetate, and
hydrogen. These decaygeesses are pivotal in the model, accounting for the turnover
and recycling of microbial biomass and the release of substrates back into the digestion
cycle, thereby ensuring the continuity and efficiency of the biogas production process.
This intricate sructuring of the ADML1 into specific processes underscores the model's
comprehensive approach to simulating the complex dynamics of anaerobic digestion.

Within ADM1, the disintegration and hydrolysis phasepostulated to adhere to first
order kinetics.This dynamic is succinctly encapsulated by Equation 3.16, where
signifies the rate of hydrolysis, akgldenotes the hydrolysis rate coefficient, measured
in the unit of day.
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i QY (3.16)
Subseqgant processes in ADM1 are predicated on the application of Mtyped
kinetics, eschewing Michaelldenten growth kinetics. The rationale for this
preference, lies in the employment of substrate uptake kinetics for the articulation of
changes in variablend inhibition phenomena among microorganisms (Batstone et al.,
2002). This approach facilitates the segregation of growth from uptake activities,
thereby enabling variable yields.

The model considers eight distinct groups of microorganisms for the uptake o
substrates, and the decay of these biomasses is incorporated into the ADM1
framework. Notably, the original ADM1 does not encompass sulfate reducers. The
specified groups are as follows:

1. Sugar degraders: These organisms catalyze the conversion of nobraoskes
into butyrate, propionate, acetate, and hydrogen.

2. Amino acid degraders: This group is responsible for transforming amino acids
into valerate, butyrate, propionate, acetate, and hydrogen.

3. Long-chain fatty acid degraders: These microorganisms cobhweg-chain
fatty acids (LCFA) into acetate and hydrogen.

4. Valerate and butyrate degraders: This category involves the conversion of
valerate and butyrate into propionate, acetate, and hydrogen.

5. Propionate degraders: Propionate and hydrogen are convedextéetate and
hydrogen by these degraders.

6. Acetate degraders: The conversion of acetate into methane is facilitated by
these organisms.

7. Hydrogen degraders: This group converts hydrogen into methane.

8. Sulfate reducers: These organisms are responsibl@fwering sulfate into

sulfide, though they are excluded from the original ADM1 model.

ADM1 employs approximately 32 differential equations to capture the dynamic
behaviors of various components within the AD pro¢&ssber and Span, 2008 his
mathematial framework is pivotal for understanding and predicting the changes in
concentrations of substances involved in AD over time. The model uses a matrix
format to articulate the kinetic and stoichiometric yield coefficients, meticulously
incorporating the iketics and inhibition functions pertinent to each of the nineteen

68



processes identified within the ADM1 framewofthis matrix representation outlines

the relationship between substrates, microorganisms, and products, facilitated by
kinetics that describéhe rates of reactions and yields that quantify the conversion
efficiency of substrates to products. The inclusion of inhibition functions within this
matrix is crucial, as these functions account for the conditions under which the
efficiency of biochemidareactions is reduced due to the presence of inhibitory

substances or unfavorable environmental conditions.

The model distinguishes between different types of inhibition that affect the AD

processes:

Noncompetitive inhibition, particularly involving ammianand hydrogen, affects
nearly all AD processes with the exception of hydrolysis. This form of inhibition
occurs when an inhibitor binds to an enzyme at a site other than the active site, altering

the enzyme's activity without blocking substrate bindBatstone et al., 2002).

Empirical inhibition by pH and secondary substrate inhibition are applicable across all
AD processes, acknowledging the critical role of pH in microbial activity and the

potential inhibitory effects of excess substrate concentia{igatstone et al., 2002).

Competitive inhibition is specifically associated with the uptake processes for butyrate
and valerate. In this context, competitive inhibition arises when substances compete
with the substrate for binding to the active site okamyme, effectively decreasing

the reaction rate for substrate convergidatstone et al., 2002).

The model's matrix representation, as detaile@iaible 3.15 for soluble components
andTale 3.16 for particulate components, provides a comprehensive overview of the
stoichiometric and Kkinetic parameters governing the transformation of these
components throughout the AD process. This structured approach facilitates a deep
understanding ohe complex interactions within the AD system, enabling researchers
and practitioners to predict system behavior under various conditions and to optimize
the AD process for enhanced biogas production.

ADM1 is heralded as a potent instrument for the desaghoptimization of anaerobic
digesters. Its comprehensive framework enables the detailed simulation of biochemical
processes involved in anaerobic digestion, facilitatingdcdlle design endeavors and
process optimization efforts. This capability notyoalds in the effective scaling of

anaerobic digestion technologies from laboratory to industrial scales but also enhances
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the efficiencyand stability of biogas production processes. Moreover, ADM1 serves
as a robust foundation for further model developthand validation studies, offering

a standardized approach for researchers to refine and expandBaistone et al.,
2002 Mendes et al., 2015; Otuzalti et al., 2D18

The utility of ADM1 extends to its applicability across a wide array of substraes, a
evidenced by its successful application to various types of organic material (Mendes
et al., 20150tuzalti et al., 2018 This adaptability underscores the model's versatility

in predicting the digestion behavior of diverse feedstocks, ranging fromcipaini
waste to industrial effluents and agricultural residues. Such breadth of application is
crucial for the evolving landscape of waste management and renewable energy
production, where the efficient and environmentally responsible conversion of organic

waste into energy is of paramount importance.

Despite its extensive capabilities, ADM1 does have limitations, particularly in its
consideration of liquigsolid transformations. The model currently does not account
for processes such as the precipitatiod aolubilization of ions, which can play
significant roles in the overall dynamics of anaerobic digestion systems. These
transformations can influence the bioavailability of nutrients, the formation of
inhibitory compounds, and the overall process stgbilitheir exclusion from the
model may limit the accuracy of predictions in systems where such phenomena are
critical to the digestion procesas such, ongoing research and development efforts
aimed at integrating these aspects into ADM1 or subsequent Isnedsild
significantly advance the field of anaerobic digestion modeling, paving the way for

more comprehensive and accurate system designs and optimizations.
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Table 3.15: Matrix representation of ADM1 medifor solublecomponents (i=-12, j= 1-19) (Batstone et al., 2002)

Component, i > 1 2 3 4 5 6 7 8 9 10 11 12 Process Rate
Process, ] Ssu Saa Sa S/a S)u S)ro Sac 312 SGM SC SN S kg E:ODmsdl
Disintegration fsixe Q
Hydrolysis of 1 Q5 @
carbohydrates
Hydrc_)IyS|s of 1 Qo
proteins
I_-|ydroly3|s of 1-frai frai Q5o
lipids
L . Y .
Uptake of sugars -1 (2-Ysu)-fou,su (21-Ysu)-foro.su (2-Ysu)-fac.su (1-Ysu)-frz.su . 0 tq -(Ysu): Noac Qp R & w
h
. . ) v )
Uptake of amino 1 (Ve foma (V) buaa  (Yadboma  (WYadhoan  (1-Yadfoa OFh Noa-(Yad) Noac 05—
acids B o Y
= Y .
Uptake of LCFA -1 (1-Yr)-0.7 (1-Yra)-0.3 -(Yia)-Noac Qp o v W
. Y
Qfp —— @
Uptake of 1 (1Yed-0.54  (1-Ye) 031  (1-Ye0.15 ~(Yed)-Noac vy
valerate p 0
p YTY
oV
0 &
Uptake of oY
butyrate -1 (1-Ycs)-0.8 (1-Yed)-0.2 ~(Yea)-Noac 0 o
p YTY
Uptake of 8tn - Y ;
propionate -1 (1-Ypro)-0.57  (1-Ypro)-0.43 ) A -(Yoro) Noac Qf = ©
5+ = Y .
Uptake of acetate -1 (1-Ya) O 0FE (V) Noae Qg ©
L . Y .
ﬁ%"r"é‘ge?]f 1 (1-Yh) COER (Vi) Neae Qg @
h
Decay of X, 9
Decay of %a Q ; P
Decay of X%, KON
Decay of X4 05 o
Decay of %o 0 & o
Decay of X% 0
Decay of X% Qo
« 2 2 2 3 @ - . @2
gE 2t LE St St £E SE i oF e & gt T E Inhibition factors
5 i fa) S <A <0 24 BSA ca 5ia) A g S0 S DZ o 0 1= Ipn Iinyiim
Parameter, Mt2 20 20 YO >0 20 CR-1 Lo 20 8 Q P o 290 = Q _ '
SO £0 90O <O <O |—08 s O £0 <0 S 85 SE=Ar 20 12 = Ipn Iinjlim* Th2
=g <E(3 g Exm Eg’ a2 c2 22 ] = E =°E 32 13= lpH Iinlim* INH3,Xax
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Table 3.16: Matrix representation of ADM1 model for particulate components 324, j= 1-19) (Batstone et al., 2002)

Component, i o 13 14 15 16 17 18 19 20 21 22 23 24 Process Rate
PI’OCESS, J Xc Xch xDr Xli Xsu Xaa xfa xc4 ano xac ><hz ><I kg COD'm:;drl
Disintegration ' 1 forxe o £ frixe Q ®
Hydrolysis of carbohydrates -1 KON
Hydrolysis of proteins -1 i Po®
Hydrolysis of lipids -1 Q50
7 Y .
Uptake of sugars Ysu Q4 Ty @ (0]
. . . Y
Uptake of amino acids Yaa Qp Ty @ 0
. Y
Uptakeof LCFA Yia Qp Ty @ ‘0
7 Y p
Qh = w = 5
Uptake ofvalerate Yea 0 Y p YTY
0
- Y p
Qp = W ~ o
Uptake of butyrate Yea 0 Y p YTY
0
. . Y .
Uptake of propionate Yoro Qi oy @ (0]
= Y .
Uptake of acetate Yac Q Ty @ (]
. Y
Uptake of hydrogen Yho Qp Ty @ 0
Decay of Xy 1 -1 Ny B
Decay of %a 1 -1 iQ )
Decay of X 1 -1 Q ®
Decay of X4 1 -1 Q5 @
Decay of Xro 1 -1 '§~2 3 @
Decay of X 1 -1 Qr @
Decay of X% 1 -1 Qp @
2 %) n 4 %)
2. &, . o 2, 2, 5, 2 L. &, %, o B
% E SE oE o E gE TE S E GoSE B8BE 5E S$5E E E Inhibition factors
[} [a) T 0 [a) [a} =0 20 £38T A Sula) IS Sia=Nal f=Na) = ;
ParameterVL 3 20 £0 % 0o 20 30 205 20 §5%0 %o <3 588 55 I_1 Tor Iinim
EO 80 g0 =0 5O © O < O 8380 zZO g0 290 320 12.= lpn Iinjiim= Tn2
82’ T2 2 2 oD Eg’ L = g2 o2 72 oo £ 13 = TpH Iinjiim® INH3,xax
O a O a 3] ©
- < o
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3.6.4.3Anaerobic hydrolysis

The hydrolysis process, which is the breakdown of complex organic matber int
simpler substances, can take place under aerobic, anoxignaedobic conditiasn
However, it is important to note that the rate of hydrolysis is generally lower under
anoxic and anaerobic conditions compared to aerobic cond(titerze et al., 2008;
Henze et a).1995.

Hydrolyzable organic matter, which refers to organic substances that can be broken
down through hydrolysis, plays a significant role in several process modifications
within wastewater treatment and biogas production systems. For destpre
hydrolysis or fermentation processes can be employed to enhance phosphorus removal
from wastewater. Additionally, optimizing the denitrification potential, can be

achieved by utilizing hydrolyzable organic matter.

Moreover, anaerobic digesters daimproved by incorporating hydrolyzable organic
matter. This not only aids in the removal of organic pollutants but also enhances the
overall efficiency of biogas production. Process modifications aimed at increasing the
amount of biogas generated aretigalarly important for improving the sustainability

and energy efficiency of anaerobic digesters.

Therefore, it is of great importance to determine the effects and understand the kinetics
of hydrolysis for the fraction of organic matter thatgdadesslowly. This fraction
typically exists in the form of particulate and/or colloidal organic matter.
Comprehensive knowledge of these hydrolysis kinetics is essential for optimizing
carbonremoval and nutrient removal processes in wastewater treatment. Adldijtion

it is crucial for maximizing biogas production in anaerobic digesters, thereby

contributing to more efficient and sustainable waste management practices.

The hydrolysis of organic polymers is typically performed by extracellular enzymes
known as hydrlases. These enzymes are secreted by microorganisms and work
outside the cell to break down complex organic materials into simpler, more easily
degradable molecules. Under anaerobic conditions, where oxygen is absent, hydrolysis

may or may not be the ralieniting step in the bioconversion of organic matter.

Solubilization is not exclusively an enzymatic process facilitated by biologically
produced enzymes. It can also occur due to various physicochemical reactions. These

reactions do not require the ditanvolvement of biological catalysts but can result
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from the interaction of organic polymers with their environment, including changes in

pH, temperature, and the presence of other chemicals.

Describing the entire hydrolysis process with reliable kiseti@xtremely challenging

due to its complexity. The hydrolysis of complex, insoluble substrates depends on
numerous parameters such as the size of the particles being hydrolyzed, the pH of the
environment, the production rate of enzymes by microorganemaishe diffusion and
adsorption of these enzymes onto the particles. Each of these factors can significantly
influence the rate and efficiency of hydrolysis.

Typically, the hydrolysis of organic polymers is described using adidsr kinetic

model, which assumes that the rate of hydrolysis is directly proportional to the
concentration of the substrate. This model is often applied because the enzymatic
activity responsible for hydrolysis is not directly coupled to the growth rate of the
bacteria produng the enzyme¢Gujer and Zehnder, 1983} owever, while a first

order kinetic model may be suitable for complex and heterogeneous substrates, other
hydrolysis functions might be more appropriate for single, homogeneous substrates
(Pavlostathis and GirabdGomez, 1991)For instance, substrates that are uniform in

composition and structure may follow different kinetic patterns (Gavala et al., 2003).

McCarty and Mosey suggested that hydrolysis could be considered a microbial process
and proposed an alternag to the firstorder kinetic mode(McCarty and Mosey,
1991)(Equation 3.17)They introduced the "pseudidonod” equation, which includes

a high saturation constant ranging from 5000 to 10000 mg/L. This equation accounts
for the microbial nature of hydigsis and provides a more nuanced understanding of
the kinetics involved, especially under conditions where enzyme concentrations are

significantly high.
i 0o Y (3.17)

0 : Hydrolytic constant
S Substrate concentration

Another approach was suggested by Vavilin et al. (1996) that hydrolysis of complex
organic substances is considered as aphase mechanisnThe first phase of this
process is bacterial colonization. During this phase, hydrolytiebacwhich produce

enzymes capable of breaking down complex organic materials, colonize or cover the
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surface of the solid substrates. The rate at which this colonization occurs is influenced
by the available contact area between the bacteria and ttessdices. Essentially,

the more extensive the surface area that the bacteria can access, the faster the
colonization process will proceed. This phase is critical because it sets the stage for
the subsequent enzymatic activity. The second phase invblwestual degradation

of the solid substrate by the hydrolytic enzymes produced by the bacteria. These
enzymes work by breaking down the solid surface at a constant depth per unit of time.
This means that the enzymes progressively degrade the surfaceflaier solid
material, facilitating its conversion into simpler compounds. This degradation process
continues uniformly over time, provided that the environmental conditions remain
favorable for enzyme activity.lie rate of hydrolysis during this twzha® process

can be mathematically expressed and is governed by a sjiepifition3.18.

i Y ov? (3.18)

where& is the concentration of influent biodegradable organic matter. The hydrolytic
constanKh of the twephase model is a function of the ratio between the chaisiater

sizes of bacteria and particles hydrolyzed according to Equation 3.19.
0 i L (3.19
ol o) .

wherermsis the maximum specific hydrolysis rales andl s are the bacteriand
particles densitiesyhereasA denotes the depth of the bacterial layer dgis the
current diameter of particles.

Verstraeteet al. (1981) suggestd the following equationEquation 3.20)by

interpolatng theexperimental data from literature rield to the anaerobic digestion of

sewage sludge:
— Q6 (3.20

The equation can be viewed as an adaptation of thefilst reaction equation, where
the reaction rate's dependence on biomass congentisimodified by a superscript
of 0.5. This adjustment accounts for the effective availability of the substrate to the

biomass. Specifically, this mathematical formulation considers the reduction in the
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effect of biomass concentration at higher concéntia, where insufficient substrate
limits the accessibility of the biomass. In such cases, a portion of the biomass cannot

interact with the substrate, leading to a decrease in the reaction rate.

Valentini et al. (1997) introduced a more generalized opref the earlier equation
(Equation 3.20). In this updated form, the superscript value applied to the biomass
concentration Xg) is not fixed at 0.5 but is instead a parameter (A) that must be
determined through data correlation (Equation 3.21). Thiwalfor greater flexibility
and accuracy in modeling the reaction dynamics based on empirical data.

[OXA .

206 ¢ 3.21
a5 O (3.21)

where A is a constant in the range 0 to 1.

More complex models that aim to account for the mechanisms involved in the
hydrolysis process often incorporate the idea that the substrate rematwalsr
influenced by the biomass concentration. These models typically employ a function
that represents a surfalimited reaction, meaning that the reaction primarily occurs

at the interface where the solid substrate and the microorganisms meetcémtéi,

the process is conceptualized as a surface reaction. The efficiency and rate of
hydrolysis process are significantly affected by how well the particulate substrates and

microorganisms can interact at their surfadesel et al., 2003)

To accuratly model this surface reaction mechanism, the Contois equation is often
used. The Contois equation posits that the degradation rate of the substrate is governed
by the ratio of the substrate concentrati¥g) (o the biomass concentratioks]. This
ratioreflects the availability of the substrate relative to the amount of biomass present,
and it provides a more precise representation of the dynamics involved in the
hydrolysis proces@Equation 3.22)

Qo T ® 3.22

a5 ® 5 (322

()

While studies on the removal and degradation kinetics of readily biodegradable
organic matter%s) in activated sludge systems are widely availabldénliterature,

detailed information on the effect of slowbjodegradable organic mattexd and
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hydrolysis kinetics on oxygen consumption rate, as well as carbomuanient
removal and biogas productignis lacking. In Activated Sludge Model No.2, the
hydrolysis kinetics of slowlypiodegradable@rganic matter was identified as a weak
point (Henze et al., 1995). In this model, hydrolysiductionfactorsunder anaerobic

and anoxic conditions were defineddasanddnos, respectively (Henze et al., 1995).

The correction factors for hydrolysis in anaerobic and anoxic conditions were specified
as 0.1 and 0.6, respectively, but there is no corresponding literature providing these
correction factors derived froexperimental methods (Ekama and Wentzel, 1999).

Henze and Mladenovski (1991) experimentally determined the hydrolysis rate of
nitrogenous compounds under aerobic, anaerobic, and anoxic conditions ds, 0.12

0.06 d!, and 0.03 @, respectively, and deteri ne deVvaleued as s 5 and
value as 0.25. Mino et al. (1995) conducted batch studies with pure enzyme, pure
culture, and activated sludge samples to determine the hydrolysis rate of slowly
hydrolyzable COD under anaerobic, anoxic, and aeraimclitions using starch as a

model substrate. In the starch sample, anaerobic and anoxic correction factors were
found to be close to 1.0, and it was emphasized that this value could not be 1.0 if
similar studies were carried out with high molecular weggimhpounds (proteins, fats,

polynucleotides, etc.) (Mino et al., 1995).

Goel et al. (1999) proposed a method for measuring the oxygen consumption rate in
EBPR system®y separating the hydrolysis process from the storage process. In this
method, oxygen caumption rate measurements were performed in two parallel batch
reactors fed with raw wastewater and filtered wastewater. Drewnowski and Makinia
(2011) conducted a series of experiments, highlighting the lack of information in the
literature on the effecdf slowly biodegradableCOD on nitrogen and phosphorus
removal. In their study, they determined the nitrate consumption rate and specific
phosphorus release/uptake rates of biomass in anoxic and anaerobic phases in two
parallel reactors, where raw wastegratind pretreatedastewater (where readily
biodegradablevastewater were separated from raw wastewatwever, only the
comparative results of raw wastewater and pretreated wastewater were given, and no
data on hydrolysis kinetics were generated (Dmmski and Makinia, 2011;
Drewnowski, 2014).

Slowly biodegradable particulate organic matter in the influent wastewater
accumulates in the primary or secondary sludge, depending on the presence of a
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primary settling process and the operating conditionkefttivated sludge process,

such as sludge age and retention time¢he death regeneration model proposed in the
1980s, active biomass is transformed into slowly decomposable organic matter
through the decay proces€urrent plartwide models are basedn the death
regeneration model, and model matrices are constructed according to this approach.
However, these models do not distinguish between the slowly biodegradable organic
matter Ks) already present in the influent wastewater dgthat is transfaned from
biomass due to the decay process. One possible explanation for this common practice
is the real difficulty in anaerobic digestion of sludge to differentiate the active biomass

(Xg) from the sludge volatile solids representing the subsixa}e (

The recent development of more efficient microbial characterization techniques to
determine the active fraction of the biomass will make it easier to evaluate these two
components. This advancement will enable the implementation of more reliable
models, enancing the accuracy of simulations and predictions in wastewater
treatment processes. Improved characterization will help optimize treatment
efficiency, better understand microbial dynamics, and potentially lead to more

effective strategies for managingdatmeating wastewater (Tomei et al., 2009).
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4. MATERIALS AND METHOD

4.1 Conceptual Framework

In this study, the prediction capability of a general process model has been investigated
by using biogas production of anaerobic sludge digesters operated inscafell
wastewater treatment plants in Turkey. The robustness of theaomiponent model

has been checked with different percensagfeprimary and secondary sludge mass

fed to the anaerobic digesters. In this regard, the conceptual framework combining the
experimental and modeling work have been identifieBigure4.1.

( Start )

v P1-7 P5-7
1. Gathering 5. Verification of 6. Modification of
WWTP influent and parameters using other model by additional
operational data WWTP data hydrolysis (Sumo1H)
A
v P1-3 P4 l P1-7
2. Respirometric tests 4. Dynamic estimation of 7. Simulation of new
and estimation of hydrolysis rate for model using single set [+—
kinetic parameters primary sludge of hydrolysis kinetics

Sumo1H

P1-3

Y

3. Dynamic simulation
for biogas production
from MAD + Biogas
potential tests

Estimation of
new anaerobic
hydrolysis rates

Estimation of
anaerobic
hydrolysis rate

1 Sumot

Figure 4.1 : Ilterativesteps forexperimental design and modeling

The biogas yields produced from different paimy sludge fraction masses fed into
anaerobic sludge digesters in wastewater treatment plants were simulated using the
Sumol model (www.dynamita.com). The plants were categorized by their capacities,
and the average biogas yields were calculated by maitipgithe reduction factor for

anaerobic hydrolysigi{ivp,ana) in the model to simulate daily biogas flowrates. These
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results were then compared to the average biogas measurement results of seven full
scale wastewater treatment plants. It should be noted that studied wastewater treatment
plants have differanlevels of information obtained from different projects. In this
respect, the modeling results of WWTPs-PL are used for constructing the
theoretical framework and calibration of the new model approach. The remaining
WWTP results are used for model waiion. The organization of the study

summarized as follows:

Step 1. Gathering WWTP Dat&he design information and operational data of all
wastewater treatment plants (PPT) were collected and analyzed in this step. The
mass balances were checkedaotordance withthe actual capacity of each plant
(Vanrolleghem et al., 2003).

Step 2. Respirometriénalysis andNitrification-Denitrification Tests for Influent
WastewaterBatch respirometric experiments conducted with composite wastewater
samples todentify influent COD fractions together with growth and hydrolysis
kinetics (Ekama et al.,1986; Insel et al., 2003). Duplicate respirometric tests reflect the
batch tests conducted to refleébe winter and summer characterization of 3 plants,
denoted as B, P2 and P3. The procedures for influent COD fractionation and model
kinetics were adopted from Insel et al (2022) for those pl&htsdenitrification batch

tests were performed to determitie reduction factors fothe growth processand
hydrolysis under anoxic conditionghrough assessing nitrate utilization profiles
following the protocol suggestdry Melcer et al. (2003ndSdzen et al. (1998)

Step 3. DynamiProcessSmulations:Dynamic simulations were conducted to mimic

the long-term performaoe of plant and daily biogas production of the anaerobic
digesters. The Sumol (Dynamita, Sumo@i2ntwide model was used in plamtide
simulation studies. The anaerobic hydrolysis reduction fadteb éng of the model

was calibrated using retime biogas production data of plants encoded with P1, P2
and P3. In addition, the sludges sampled from anaerobic digesters were subjected to
SMA tests and BIP tests withraw sludge. The Modifiedsompertz model asused

to compare the rates with kinetics obtainitom the Sumol modelThe original
Sumol model matrix can be downloaded along with the program from the official

website of the Sumo simulation platfofWRL-1).

Step 4. Dynami@mulation forPrimary SudgeDigestion: The plant coded as P4 data
is usedto simulate daily biogas production ah anaerobic digester fed only with
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thickened primary sludge. The average influent wastewater COD fractionation and the
model kinetics of plants PP3 were used in dynamic simulations. The reduction factor
for the anarobic hydrolysis parameter was calibrated according to the biogas
production and Volatile Solids (VS) destruction in digesters.

Step 5. AnaerobidydrolysisRate vs SudgeMassFractions: The same approach was
applied to the treatment plants P5, 8&dP7, where each plant had different primary

and secondary sludge mass fractions fed to the anaerobic digesters. Annual average
biogas flowrates were used in model calibration. The objective here is to obtain a
correlation between primary sludge mass cbation on model recalibration using

biogas flowrate.

Step 6. Modification oActivatedSudgeModel: In the current model the degradation

of particulate organic matteKg) is controlled with hydrolysis kinetics adjusted by a
reduction factordnyp,ang under anaerobic conditions. However, in this step, the model
needed recalibratiom each case where the primary sludge (fed to the digester) had
different fractions. As a result, the model was modified (as SumolH) accordingly by
extendingXg to (a) influent particulate biodegradable COXy, and (b) particulate
biodegradable COD produced by endogenous processes,

Step 7. Validation of thdodifiedModel: In the last step, a modified plawide model
(SumolH) was used to estimate the avelasiggas flowrates of all digesters (PT),
without any recalibration effort. Thus, a unique parameter set for degradation kinetics
of Xg and Xg e was proposed for the use in design, operatiand optimization of

anaerobic digesters.

The simulation laguts for all wastewater treatment plants were prepared in Sumo22
simulation platform developed by Dynamita. Simulation layaunis aerial view®f
plants are given inrable 4.1. The design capacity of the studiethrgs is also

summarized inhe Materials and Method section.
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Table 4.1 : Aerial views and simulation layouts of the plants.

No Aerial View ] Simulation Layout

;:-T-_;m__11“‘ R ri—w T =
P1 =

P2

P3

P4

PS5

P6

P7
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4.2 Description of StudiedWastewater Treatments

Studied WWTPs were fuicale biological carbon and nutrient removal wastewater
treatment plants located in different regions of Tyrkehe average capacities of the
plants were in the range between 65,000day to 640,000 fiday and the influent

COD concentrations were in the range between 330 mg/L and 1200 mg/L.

WWTP No. 1 (P1)The plant is located in the Marmara Region of Turkefak an
average capacity of 4@DO0 n¥/day. Influent average COD, totKjeldahl nitrogen

(TKN), and total phosphorus (TP) concentrations of 480 mg/L, 50 mgaxd.5 mg

P/L, respectively. The plant has primary sedimentation;Fiand anoxic/aerobic
adivated sludge basins followed by final clarifiers. Primary and secondary sludge is
mechanically thickened and sent to mesophilic anaerobic digesters operated at 18 days
of SRT. The primary sludge fraction in the total sludge fed to the anaerobic sludge
digester is about 34%. The TSS removal efficienchéprimary sedimentation unit

is 30%. The activated sludge plant is operated at an SRT of 20 days. The average

biogas production from anaerobic digester is aroun@0Deny/day.

WWTP No.2 (P2)The plantis located in the Marmara Region of Turkey. The
wastewater flowrate is 390,000 atay with an average influent COD, TKKnd TP
concentrations of 615 mg/L, 60 mg N/and 8 mg P/L, respectively. The plant is
equipped with primaries followed by B reactos and oxidation ditch type
anoxic/aerobic activated sludge tanks with a total SRT of 10 days. The TSS removal
efficiency in primary sedimentation is 30%. Only thickened WAS is sent to mesophilic
anaerobic digesters (MAD) operated with an SRT of 20 dalys. average biogas
production from anaerobic digester is recorded a30D0n¥/day.

WWTP No.3 (P3)The plant has average capacity of 300,000ay located in the
Marmara Region of Turkey. The average influent COD, TEN TP concentrations

are 515 mg/LB5 mg N/L, and 7 mg P/L, respectively. The plant comprises primary
sedimentation, Bi®® and anoxic/aerobic activated sludge basins followed by final
clarifiers. The TSS removal efficiency in primary sedimentation unit is 30%. The plant
consists of BNR antigh rate activated sludge systems. Anoxic and total sludge ages
of activated sludge system are 3 days and 9 days, respectively. The primary sludge is
subjected to gravity; the secondary sludge is mechanically thickened before the MAD

operated with an SRaTf 20 days. The primary sludge fraction in the total sludge mass
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fed to the digester is around 60%. The average biogas production from MAD is

approximately 1300 n¥/day.

WWTP No.4 (P4)The plant is located in the central region of Turkey. It receives an
average flowrate of 15000 n¥/day. The influent COD, TKNand TP concentrations
are 1200 mg/L, 85 mg N/land 9.5 mg PJ/L, respectively. The plant comprises of
primary sedimentation tanks, selector tank,-Bitanks and anoxic/aerobic activated
sludge basis and final clarifiers. Only primary sludge is thickened and sent to MAD.
The average biogas production from the digester is reporte8GE #/day.

WWTP No.5 (P5)The plant is located in the central region of Turkey. The influent
flowrate is recordecs 640,000 fiday. The COD, TKNand TP concentrations of

330 mg/L, 36 mg N/Land 7 mg P/L, respectively. The plant was equipped with
primary sedimentation, surface aeration type activated sludge system and final
clarifiers. The sludge is thickened ancheeyed to anaerobic sludge digesters. The
TSS removal efficiency in primary sedimentation unit is 60% and SRT of high rate
activated sludge system is 2.5 days. The primary sludge fraction in the total sludge
mass fed to the MAD is about 49%. The averagmgds production from MAD is
40,000 nt/day.

WWTP No.6 (P6)The plant is located in southern part of Turkey and has an average
capacity of 65,000 Aday. It is in the neighborhood of a large touristic area. The COD,
TKN, and TP concentrations are 550 mgib,mg N/L, and 10 mg P/L, respectively.

The system is equipped with primary sedimentation tanks, closedbioreactors
followed by final clarifiers. The sludge is thickened and diverted to anaerobic sludge
digester. The TSS removal efficiency of primaris 40% and the total SRT of
activated sludge system is 9 days. The primary sludge fraction in the total sludge mass
is around 60%. The mixed thickened sludge is fed to MAD with a total retention time

of 20 days. The average biogas production from digesteeasured as30 nt/day.

WWTP No.7 (P7)The plant is located in the eastern side of Turkey. It has an average
influent capacity of 88,000 ffday and designed as a carbon and nitrogen removal
activated sludge process with an influent average COD,, BiiN TP concentrations

of 400 mg/L, 35 mg N/Land 7.5 mg P/L, respectively. The plant comprises of primary
sedimentation, oxidation ditch type anoxic/aerobic activated sludge basins followed
by final clarifiers. The TSS removal efficiency in primary seentation unit is 30%

and the SRT of activated sludge is 10 days. Primary sludge is subjected to gravity
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thickening process while secondary sludge is mechanically thickened and mixed
sludge diverted to MAD, operated at 20 days of SRT. The primary sluatg®fr fed

to MAD is around 80%. The average biogas production from digester is ar@@@d 5
m3/day.

4.3 Biodegradability Characteristics of Influent Wastewater

4 .3.1Determination of inert COD fractions

Particular and soluble inert fractions of wastewaters hawveaatsajor role to identify
operating conditions of treatment plants and discharge standards. In this context,
detailed experimental study had been conducted on the influent wastewater to identify
the soluble inert$:) and particulate ineriX{z) COD fradion of wastewater. Soluble

inert COD G1) is the most significant fraction of organic matter in the effluent of
wastewater treatment plants, since this fraction is discharged without any biochemical
reaction in activated sludge systems. In activatedyslagheration, the particulate inert
COD (Xi1) is accumulated in the system depending on sludge age and influent
concentration. Respectively, it contributes to the quantity of waste sludge. Therefore,
sludge quantity in the activated sludge system andfibieeacy of the activated sludge
system can be determined by experimental identification of particulate inert COD

fraction (Xi1), as well.

The procedure suggedtse operation of three aerated batch reactors to the point of
cessation of biological actiyit After monitoring the final threshold values of COD in
each reactor, the COD fractions and stoichiometric parameters of microbial products

can be determined independently (Orhon et al., 1999).

In the experiment, a triad of aerated batch reactors wertogeap each receiving a
distinct feed: the first reactor was supplied with the raw wastewater sample, the second
reactor received the soluble (filtered) wastewater sample, and the third was
administered a glucose solution, ti@OD value of which was apprarately
equivalent to that of the filtered wastewater readteigure 4.2). All reactors were
initially seeded with around 20g VSS/L of biomass. Each run was continued fdr 40
50days by taking aliquots for pedi@ COD measurements until all biological activity

was completed. At the end, no appreciable change was any longer detected in the COD

levels. The experiments were conducted at room temperature°(2add at a pH
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range of 7.08.0. The soluble (filteredCOD was defined as the filtrate through
Millipore polyamide membrane filters (0.46n).

Figure 4.2 : Reactorsetup for identification of inerCOD fractions

The concentration of soluble COD within theigpbse reactor is projected to diminish
from an initial value Sy, to a final value, denoted aSsf:, whereas this is the value
of soluble residual COD, symbolized aSe)6. Subsequently the fraction of
biodegradable COs converted into soluble inertiomobial productswith the yield

value ofYspand stoichiometric coefficientd may be defined as:

. 0 g Y 41
) O (4.1)
. p Y
Y (4.2)

Similarly, theresidual COD in filtered wastewater react&)4, includes soluble inert

COD of wastewater )2, and soluble microbial product&ef»,

Y Y Y (4.3

Soluble inert microbial products,

Y M o Y Y (44)

and soluble inert COD may be computed as follows:
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Y r—— (4.5)

fex can be calculateoased on the idea thattimeaerated reactor, all biological activity
is compleéed and the biomasempleted the decay process adlso fully mineralized
after a long operation timex= —+@x). A filtered wastewater sample is fed into the
reactor, which makes it very convenient for this purpBsging the experiment, the
only particulate CODractionremaining igXp)2, and it can be expressedmag&quation
4.6.

®w Q © o (4.6)

And, fex may be calculated as follows:

& 8 YO Y Y 4.7)
(A

? HORA —_— 4.8

A ) ~ (4.8)

Q b 2 i 49

A Y Y (4.9)

Results obtained fromthe the raw wastewatereactor are required for the
determinatiorof particulate inert CODX1. The stoichiometric expressions that can

be inferred from the experimental data obtained are enumerated as follows:

W 0 Y W ) (4.10

Particulate inert microbial productg)s,
0 0 w Y (4.11)

O QO 8 & Y (4.12)

And particulate inert COD may be computed as following expressions:
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4.3.2Respirometric analysisand modeling studies

Biodegradable COD components in composite wastewater sample3 wastewater
treatment plants were determinettirough respirometric experimentsThese
experiments measured the respiration of heterotrophic bacteribiratory
conditions, alongside modeling studies that helped determine the COD fractions,
growth rate, and hydrolysis rat@iSkama et al., 1986; Spanjers and Vanrolleghem,
1995; Ubay Cokgoet al, 1998. To conduct the experiments, 1 liter of biomass wa
taken from the activated sludge unit of each wastewater treatment plant and aerated
until the endogenous respiration level was reached. This level represents the biomass
activity at the absolute starvation level when there is no substrate left in temmin
medium (wastewater) in which the biomass is contained, and the substrate
accumulated in the biological sludge and the cell has been consumed. The respiration
level was monitored during the aeration period, ancetiddgenousespiration level

was detemined by identifying the point at which tliJR curve remairdconstant at

the lowest level for a long tim@®epending on the character of the wastewateithe
biomass, the time to reattislevel variesOnce theendogenousespiration level was
reacled, 1 liter of raw wastewater was added, and the oxygkration rate (QJR)

was measured using a respirometer. The aim was to determine the fraction of COD
thatis biodegradabléom the area under the respirometric profile. Due to the applied
loading ate and low hydrolysis rates, the relevant components were determined with
the help of modeling studies (Ekama et al., 1986; Spanjers and Vanrolleghem, 1995,
Orhon and Okutman, 2003pUR measurementwere performed using an Applitek
RaCOMBO 1000 respiroeter Figure4.3). All respirometridests were conducted at

20°C and a nitrification inhibitor was used to avoid any potential interference of
nitrification on the OUR profile (Formula 2533, Hach Company, USAg entire
respirometric profile was evaluated using a dynamic modeling and system
identification method as described in Insel et al. (2003). The AQUASIM program
developed by the Technical University of Zurich (ETH) was used for parameter

estimation (Reichér 1998). The influent wastewater was analyzed Y6fA
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measurements using Shimadzu HPLC at UV21h@eing an SCRL01H organic acid

specific column.

Figure 4.3 : Continuougespirometef(AppliTek RaCombo 100).
4.4 Nitrification and Denitrification Batch Tests

The biological nitrogen removal process is limitedhognitrification process and it is
crucial to determine the net growth rate of nitrifying bacteria to ensure effective
nitrogen removal in municipal astewater treatment plants. The net growth rate can
be measured under laboratory conditions using acclimated activated sludge, and
experimental results can be obtained withih(bdays. To measure the nitrification
rate, the nitrate production raldPR) test should be planned to represent the winter
(lowest design temperaturednditions of the plants. The average temperature for the
lowest tweweek period reported in the WWTP candomsideredFor thebatchtest,

the effluent of the wastewater treatmerdnt is aerated in a water jacketed aerobic
reactor until it reaches a constant temperature. Then, a low concentration of biomass

and a suitable ammonium sour@dH4CIl) are added. Oxidized nitrogen is then
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monitored against time by taking at least 2 sawgder day. The initial nitrogen
concentration of batch reactors should be adjusted to approximat@l07dg N/L.

To prevent pH oscillations, G@as connected to pH control should be passed through
the system. If there is an alkalinity deficiency, biomarate can be added at the
beginning of the experiment. Finalligtal oxidized nitrogen (N®) profile obtained

at the end of the experiment is analyzed by parameter estimBtiemet growth rate

of nitrifying bacteria can be calculated by fitting tBguation 4.14solution to the
nitrate production profile using the least squares metlSmohplex algorithm is

preferred as iteration method using the Solver tool of MS Excel

w ey L TS

The autotrophic and heterotrophic activated sludge kinetics were determined through
aerobic and anoxic batch testshigh F/M nitrification test was conducted on sludge
samples obtained from fedicale WWTPs dumnig winter and summer periods (Melcer
et al., 2003). The aerobic experiment was conducted by adjusting the high F/M batch
conditions and controlling the pH over several days. Aeration was used to saturate the
effluent of the wastewater treatment plant watkygen until it reached a constant

temperature of 1% in a watetfjacketed Hiter aerobic reactorHigure4.4).

LT

o8

LTI ;

A
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Figure 4.4 : Temperature and pldontrolled ritrifi cation rate measurement system

After adding 70100 mL of biomass to the sample, MNEl was added, and the initial
nitrogen concentration of batch reactors was adjusted to approximatel@070
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mgN/L. To maintain a pH range of 728 and avoid pH oscillains that may occur
during the experiment due to the high amount of alkalinity addedg@®was passed
through the system in a controlled manner. During the experiment under aerobic
conditions, filtered nitrite/nitrate analysis was performed every dag.ekperiment

was stopped when nitrate was obtained equal to the initial ammonium nitrogen
concentration. 700 mg/L CaG@lkalinity was added for 100 mg/L. Experimental
conditions for both winter and summer periods are ginérable4.2. Initial biomass
concentrationand F/M ratiosadjusted in théatchtests were compatible with the

WWT P s 6 o g eonddidns amdhautotrophic biomass activity.

Table 4.2 : Experimental conditions for nitrification tests

Winter Conditions

Parameter Unit P1 P2 P3
Duration of experiment day 8 20 10
Volume mL 4000 4000 4000
Seed biomass mL 70 60 100
Biomass concentration (t=0) mg TSSL 155 143 130
AddedNH4-N mg N/L 70 70 70
NOx concentration (t=0) mg N/L 4.1 15 8.3
Oxygen concentration mg/L 8.3 8.2 8.3
Alkalinity (NaHCQ) g 3363 3363 3363
pH - 7.2 7.2 7.2
Temperature °C 15+1 15+1 15+1
Summer Conditions

Parameter Unit P1 P2 P3
Duration of experiment day 3 5 5
Volume mL 4000 4000 4000
Seed biomass mL 55 55 90
Biomass concentration (t=0) mg/L 140 193 135
AddedNH4-N mg N/L 70 70 70
NOx concentration (t=0) mg N/L 0.1 8.4 109
Oxygen concentration mg/L 8.6 8.8 8.8
Alkalinity (NaHCQ) g 3363 3363 3363
pH - 7.25 7.25 7.25
Temperature °C 25103 2503 25+1

The denitrification rate represents the specific rate of nitrate consumption throughout
different phases of microbial growth under anoxic conditions. Respirometric
experiments, designed to operate in the absenceygeoxenable the observation of
nitrate utilization rate (NUR) profiles, which delineate successive phases of declining
magnitude. Within the context of microbial growth mechanisms, there are three phases

can be characterized. The initial phase is markea Iperiod of maximal growth,
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characterized by the consumption of readily biodegradable subsgat€His phase
exhibits the highest rate of nitrate consumption, reflecting the utilization of easily
accessible electron donors for growth and denitribcatThe subsequent phase is
noted for the depletion of readily bidegradable substrate, pivoting towards the
consumption of slowly biodegradable substradg.(During this stage, hydrolysis of

the slowly biodegradable substrate becomes thelinaiting step, significantly
influencing the overall nitrate utilization rate. The final phase involves the utilization
of endogenoudecay products aslectron donors for denitrification. This stage
signifies a shift towards internal metabolic reserves, followimg éxhaustion of

external substrates.

The differential in nitrate utilization rates across these phases elucidates the dominant
biochemical mechanisms at play within each period. Specifically, the contrast in
nitrate consumption between the first and sdcphases provides a quantitative
measure of the rate attributable solely to the degradation of easily biodegradable
substrate during the initial growth period. According to Hesiza.(1987), assuming
constancy in the rates of hydrolysis and endogenegaydacross all periods, this
differential facilitates the determination of the denitrification rate based on the

consumption of readily degradable substrate in the first phase.

The elucidation of the denitrification rate is instrumental in calculatingatioxic
retention time, which is crucial for optimizing the process conditions for efficient
denitrification. Furthermore, it informs the determination of the nitrate load (flowrate)
required for recirculation, ensuring that denitrification processes dequately
supported by the supply of nitrate as an electron acceptor. This nuanced understanding
of nitrate consumption dynamics across different substrate utilization phases
underscores the complexity of microbial denitrification processes and thealpmet

in environmental biotechnology applications.

The methodology espoused by Melcer et al. (2003) and S6zen et al. (1998) for
conducting denitrification batch testsnphasies the importance of dissecting the
NUR profiles into clearly defined phaseshi§ approach allows for a nuanced
understanding of how different substrates and microbial activities contribute to the
overall denitrification process under anoxic conditions. Through these evaluations,

researchers can derive specific anoxic reductionofactor both growth and
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hydrolysis, thereby enhancing the predictive accuracy and operational efficiency of

wastewater treatment processes aimed at nitrate removal.

The denitrification batch tests, as delineated by Melcer et al. (2003) and So6zen et al.
(1998), were designed to quantify the anoxic reduction factors pertinent to microbial
growth and hydrolysisHigure4.5). Activated sludge and influent wastewater from the
activated sludge systems of the treatment plants were mixadaio of 1/1 and
experiments were carried out in 2 L reactors. The experiments were conducted using
reactors equipped with magnetic stirrers. To ensure complete mixing and remove
oxygen from the environment, nitrogen gas was continuously passed thtaigh
reactors. Each set was started by adding 139 g of NaNsdlution, which was
prepared to obtain the desired CODAN&Yio. All experiments were stopped after 430
minutes. The supernatant was filtered through .22 f i | t eMand N&BN NO
analyss, initially at intervals of 10 minutes and then every 30 minutes. Samples for

NOx analysis were stored at %2 until quantification with lon Chromatograph (IC).

E—

Figure 4.5 : Reactorsetup for NURtests

Experimental conditions for both winteonditionsand summeconditionsare given
in Table4.3.
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Table 4.3 : Experimental conditions faritrate utilizationtests

Winter Conditions

Parameter Unit P1 P2 P3

Nitrate (t=0) mg N/L 23.5 16.3 75.7
Total COD (t=0) mg COD/L 202 215 235
TSS (t=0) mg TSS/L 3730 2820 3800
VSS (t=0) mgVSS/L 1945 1775 2430
Temperature °C 15+1 15+1 15+1

Summer Conditions

Parameter Unit P1 P2 P3

Nitrate (t=0) mg N/L 68 73 71.8
Total COD (t=0) mg COD/L 275 315 313
TSS (t=0) mg TSS/L 4295 2805 2625
VSS (t=0) mgVSS/L 2220 1640 1595
Temperature °C 25+3 25203 25+1

4.5 MethanogenicActivity and Bio chemical MethanePotential Tests

Acetoclastic microorganisms aresponsible for the conversion of acetic acid into
carbon dioxide and methane, which marks the final stage of the methanization process.
These microorganisms are quite delicate in nature, and they are used to monitor the
performance of the system. To detne the activity of acetoclastic microorganisms

in the anaerobic digesgispecific methanogeniactivity (SMA) tess areconducted

using inoculum sludge taken from the outlet weir of anaerobic sludge digesters.
Additionally, experiments are carried otd determine the b@hemical methane

potential that the sludge can produce biogas for eashewater treatment plant

To evaluate the specific methanogenic activity andh®mical methanpotential of

the sludge, anaerobic batch tests were condGeen et al., 1979; Speece, 1988).

The tests were carried out in 3,450 mL flask reactors capped with a rubber stopper and
flushed with N gas. The experiments were performed in a constant temperature room
at 35£1°C.(Figure 4.6). The seedsludge used in the tests was obtained from the
mesophilic anaerobic digestion unitegdchWWTPs.
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Figure 4.6 : Reactorsetup forbiochemical methanpotential tests

The mixed sludges (WAS and primgq obtained from the WWTPs were used as
substrate for BIP tests, whereas acetate was the sole substrate for SMAF{&stS.

ratios adjusted intheMPt est s wer e compatible with the
operations (See the Materials and Method seltieach test was run iniplicate and

control reactors were run in parallel. The gas production was monitored through a
manometer (Lutron PN®107, Lutron Electronic Enterprise, Taiwafbigure 4.7).

Detailed experimental conditis are given iTable4.4 andTable4.5.

Figure 4.7 : Reactorsetup for SMAbatch testendmanometer

Table 4.4 : Biochemical methanpotential tests experimental conditions

Parameter Unit P1 P2 P3
TSfeed % 774 640 652
VSS/TSS (feed % 50 51 53
TSseed % 573 479 360
VSSI/TSS (seec % 40 45 44
Votal mL 3680 3490 3450
V Efective mL 2159 2020 2020
V seed mL 2000 1845 1900
V Bicarbonate mL 20 20 20
VFeed mL 139 155 100
pH (initial) - 7.19 7.49 7.29
pH (final) - 7.56 7.54 7.37
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Table 4.5 : Specificmethanogenic activity tests experimental conditions

Parameter Unit SMA Test Control
Votal mL 120 120
V Efective mL 60 60
V Acetate mL 0.52 -
V seed mL 6 6
V Bicarbonate mL 0.6 0.6
V Mineral mL 53 53

4.6 Data Collection andDynamic Plant-wide Modeling Studies

All wastewater treatment plants' design informatimd operational data (PR7) were
collected and analyzed in this step (See Section 4.2). The mass balances were checked
in accordance with the actual capacity of each plant (Vanrolleghem et al., 2003).
Dynamic simulations were conducted to mimic the kemgn performance of plant

and daily biogas production of the anaerobic digesters. The Sumol model was used in
plantwide simulation studies. The wastewater treatment plant configurations
introduced to the SumoZ2mulation platform (from Dynamitare illustrated in Table

4.1. The average influent wastewater COD fractionation and the model kinetics of
plants P1P3, obtained from the batch studies, were used in dynamic simulations. The
plant coded as P4 data is used to simulate daily biogas producticaeobbic digester

fed only with thickened primary sludge. For the plants code®R%nnual average

biogas flowrates were used in model calibration.

4.7 Analytical Works

Total solids (TS), total suspended solids (TSS), volatile suspended solids (VSS), and
totd volatile solids (TVS) were measured according to Standard Methods procedures
numbered 2540 (2®.2).| Chdnsicalooxydei Bdahand (COD),
ammonium nitrogen (NHN), total kjeldahl nitrogen (TKN), and total phosphorus
(TP) were analyzed in accortz with Standard Methods procedures numbered 5220,
4500NH3, 4500Norg, and 4506P, respectively.

Nitrite and nitratenitrogen were measured using ion chromatography (Dionex
Corporation, Sunnyvale, CA, USA) with an analytical columhAS9A and a

conductvity detectorDuplicate samples were analyzed for each parameter.
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Volatile fatty acids YFAs) were determinedusing high performance liquid
chromatography (HPLC, Shimadzu Prominence20A) equippedwith an organic
acid specificcolumn SCR101H (ShimadzuJapan) and a UV detector (at a 210 nm
wavelength)The column was operated at’@and 0.025% (v/v) bFBQs was used as
mobile phase at a flow rate of 0.7 mL/mirhe standard chemicals and solutions for
the calibration curve for acetic acid, lactic ag@dppionic acid, butyric acid, valeric

acid, formic acid and succinic acid were purchased from Merck Group.

The methane and carbon dioxide content of the biogas were analyzed using a gas
chromatography (GC) (Agilent Technologies, Model 7890A) equipped twith
columns and two thermal conductivity detectors. Methane was separated using a 25 m
Agilent Molsieve fused silica 0.53 mm i.d. column, while carbon dioxide was
separated using a 25 m HR.OT Q fused silica 0.53 mm i.d. column. Helium was
used as the caer gas with a constant flow of 5 mL/min, and the 10:1 split injector

was maintained at 150°C, while the detector temperature was set at 150°C.
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5. RESULTS AND DISCUSSION

5.1 Influent Wastewater Characterization

The results of the experiments aimed to deteertine influent COD fractionsthe
heterotrophic biomass activignd degradation kinetics of P1, P2, and P3 by using
respirometric measurements and modelstgdiesfor both winter and summer
conditionsare presenteth this sectionBatch respirograms amdodel results of P1,

P2 and P3 are presentedrigure5.1, Figure5.2 andFigure5.3, respectively.
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160 O Data (winter)
< 140 —— Model (summer)
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= 120 ( )
o (s
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Figure 5.1 : Batch respirometric tests féx.

The influent COD fractions of wastewater are summarizdchbie5.1 andTable5.2

for winter and summer conditions, respectivéplible COD represents the frem

of influent wastewater thas filtered through a 0.45 pm filtesyhile colloidal COD
represents the orgameaterialsbetweerD.1 micronandl.2 micron This fraction can

be approximatedanalyticallyby flocculation or filtationusing the method suggested
by Mamais et al. (1993F.irstly, influent COD fractions were measured and calculated
using the methods available for mwdbmponent activated sludge modeling and
suggested by ASM3hen, hese fractions were converteti€OD fractions accepted

by the Sumo model for future dynamic simulation studies.
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Figure 5.2 : Batch respirometric tests fex2.
180
— Model (winter)
160 O Data (winter)
< 140 Model (summer)
;': 120 O Data (summer)
(@]
£ 100
x 80P summer
O 60
40
20
0
0 0.05 0.1 0.15 0.2
Time (day)
Figure 5.3 : Batch respirmetric tests foP3.
Table 5.1 : Influent COD fractions (winter conditions).
Parameter P1 P2 P3
mglL % mglL % mglL %
Total COD, G 405 430 470
Soluble COD, $ 120 30 115 27 135 29
Influent VFA, Sira 5 1 7 2 5 1
Fermentable CO[5s 21 5 37 8 23 5
Hydrolysable CODXg 230 57 210 49 236 50
Colloidal COD, G 94 23 110 26 132 28
Total biodegradable COD, £ 350 86 364 85 396 84
Solubleinert COD, & 30 7 55 13 45 10
Particulaténert COD, X 25 6 11 3 29 6
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Table 5.2 : Influent COD fractions (summer conditions).

Parameter P1 P2 P3
mglb % mg/k % mglL %

Total COD, G 550 630 625
Soluble COD, & 185 336 330 524 160 25.6
Influent VFA, S/ea 6 11 112 1.8 8.4 1.3
Fermentable CO[5s 14 25 448 71 316 5.1
Hydrolysable CODXg 310 56.4 320 50.8 354 56.5
Colloidal COD, G 160 29 150 23.8 140 224
Total biodegradable COD, £ 490 89 526 835 534 853
Solubleinert COD, & 28 51 62 9.8 42 6.7
Particulatenert COD, X 32 5.8 42 6.7 49 7.8

The ratio of soluble inert COD to total wastewater COD was obtained 3%6n the
wastewater treatment plants for the winter period. In comparison, this value ranges
between 5% and 10% for the summeriguérwhich is consistent with the literature.
Henze et al. (2008) stated thia¢influent VFA/Ssratio in typical domestic wastewater

is 0.15. According to this ratio, the VFA levels for P1, & P3 are in line with the

literature.

The data obtaineddm respirometric analyses wargsed in the mdeling and system
identification method, as described in Insel et al. (2003), and the model results are

presented iTable5.3.

Table 5.3 : Estimated model parameters for P1, P2 and P3.

Parameter Symbol Unit P1 P2 P3
Max. specific growth rate for OHOs MoHo day* 4.0 4.0 3.5
Decay rate for OHOs boro day* 0.4 0.4 0.4
Half satur. of readily bio. for OHOs Ksg,as g COD/n? 5 5 10
Half satur.of O2 for OHOs Koz,0Ho.As g O/m? 0.35 0.20 0.20
Maximum hydrolysis rate OHYD day*! 1.1 1.4 1.8
Half saturation for hydrolysis Khyp,as g COD/gCOD 0.06 0.06 0.06
Yield of OHOs on VFA (aerobic) Yonovraox g COD/gCOD 0.58 0.64 0.66

Based on the litetare, the maximum specific growth rate and half saturation constant
for domestic wastewateare reported as @.i 6.6 day' and 37 20 mg CODIL,
respectively(Henze et al. 200 Henze et al., 2008Jbay Cokgoret al, 198B). This

study found that the modeg values were consistent with these literature values. The
literature also suggests that the maximum hydrolysis rate in domestic wastewater is
expected to be in the range of 1.8.7 day* (Henze et al. 200) Henze et al.2008

Ubay Cokgoret al, 1998B). However, when comparing the maximum hydrolysis rates
obtained in the study with the literature values, it was observed that they were low,
particularly for P1 and P2 plants. The low hydrolysis rates obtained were also

supported by the results of the NWEsts.
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5.2 Determination of Nitrification and Denitrification Rates

5.2.1Nitrate production rate

Determiningnitrification rateand selecting the correct value is crucial for estimating

the required aerobic sludge age and calculating the volume of the aerobia thrk

context a total of6 nitrification tests were conducted in P1, P2 and P3 plants,2with

tests in each plant representing both summer and winter peRegsesentative

sample days were selected for each WWTP using the data obtained from previous
studies (Knsel ed). The Initrificatiolh 0ak 2vas d&ermairechhy 1 9 9
modeling the average values obtained from the éssiimated using the Solver tool of

MS Excel(Equation 4.14).

The minimum temperature of 4G was considered for the vier months and design
temperature as specified in tendrcuments of wastewater treatment plaiise
experimental and model results of the nitrate production rate tests performed under
winter conditions for the P1, P2, and P3 plants are givéigure5.4, Figure5.5 and

Figure 5.6, respectivelyFor winter conditions, maximurautotrophicgrowth rates
werecalculated as 0.36, 0.38nd 0.30 day for P1, P2 and P3, respectiveit 15°C,

it was found that the maximum growth rates of the plants were very similar to each
other.For the calculationshe decayrate ofnitrifying bacteria was accepted as 0.1
day!( G¢nek et al ., 2018).

When compared with other examples in the watldas observed that the nitrification
rates of P1, P2, and P3 plants were quite(le\gure5.7). The maximum autotrophic
growth rate £a,may) at a process temperature ofC5vas reportedly 0.64 dayn the

USA (Melcer et al.2003) and 0.65 dalyin Europe (Henze et al., 200Wichern et

al., 2003). In particular, the average maximum growth rate of six differergdaik
wastewater treatment plants in Germany was reported as0.73 day* for 15°C
(Wichern et al., 2003Dverall, the data suggests that the nitrification rates in the three

plants are relatively low when compared to other examples worldwide.

When the maximum growth rate measured in the plants in Germany is compared with
the values measured in the wastewatsatment plants ithe regionit is noteworthy
that the rate in Germany 2s0-2.5 times higher. It is thought that this is mainly due to

the difference in the character of urban wastewater coming to the treatment plant due
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to the difference in wastewatsources discharged to the sewerage system in Europe

andTurkey.
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Figure 5.4 : Nitrate production profildor P1 (winter conditions).
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Figure 5.5 : Nitrate production profile for P2 (winter conditions).

As expected, thaitritification ratedecreases with decreasing temperature in winter. It
was observed that nitrapeoduction tests carried odor winter conditions completed

in 10 days (20 days for the PRapt), while for summer conditions th@urationis far
lower (3 4 days).
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Figure 5.6 : Nitrate production profiléor P3 (winter conditions).
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The tests for determining the nitrification rate for the summer period were conducted
at 25C, representing the average water temperature during the summer rmbeths.
experimental and model results of the nitratedpiction rate tests performed under
summerconditions for the P1, P2, and P3 plants are givefignre 5.8, Figure5.9
andFigure5.10, respectivelyFor summer conditions, ma®um autotrophic growth
rates were calculated as 0.95, 0.90 and 0.75 @ayP1, P2 and P3, respectively.
Similar to the 5°C results,it was found that the maximum growth rates of the plants
were very similar to each other 25°C, toa For the calculatins, he decay rate of

nitrifying bacteria was accepted ag @ay*.

Compared to other examples in the world, nitrification rates of P1, P2 and P3 plants
are quite low. It is understood that the maximum autotrophic growthegie) at a
process tempature of 25 °C is 1.5 dayin USA (Melcer et al., 2003) and 1.2 dain
Europe (Henze et al., 2000; Wichern et al., 2003). In particular, the average maximum
growth rate of 6 different fulbcale wastewater treatment plants in Germany was
reported to bd.6 day* for 25°C (Wichern et al., 2003).
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Figure 5.8 : Nitrate production profiléor P1 (summer conditions).

When the maximum growth rate measured in the plants in Germany is compared with
the values mesured in the wastewater treatment planthéregionit is noteworthy
that the rate in Germany is 1.6@.15 times higher. It is thought that this is mainly

due to the difference in the character of urban wastewater coming to the treatment plant
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due tothe difference in wastewater sources discharged to the sewerage system in

Europe andurkey.

Studies conducted at edéd WWTPs in Turkey since 1%9have shown that
autotrophic growth rates have been consistently low. These studies reported that the
heavyinflow of industrial wastewater to the WWTPs has significaafiigeded the
autotrophic growth rates. The presence of industrial wastewater introduces various
complex and potentially inhibitory substances into the treatment systems, which can
hinder the gowth and activity of autotrophic microorganism&€ ns el et al . ,
et al., 2008; Stzen et al., 1998; Stzen et al., 1986en, 1995)

To achieve complete nitrification in the current single sludge activated sludge
configurations at the plants, a higher sludge age than the design sludgeesgedacc
in the ATV-131 (2000) standards is needed. This means that an aerobic volume

approximately 2.0 2.5 times higher is required.
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Figure 5.9 : Nitrate production profildor P2 (summer conditions).
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Figure 5.10: Nitrate production profildor P3 (summer conditions).
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Figure 5.11 : Maximum autotrophic growth rates (Z5).
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5.2.2Nitrate utilization rate

As in carborremoval, heterotrophic microorganisms are involved in the denitrification
process.Most biological wastewater treatment plants remove both nitrogen and
carbon, so it's crucial to determine the kinetic coefficients of these microorganisms in
both aerobic md anoxic environments. To design an effective system, it's also
important toconsiderthe adaptation of microorganisms and the change in their
maximum growth rate during the transition from an oxygenated environment (where
carbon removal occurs) to an am® environment (where nitrogen removal takes
place). Respirometric measurements are a common method used to determine growth

rates.

The NQ-N and NQ-N profiles obtained in the denitrification rate determination
experiments for Pin winter conditionsarepresented irrigure 5.12. As can be seen

from the figure, while almost all of the nitrate is consumed within 200 minutes, it is
seen that some of the nitrate is reduced during this time to cause the accumulation of
approximatelyl0 mg NQ-N/L nitrite. It is seen that the nitrite formed does not remain

in the environment and is consumed until the end of the experiment. In this way, it can

be said that all of the approximately 24 mgN@L nitrate in the system was reduced.
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Figure 5.12: Nitrate andnitrite profiles during NUR test for PWwinter period.

The results of the NR test conducted for P2 under winter conditions are presented in
Figure5.13. The est showed that all of the 16 mg/L nitrate nitrogen was used up in
about 300 minutes. An intermediate product of nitrate reduction, approximately 10 mg
N/L nitrite accumulation, was detected. During the experiment, around 5 mg N/L of

the accumulated nitetwas reduced, while 5 mg N/L remained in the medium without
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being used. It is possible to say that this is mostly due to the type of organic matter and
microbial culture in the wastewater because the amount of carbon supplied to the

medium during this exgriment was not limited.
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Figure 5.13: Nitrate and nitrite profiles durinUR test forP2 (winterperiod.

The results of the denitrification rate determination test for P3 during the winter period
are praeented irFigure5.14. During the experiment, approximately 76 i nitrate
in the medium could not be completely reduced and 35 mg N/L nitrate remained in the
medium at the end of the experiment. During the experiment, ndicigniiamount of

nitrite formation was observed and no nitrite accumulated in the medium.
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Figure 5.14: Nitrate and nitrite profiles durinUR test forP3 (winterperiod.

The same set of NUR experimentasirrepeated for P1, P2, and P3 during the summer

period.
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The results ohitrate utilizationrate experiments conducted for P1 during the summer
period are shown ifigure5.15. The figure indicates that out of 68 ML nitrate,
approximately 20 mg/L was reduced, leaving behind 45 Nwg nitrate nitrogen.
During the experiment, a small portion of nitrate was converted into nitrite, leading to

the accumulation of nitritaitrogen(approximatelys mg N/L).
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Figure 5.15: Nitrate and nitrite profiles durinhUR testfor P1 (summeperiod.

The results of the NUR test carried out on P2 during the summer are shbigaria
5.16. The test reduced23mgN/L nitrate, leaving 41 md\/L nitrate nitrogen in the
medium As an intermediate product of the denitrification process, around 12 mg N/L
nitrite nitrogenaccumulation was detected and not reduced. This outcome is mainly

due to the type of organic e and microbial culture present in the wastewater.
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Figure 5.16: Nitrate and nitrite profiles durinUR test for P2 (summereriod).

The results of the NUR test conducted for P3, which representsiimeesiperiod, are

illustrated inFigure5.17. The experiment carried out for 430 minutes revealed that
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around 72 mg of N&N/L nitrate in the medium could not be reduced. Furthermore,
48 mg N/L nitratenitrogen remained at the endf the experiment. During the
experiment, a small amount of nitrite formation (3.86 mg N/L) was observed in the

medium, which remained in the medium without undergoing any reduction.
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Figure 5.17: Nitrate and nitrite profiles durindNUR test for B (summerperiod.

With the data obtained in the tests, NUR profiles were created considering the nitrite
nitrate electron balance as described in Sdaeal. (1998). The denitrification rate
constants depending dhe COD fraction of the wastewater on the NUR profiles
obtained on plant basis are showrrigure5.18, Figure5.19, andFigure5.20for Kj,
Kzand Kz winter period experimentsiere, k represents the rate obtained in the phase
where easily biodegradable organic matter is consumediepresents the rate
obtained in the phase where rapidly hydsaljyie organic matter is consumeds K
represents the rate obtained in the phaseevilewly hydrolgable organic matter is
consumedTable 5.4 presents the calculated denitrification rate constants for each
plant.
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Figure 5.18: NUR profile and denitrification ta constants for P1 (winter period).
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Figure 5.19: NUR profile and denitrification rate constants for P2 (winter period).
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Figure 5.20: NUR profile and dertiification rate constants for P3 (winter period).

The NUR profiles obtained for plants P1, P2, and P3 during the sunpereod
experiments are shown Figure5.21, Figure5.22 andFigure5.23. Ky represents the
rate obtained during the phase where edsilglegradablerganic matter is consumed,
K2 represents the rate obtained during the phase where rapidly Isatielyprganic
matter is consumed, ang kKepresents the rate obtad during the phase where slowly
hydrolysable organic matter is consumedable 5.4 presents the calculated

denitrification rate constants for each plant.
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Figure 5.21: NUR profile and denitrification rate constants for P1 (summer period).
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Figure 5.22: NUR profile and denitrification rate constants for P2 (summer period).

In the experiments conducted during the winter periodhaais in Table5.4, it can
be observed that the denitrification process in P3 plant occurred with two rate constants
(K1+K2 and K3), while in P1 and P2 plants, the same process was observed with three

rate constants (KK», and ).
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Figure 5.23: NUR profile and denitrification rate constants for P3 (summer period).
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Table 5.4 : Denitrification rate constants.

Rate Constant Winter Period Literature
Sozenet al, Van Haandel
mg N/g VSShour P1 P2 P3 198 etal. 1982
K1 12.00 2.33 10.70 5.507 30.25 34.20
K2 200 1.10 - 2.751 20.90 4.30
K3 1.08 0.47 1.70 2.751 10.45 3.20
Summer Period
K1 7.04 1420 16.26
K2 154 4.48 3.02
Ks 0.50 2.19 1.22

Depending on the different wastewater characteristics of the plants, anoxic
biodegradation occurs at different rates. For this reason, the denitrification rates
obtained in the plantsanalso differ. When the denitrification rates fach plant are
compared, it is seen that the denitrification rates are close to each other except for P2
for the winter period. When theiKates for each plant for the summer period are
compared, it is seen that the highest rate is realized as 16.2@ .20for P2 and P3
plants, respectively, while it is calculated as 7.4 for P1. As seen from the respirometric
tests, it was determined that the charastierof theinfluentwastewateof P1 plant is

relatively low in easilybiodegradablsubstrate coent.

On the other hand, when the findings are compared with the values in the literature, it
is observed that theiK/alue for P1 and P3 plants is within the range given by S6zen

et al.(1998) and Van Haandel et g11982), while the K value obtained foP2 in the
experiments conducted in the winter period was below the lower limit of this range. In
the P2 plant, the nitrification process does not occur for about ten months during the
year. Therefore, the denitrification process does not take place diisngeriod. In

this respect, the low measured denitrification cate be expected he purpose of the

NUR tests is to determine the denitrification rates, and therefore, the test procedure
requires a limited test period. This time does not reflect theablsydraulic retention

time of the treatment plant; nitrite remaining in the environment can be consumed
entirely and not accumulate unless there is a carbon constraint. Therefore, the actual
situation regarding nitrite accumulation in the plants cary did revealed by
measuring the nitrogen components in the instantaneous samples taken from the

reactors in the plants.

The plants are suffering from low nitrification rates compared to that of design values.

So, the plants will require considerable proagsgrades and/or modifications.
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5.3 Anaerobic Batch Tests

Specific methanogenic activity and biemical methangotential of biological
sludges, representing the anaerobic digester of PlamRP3, were measured in
laboratoryscale batch anaerobic reactofhe SMA test is used to monitor the
anaerobic digestérsperformance by measuring the activity of acetoclastic
microorganisms. The difference between the amountethaneroduction from the
control reactor versus timethanegroduction in sets with ace added is considered
as netmethaneproduction. When this value is converted to the amoumethane
produced per unibf time, the SMA value is obtained. SMA profiles belonging to P1,
P2 and P3 are presentedhigure5.24, Figure5.25, andFigure5.26, respectively.

The maximum SMA level for all 3 plants was reached within 5 days. Accordingly,
SMA values for the sludges of P1, ,Péhd P3, were calculated as 70, 20d

75L CH4/kg VSS/day, respectively. The Sumol model was used to determine the
kinetics of acetoclastic methanogens by using the methane data as sHegurén
5.24, Figure5.25, andFigure5.26.
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Figure 5.24 : Methanogenic activities fdel.

The objective was to identifyvhetherthe biogas production rate is limited by
methanogenesis or not. As the obtained process kinetics arelqagedo the default

values, one can conclude that biogas production is not limited by methanogenesis, but
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by hydrolysis. The lowest SMA level was determined fan#hich has approximately

30% lower activity compared to the other plants.
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Figure 5.25: Methanogenic activities for P2.
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Figure 5.26 : Methanogenic activities for P3.

The cumulativanethangroductions belonging to P1, Rghd P3 are shown Figure
5.27 andFigure5.28 with boththe Modified-Gompertz model and firsirder kinetics
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model, respectivelyThe ModifiedGompertz model has been widely used to predict
methangroduction danaerobic digestion systems (Etuwe et al. 2016). The maximum
methaneroduction rate (R) and maximum biogas yield potentiahjyparameters of

the ModifiedGompertz model were estimated using the Solver tool of MS Excel. For
plants labeled as P1, P2,daR3, the R parameter was calculated as 30, 2&d

50L CH«kgVS/day and the n parameter was calculated as 320, 195, and
230L CH4/kg VS, respectively Kigure 5.27). The highest R and w, values were
obtained for the plants eaded with P3 and P1. Similar values were reported by
DonoseBravo et al. (2010) for Rand w, as 35.89./kg VS/day and 243.5 L/kg VS,

for secondary sludge and by Ortedartinez et al. (2016) as 27.5 L/kg VS/day and
250 L/kg VS for mixed sludge, respectiyeBiochemial methanpotential data was
also modeled with the firgirder kinetics as compared to the Modif@dmpertz
model Figureb.28). The rate constants folBP tests of P1, Rand P3 were estimated

to be 0.15, 0.1,3and0.29 day}, respectively. Similar results ranging from 0.166 Hay

to 0.22day* were reported for secondary sludge in the literature (DeBoawo et al.,
2010; Mahmoud et al., 2023).
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Figure 5.27 : Cumuative methaneprofiles with ModifiedGompertz model.
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Figure 5.28 : Cumulativemethaneprofiles with first order kinetics.

In the literature, the cumulativmethanegoroductionis given as 200 LCH4/kg VSed

for low biodegradable sludge. However, for highly biodegradable sludge, this value
can reach up to 420CH4/kg VSed. Previous studies have shown an average range of
methanepotential measurements of 3830 L CHa/kg VSed (Bourgier et al., 2007,
Cano etal., 2015;Kor, 2019;Koupaieand Eskicioglu et al., 2016). The maximum
methangotential value that can be achieved is 5%tHs/kg VSed (MetcalfandEddy,

2014; Rosenthal, 2020 To compare the cumulativeethangyotential measurements

of the plants wth those in literature, their capacity and biodegradability rate were
consideredFigure5.29). As a result, it was found that the feed sludge taken from the
anaerobic digesters of the P1 plant has a higthanegeneration capatyi but is
slowly biodegradable sludge. On the other hand, the feed sludge of the P2 plant has a
low methangoroduction capacity butasfast biodegradableharacteristicsSimilarly,

the feed sludge in the anaerobic digesters of the P3 plant has a lbwflmethane

production capacity, but it is a sludge with a very fast biodegradable structure.
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Figure 5.29: Comparison of cumulative methane profiles.
5.4 Determination of Process Kinetics and Dynamic Modelig Studies

5.4.1Process performance and dynamic simulations of P1

The Plplanthas been designed to remove organic carbon, nitrogen, and phosphorus
from wastewater, with an average daily flow rate of 400,08@ay. The treatment
process involves primary settjntanks, BieP, aeration tanks, and secondary
sedimentation tanks. The primary sludge and biological excess sludge (secondary
sludge) produced from the process are thickened and directed to anaerobic digestion

tanks for the production of biogas.

To simulde the plant's performance, a dynamic simulation was conducted using data
collected over a ongear period. To optimize and shorten the simulation time, parallel
units within the treatment plant were aggregated and introduced to the simulation

program as aingle unit. Specifically, the aeration basins, which consist of four parallel
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lines, had their volumes combined for the purposes of the simulation. This aggregation
allows for a more efficient computation while still accurately representing the plant's
operationsData for the simulation were entered into the Sumo simulatédfopm on

a daily basis. Before initiating the dynamic simulation, the plant was operated with a
constant load for a full year. This preliminary phase was crucial as it allowed the
activated sludge within the system to reach the desired concentration and achieve a
stable operational state. Maintaining a constant load during this period ensured that the
biomass within the system had sufficient time to acclimate and grow to optiraksl, lev

which is essential for accurate simulation results.

The process flow diagram of the plant is showrFigure 5.30. Influent flowrate,
wastewater temperaturasd influentCOD, TN, and TPconcentrationsre given in
Figure5.31-Figure5.36.
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Figure 5.30: Simulation layout for P1 (8no0).
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Figure 5.31: Influent flowrate for P1.
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Figure 5.34: Influent COD concentrations for P1.
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Figure 5.36: Influent TP concentrations for P1.

Theaverage values of the dynamic data introduced to the Sumo software can be found
in Table5.5. The averagdlowrate was found to be 4@%7 nt/day, with an average
influent wastewater temperature of’C7 Based on a year's worthdata, thenfluent
wastewater COD concentration ranged between8B80mg/L. The average COD
concentration was calculated to be 482+128 mg/L, while the influent avé&ge
concentration was 372+141 mg/L. The influent average TN concentration was
determned to be 49+10 mg N/L. The influent TP concentration ranged between 1.5
26 mg P/L, with an average value of 4.8+1.9 mg P/L.

Based on the experimental characterization studies presented in the previous sections,
wastewater fractions anlde values fokinetic parameters used in dynamic simulations

for the P1 plant were determinethd introduced tdhe Sumo simulation program
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Effluent concentrations of COD, TN (and nitrogen fornem)d TP together with

simulation results can deundin Figure5.37 - Figure5.39.

Table 5.5 : Influent datafor P1simulations.

Parameter Unit Value
Flowrate m’/day 407,46
Influent temperature °C 17

Chemical oxygen deman mg COD/L 482+12¢
Total suspended solids mg TSS/L 372+14:
Total nitrogen mg N/L 49+1(
Total phosphorus mg P/L 4.8+1.¢

As can be seen fronfrigure 5.37i Figure 5.39, model simulation anceffluent
concentrations are in good fit. According to the data obtained from the plant, the
effluent COD concentration was calculated az2®%1 mg/L, while this value was
calculated as 43#15.9 mg/L in the simuteon data(Figure5.37). Figure5.38 shows

the forms of nitrogen in the effluent stream for plant P1. The plant generally performs
efficient nitrification during the oneyear period. Whilethe average NHN
concentration in the effluent was calculated a23..6 mg N/L in the plant data, this
average was calculated as#1110 mg N/L in the model resul{figure5.38a). Based

on the data provided by the plant's @tiem, it has been identified that two aeration
basins were deactivated (25ftotal volume) onthe 190" dayof the simulation, and
were reactivated after a period of 2 weeks. It can be concluded that the peak value of
ammonianitrogenobserved irFigure5.38ais attributed to this eventhe averag@N
concentration in the effluent was calculateda&3.6 mg N/L in the plant data, this

average was calculated 48t1.8 mg N/L in the model resul{gigure5.38c).
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Figure 5.37 . Effluent COD concentrations and simulation results for P1.
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Figure 5.39 showsthe effluent concentration of TRor P1 plant The averagelP
concentration in the effluent was calculated&0.7 mg P/L in the plant data, this
average was calculated@3+0.5mgP/L in the model resultsThe peak valugof TP
observed irFigure5.39 can beattributedto biomass escaping in final sedimentation

tanks

The parameters used in the model calibration of the P1 plant model are li&ddan

5.6, along with the default values employed in the mobe¢se parameters are crucial

for ensuring the model accurately represents the plant's operations. The simulation
results reveal that the maximum specific nitrifier growth rate and anaerobic hydrolysis
rate for the P1 plant are lower compared to those reported in the liteftdanze et

al., 2000, Melcer et al., 2003, Wichern et al., 2003).

The maximum specifiautotrophicgrowth rate, which affects the efficiency of the
nitrification process, was found to be lower, indicating a slower conversion of
ammonia to nitrate in the P1 plant. Sinly, the anaerobic hydrolysis rate, which
describes the breakdown of complex organic maitteler anaerobic conditiongas

also lower. This suggests a slower degradation process, potentially impacting the

plant's overall performance in terms of organatter removal and biogas production.

Figure5.40 presents the biogdlwrates andsimulation results for the P1 plafithe
average biogas flowrate of the P1 plant was calculated around 163@R¢ mnd this
value is almost 30%f the design value accepted in tender documents (60,06ayn
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Figure 5.38: EffluentNHs-N (a), NO«-N (b), andTN (c) concentrations and
simulation results for P1.

The reduction of the correction factéwr anaerobic hydrolysis was necessary to
achievethe calibration obiogasflowrates This indicates that the biogas yield is low
due to the slow anaerobic hydrolysis rate in the anaerobic digestion process. The

reason for the low nitrification and hydysis rates isattributed to the intensive
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industrial dischargéK n s e | et al
2008 Sozen et al., 199&06zen et al., 1996

, 2022, Knsel et al

This value is lower than thmodeldefault value ¢+vp,ang Of 0.50, indicatg that the
anaerobic hydrolysis process operates at 76% of its full capacity. In summary, the
parametedHyp,anaiS the correction factor of the maximum hydrolysis rajed) in
activated sludge under anaerobic conditions. This means that under anaerobic
conditions, the hydrolysis rate of slowbyodegradablerganic matter is calculated as
dHyp,anaQHyp. This parameter is the ralieniting factor in the anaerobic sludge

digestion model and directly impacts the biogas flow rate.
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Figure 5.39: Effluent TP concentrations and simulation results for P1.
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Figure 5.40: Biogas flowrates for P1.
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Table 5.6 : Model kinetc parameters for P1 (20).

Parameter Symbol Info Unit P1 Default
Max. specific growth rate for NIT  enmo Exp. day?* 0.6t 0.9C
Half saturation for NITO (Nk) Koz nimo.asCalibr, g N/m? 0.4 0.7
Max. specific growth rate for OHt  €ono  EXp. day? 4.C 4.C
Decay rate for OHO boro  EXp. day?! 0.4 0.6z
Maximum hydrolysis rate gwvo  EXp. day?! 1.1 2.0C
Half sduration for hydrolysis Kuvpas Exp. g COD/g COD 0.0€ 0.0t
Correction for anaerobic hydroly: duvp.ana Calibr. - 0.2t 0.5C
COD of volatile organics icvx Meas. gCOD/gVSS 1.4t 1.8C
Maximum growth rate of AMETC eaveto  EXp. day?! 0.t 0.2

Half saturatbn of VFA for AMETC Kvea  Exp. mg CODI/L 35C 40C

5.4.2Process performance and dynamic simulations of P2

The P2 plant is divided into two stages, with an average flow rate of 390,000 m3/day
and 240,000 m3/day for the first and second stagspectively. This jgint is designed

for organic carbon and nutrient removal. It has primary clarifiers followed byPBio
reactors and oxidation ditch type anoxic/aerobic activated sludge tanks with a total
SRT of 10 days. The sludge produced in the plant is directdwettuther sludge

processes and is digested in the plant's anaerobic digesters.

The first and second stages of the plant were integrated and reflected together in the
simulation, ensuring a comprehensive representation of the entire plant's operations.
The simdation was conducted throughout the plant to capture all relevant processes
and interactions. For the simulations, the bwiltSumol model, which includes
modules for organic carbon removal, nitrogen/phosphorus removal, and sludge
digestion processes, waslected to provide a detailed and accurate portrayal of the
plant's performancéata were entered into the Sumo simulation program on a daily
basis, capturing the ddg-day variations and ensuring a dynamic simulation that
reflects real operational cditions. The process flow diagram of the plant, illustrating

the various stages and units involved, is showirigure 5.41. Influent flowrate,
wastewater temperatures and influent COD, TN anadiiRentrations are given in
Figure5.42-Figure5.47.

Due to the maintenance and repair works carried out in various units of the plant, the
simulations were conducted with 160 days of dynamic data. Thisdp@as chosen

to ensure that the simulation could provide a realistic and uninterrupted analysis of the
plant's performance, accounting for any temporary disruptions caused by the

maintenance activitieMoreover, it is important to note that during thiewulation

128



period, the anaerobic digester in plant P2 received only secondary sludge. This specific
operational condition was considered in the simulation to accurately reflect the
treatment process and the resulting biogas production. This detail islciorci

understanding the digestion process and its impact on the overall performance of the

plant.
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Figure 5.42: Influent flowrate for P2.
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The average values of the dynamic data introduced to the Sumo software can be found
in Table5.7. The averagdlowrate was found to b208,500m%/day, with an average
influent wastewater temperature2°C. Based ori60-dayworth of data, thenfluent
wastewater COD concentration ranged betweh111.00mg/L. The average COD
concentration was calculated to 540128 mg/L, while the influent averageSS
concentration was 15+113 mg/L. The influent aveage TN concentration was
determined to bé3+14 mg N/L. The influent TP concentration ranged between 1.5

20 mg P/L, with an average value @f/+2.5mg P/L.
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Figure 5.43: Influent wastewater temperatureofile for P2.
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Figure 5.44: Influent TSS concentrations for P2.
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Figure 5.47: Influent TP concentrations for P2.
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Table 5.7 : Influent datafor P2 simulations.

Parameter Unit Value
Flowrate m’/day 20850C
Influent temperature °C 20

Chemical oxygen deman mg COD/L 540+12¢
Total suspended solids mg TSS/L 315+11
Total nitrogen mg N/L 63+1<
Total phosphorus mg P/L 6.71£2.5

Based on the experimental characterizasimalies presented in the previous sections,
wastewater fractions anlde values fokinetic parameters used in dynamic simulations
for the 2 plant were determineshd introduced to Sumo simulation progré&filuent
concentrations of COD, TN (and nitrogéorms) and TP together with simulation
results care foundFigure5.48-Figure5.50.
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Figure 5.48: Effluent COD concenétions and simulation results for P2.

As can be seen fronkigure 5.48-Figure 550, model simulation anceffluent
concentrations are in good flduring the 15eday periodthe plant's effluent COD
concentration was calculated as 88+124 mg/L, while the simulation data yielded a
value of 72+99 mg/l(Figure5.48). The COD peak values shown kigure5.48 can

be attributed to biomass escaping the final sedimentation faigkse5.49 shows the
forms of nitrogen in the effluent stream for pla@t Buring the 15eday period when

the modeling was conducted, it was obsertreat the nitrification efficiency in the
plant was quite low. This low efficiency had a significant impact on the effluent
ammonia concentration and, consequently, the effluent total nitrogen concentration.
While the average NHN concentration in the déffent was calculated #&4+6.4 mg

N/L in the plant data, this average was calculated.Bs5.8 mg N/L in the model

results(Figure5.49a). The average concentration of TN in the effluent W2+12.2
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mg N/L in the plant data arl6.0t7.7mg N/L in the model result¥he reason for the

high average values can be attributed to both the high ammonia concentrations due to
low nitrification efficiency and the high amount of organic nitrogen due to the high
amount of TSS in the efflme from the final sedimentatiotanks Also, the peaks
observed aroun80" dayare due to the influent concentrations exceeding the plant's

design capacity.

Figure 5.50 displays the effluent concentration of TP fd2 plant. Theplant data
indicates that the average TP concentration in the effluen8m#3.3mg P/L, while
the model results suggest an average&3.8mg P/L. The occurrence of peak values
of TP observed irFigure 5.50 can be attributedo the escape of biomass in final
sedimentation tanks. The peaks observed ar8@fidlay are due to the influent TP

concentrations exceeding the plant's design capacity.

Figure 5.51 presents the biogas flowrates and simulatiesuls for the P2 plant.
According to the tender documents of the plant, the design biogas flowrate was
projected to be 40,000 mj/day (Knsel et
from the P2 plant's SCADA system indicated that the average biogaspooduwom

the digesters was 9,117 m3/day. In comparison, the model simulations predicted a
biogas flowrate of 9,836 m3/day. This simulated value corresponds to approximately
25% of the design biogas flow rate, highlighting a significant discrepancy bethee
expected and actual biogas yield® achieve accurate calibration of the biogas
flowrates, it was necessary to reduce the correction factor for anaerobic hydrolysis.
This adjustment underscores that the biogas yield is low due to the slow anaerobic
hydrolysis rate within the digestion process. This finding is consistent with
observations from the P1 plant, where similar issues were rbteindicates that

the biogas yield is low due to the slow anaerobic hydrolysis rate in the anaerobic
digestionprocessAs previously discussed for P1 plartist value is lower than the
modeldefault value @xvp.an9 of 0.5Q The primary reason for these low nitrification

and hydrolysis rates is attributed to heavy industrial discharges into the wastewater
system( Knsel et al ., 2022, Knsel et al ., 20
al., 1998). Tlese discharges introduce complex and potentially inhibitory substances

that can hinder the microbial activity necessary for effective anaerobic digestion.
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Figure 5.49: EffluentNHs-N (a), NO«-N (b), and TN(c) concentrations and
simulation results for P2.

The parameters used in timddelcalibration of the P plant model are listed ihable

5.8, along with the default values employed in the model. The simulation results reveal
thatthe maximum specific nitrifier growth rate and anaerobic hydrolysis rate for the
P2 plant are lower in comparison to the literature (Henze et al., 2000, Melcer et al.,
2003, Wichern et al., 2003).
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Figure 5.50: Effluent TP concentrations and simulation results for P2.
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Figure 5.51: Biogas flowrates for P2.

Table 5.8 : Model kinetic parameters for P2 (ZD).

Parameter Symbol Info Unit P2 Default
Max. specific growth rate for NIT'  enro  EXp. day?* 0.5  0.9C
Half saturation of NKfor NITO  KoznmoasCalibr. g N/n?? 0.7 0.7
Max. specific growth rate for OHt  egono  EXp. day? 4.C 4.C
Decay rate for OHO boro  EXp. day? 0.4 0.6z
Maximum hydrolysis rate gwvo  EXp. day?* 14 2.0C
Half saturation for hydrolysis Kuvoas Exp. g COD/g COD 0.0€ 0.0t
Correction for anaerobic hydrolys duyp,ana Calibr. - 0.11  0.5C
COD of volatile organics icvx Meas. gCOD/gVSS 1.5 1.8C
Maximum growth rate of AMETO eaveto  EXp. day* 0t 0.z

Half saturaibn of VFA for AMETC Kwvea  Exp. mg CODJ/L 65C  40C

5.4.3Process performance and dynamic simulations of P3

The P3 planhas been designed to remove organic carbon, nitrogen, and phosphorus
from wastewater, with an average daily flow rate300,000 nVday. The plant
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comprises primary sedimentatitanks Bio-P tanksand anoxi@andaerobic activated

sludge basins followed by final clarifiers. The plant consists of BNR and high rate
activated sludge systems. Anoxic and total sludge ages of activated sludge system are
3 days and 9 days, respectively. The primary sludge is subjected to gravity; the
secondary sludge is mechanically thickened before the MAD operated with an SRT of
20 days.

The P3 plant's high rate and BNR stages, as well as its sludge flows, were ptanned
conjunction with each other to achieve a comprehensive solution for the entire plant.
The data obtained from the plant's operations was analyzed and then entered into the
simulation program in MS Excel formdto reduce simulation time, parallel linage
represented as a single line. For instance, four aeration basins $ervireghigh rate
plantare depicted as a single basin. Similarly, units sugbriazary settling tanks
activated sludge reactors, fireédimentation tanksand anaerobic sludghgesters,

which operate in parallel, are combined and treated as a single line. To determine the
overall process performance and shorten the simulation timéankerolumes are
combined to obtain a single volume for units with the same characteristics
(Vanrolleghem et al., 2003Jhe primary sludge fraction in the total sludge mass fed

to the digester is around 60%aily data for a year was entered into Sumo simulation
program, followed by a dynamic simulation r&ngure5.52 depicts the plant's process

flow diagram.Influent flowrate, wastewater temperatures and influent COD an

TP concentrations are given igure5.53-Figure5.58.
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Figure 5.52: Simulation layout for P3 (@no).
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Figure 5.55: Influent TSS concentrations for P3.
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Figure 5.58: Influent TP concentrations for P3.
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The average values of the dynamic data introduced to the Sumo softwheefoand

in Table5.9. The averagdlowrate was found to b291,600 m%day, 65% of influent
flowrate directed to the BNR system while 35% of wastewater treated with high rate
activated sludge system. Theerage influent wastewattemperature was calculated

as 18.8C. Based on a year's worth of data, tifeientwastewater COD concentration
ranged between9dD-885 mg/L. The average COD concentration was calculated to be
507£120 mg/L, while the influent averagéSSconcentration w&s 316115 mg/L. The
influent average TN concentration was determined 6343 mg N/L. The influent

TP concentration ranged betwez6-17 mg P/L, with an average value ®B+2.3 mg

P/L.

Table 5.9 : Influent datafor P3 simulations.

Parameter Unit Value
Flowrate m3/day 291,60(
Influent temperature °C 18.t

Chemical oxygen deman mg COD/L 507+120
Total suspended solids mg TSS/L 346+115
Total nitrogen mg N/L 63+13
Total phosphorus mg P/L 6.9+2.3

Based o the experimental characterization studies presented in the previous sections,
wastewater fractions anhe values fokinetic parameters used in dynamic simulations

for the BB plant were determineshd introduced to Sumo simulation progré&filuent
conentrations of COD, TN (and nitrogen forms) and TP together with simulation
resultscan be foundrigure5.59-Figure5.61. Upon analyzing the modeling results of

the P3 plantit is evident that the model calibration aligns well with the plant data.

After analyzing the plant's data for one year, it was found that the effluent COD
concentration wag7+58 mg/L, while in the simulation data, it was calculated as
65+43mg/L (Figure5.59).

Figure5.60 displays the different forms of nitrogen present in the effluent stream of
plant BB over a oneyear period. The plant has demonstrated efficient nitrification
duringthis period. According to the data, the average concentration ¢fNNH the
effluent was calculated as 0.9+1.8 mg N/L, while in the model results, this average
was calculated as 0.7+1.2 mg N/Eidure 5.60a). Similarly, the averge TN
concentration in the effluent was calculated as 14.0+4.9 mg N/L in the plant data, while
in the model results, it was calculated as 16.1+6.3 mg Ngu(e5.60c).
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Figure 5.61 illustrates the concwration of TP in the effluent for the3Pplant.
According to the plant data, the average TP concentration in the effluent was calculated
to be 0.9+1.6 mg P/L, whereas the model results estimated the average to be 1.3+2.1
mg P/L. The high values of TP seenthe graph can be attributed to the biomass

escaping in the final sedimentation tanks.

The parameters used in t@delcalibration of the B plant model are listed ihable

5.10, along with the default values employed in thedel. The simulation results
reveal that the maximum specific nitrifier growth rate for ti3epkant are lower in
comparison to the literature (Henze et al., 2000, Melcer et al., 2003, Wichern et al.,
2003). While, P3 plant has the highest maximum hydnglyste among the other
plants, correction factor for anaerobic hydrolysis value is still 35% afdfailt value

of the model.

Figure5.62 presents the biogdlwrates andsimulation results for the3plant. The

average biogafiow rate of the B plant was calculated at around 9,0089day, and

this value is far lower than the design biogas flow (at¢ n s e | efThe3adw. , 2020)
reduction of the correction factor indicates that the biogas yield is low due to the slow
anaerobic hydrolysis rate in the anaerobic digestion prdtsebsuld be noted that the

plant has two different stages: highte advated sludge system and BNR system.

Model smulations were performed considering the influent and operational data of

both plants while examining these values.
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Figure 5.59: Effluent COD concentrations arsgimulation results for P3.

140



(@)

)
o

<14 —— Model
z ¢ ¢ Data
o 12 °
510 P4
ZI @
<
< 6
g 4
= 2
o o
(b)
2‘25 ——Model
Z
o
£
<
o
Z
IS
)
=)
m o
(©)
60 — Model
250 L4 ¢ Data

0 50 100 150 200 250 300 350
Time (day)

Figure 5.60: EffluentNH4-N (a), N&«-N (b), and TN (c)concentrationgnd
simulation results for P3.

141



20

Influent TP
18 ——Model
16 ¢ Data
E' 14
o 12
E 10
o
T 8
% 6
S 4
o 2
O X 4 3 X 2 6 ERNKK K X K
0 50 100 150 200 250 300 350
Time (day)
Figure 5.61: Effluent TPconcentrations and simulation results for P3.
Table 5.10: Model kinetic parameters for P3 (ZTD).
Parameter Symbol Info Unit P3 Default
Max. specific growth rate for NIT  enmo  Exp. day?! 0.6C 0.9C
Half sauration of NH for NITO  KoznmoasCalibr. g N/ 1.C 0.7
Max. specific growth rate for OHt  €ono  EXp. day? 3.t 4.C
Decay rate for OHO bono  EXp. day? 0.4 0.6z
Maximum hydrolysis rate gsvo  EXp. day?! 1.€ 2.0C
Half saturation for hydrolysis Kuvpas Exp. g COD/g COD 0.0€ 0.0t
Correction for anaerobic hydrolys duvp.ana Calibr. - 0.1¢  0.5C
COD of volatile organics icvx Meas. gCOD/gVSS 1.6t 1.8C
Maximum growth rate of AMETC eaveto  EXp. day* 0.6 0.z

Half saturation of VFA for AMET( Kvea  Exp. mg QOD/L 55C 40C
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Figure 5.62: Biogas flowrates for P3.
5.4.4Dynamic estimation of hydrolysis rate for primary sludge
The main objective for the dynamic process simulation was to identify the

representative anaeligbhydrolysis rates by evaluating the different sludge feeding
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compositions (primary to secondary) versus biogas production. This would exhibit the

different anaerobic hydrolysis ratior primary and secondary sludges.

As mentioned in the previous sectordynamic modeling studies were carried out
with an anaerobic digestsystemwith only primary sludge feedin@4) to see the

effect of primary sludgenass fractiofPSMF)on the hydrolysis rate. At this point in

the study, the treatment units of themlevere not included in the study since the focus
was on the anaerobic hydrolysis rate, and the effects on the anaerobic digester were
examinedand calibration of the model was done on biogas flowsgtmcluding the
influent wastewater characterizatiomda primary sedimentation unit removal

efficiencies Figure5.63 depicts thesimulation layout for P4.

The P4 plant receives an average flow rate of Q@D m®day. The influent
concentrations of COD, TKN, and TP are 1200/L, 85 mg N/L, and 9.5mg P/L,
respectively. The plant has primary sedimentation tanks, a selector tasik t&@ws,
anoxic and aerobic activated sludge basins, dntlowed by final clarifiers. Only
primary sludge is thickened and sent to the MAD. The avenagadproduction from
the digester is reported to b&00m>/day,.

<

Figure 5.63: Simulation layout for P4 (8no0).

The dynamic simulation studies for the P4 plant yielded biogas quantities as shown in
Figure5.64. The modeling studies found the valued@¥p anzgHyo as 0.15 for the P4
plant (PSMF=100%).
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Figure 5.64 : Biogas flowrates for P4.
5.5 BiogasSimulations of WWTPs at Different Primary Sludge Mass Fractions

Plantwide simulation and model calibratiai big data belong to the WWTPs (P1,

P2, P3 and P4) exhibited the relationship between the PSMF and the maximum
hydrolysis rate termd{ivp,anaQrvp). Figure5.65reflects a linear correlation £R0.98)
between PSMF andhyp,anaQHyp. The validity of this relation has been tested with the
simulation results of P5, P6 and P7 as showirignre5.65. The analysis of seven
full-scale MADs feeding with different primary sludge mass fractions (PSMF 0 to
100%) hae great importance for the resolution of the anaerobic hydrolysis kinetics.
The two critical findings; the value @fivp,anaQHyp for primary sludge (0.15 for P4;
PSMF=100%) and secondary sludge (0.40 for P2; PSMF=0%), revealed that
dHyp,anagHyp Value has to be in the range of GLB0 depending on the PSMF fraction

fed to MAD (Figure 5.65). Therefore, readjustment ofgnyp,ana fOr each plant is
required to estimate the daily produced biogas at different PSMFs when using the
default model.

In addition, the maximum anaerobic hydrolysis rat@gydanaQHyp) used in
simulations @nyp,anaQryp) €xhibited parallel results with the maximum biogas
production ratesRy) for P1, P2and P3, obtained via Modifie@ompertz model from
SMA and BMP tests. For instance, P3 has the higldggb anagHyo model parameter
of 0.32 day that corresponds tthe maximum ym value of 50 L/kg/day inthe

Modified-Gompertz model.
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One should consider that, the most sensitive parameters in the simulations are the
hydrolysis and decay rate that directly influenice biogas production in anaerobic
digester. Other kinetiparameters can be regarded as-s@msitive parameters with

their statistical ranges provided ifable 5.11. Kinetic parameters and standard
deviations were estimated from batch tests by means of parameter estitoatiof
AQUASIM software. Briefly, the standard deviations of the kinetic parameters were
calculated by taking the inverse of Fisher Information Matrix (FIM) known as the
summary of all parameter sensitivities (ReichE988).The simulations also indated

that changing the estimated value of parameters (p) with their respective standard
deviations §), changes the biogas flowrate less than 10%. Hence, the uncertainty on
biogas estimation due to parameter errejcbuld be neglected in comparisortte

biogas yields obtained as a function of primary sludge mass (PSM).

Table 5.11: Model kinetic parameters for P1, P2 and P30

Symbol Info Unit Pl P2 P3 s/p Default
ento  EXp. day? 0.65 05¢ 0.6( 0.06 0.9C
Koz NiTo as Calibr. g N/m? 0.4 0.7 1.C - 0.7
gono  EXp. day* 4C 4C 35 00/ 4C
boro  EXp. day* 04 04 04 O01F 062
Qo Exp. day* 11 1.4 1.8 0.0 2.0C
Kuvoas Exp. g COD/gCOD 0.06 0.06 0.06 0.0z 0.0F
OHyp,ana  Calibr. - 0.2 0.11 0.1¢ - 0.5C
dorHoapx  EXPp. - 0.6C 0.4C 0.4cC - 0.6C
icux  Meas g COD/gVSS 1.45 1.5 1.6 0.05 1.8(
EAMETO Exp. dayl 0.t 0Lt O0.€ - 0.3
KVFAAMETO,AS Exp. mg COD/L 35C 65C 55C - 40C

Figure 5.66 summarizes the simulan results of recalibrated model (Sumol)
considering the respectivénypana Values of each plant with different PSMF,
compared to actual plant data. Accordingly, biogas production for each treatment plant
was successfully estimated byadjusting/Hypana parameter. The error bars given in
Figure 5.66 reflect the standard deviationss() of the measured biogas flowrates in
WWTPs. It should be noted that the maximum hydrolysis rates in plants P4, P5, P6,
and P7 wre assumed to be the average of the P1, P2, and P3 plaptsl(3 day')

that were previously determined with batch tests.
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Figure 5.66 . Average biogas flowrates with recalibrated Sumol model.

5.6 Modification of Activated SludgeM odel with Segregated Hydrolysis
Kinetics

According to the deathegeneration model, endogenous micropralducts Xg) and
slowly biodegradable organic matteg) are regenerated as a result of biomass decay.
In current plantwide models (GPX, Biowin, Sumo, etc.), it is assumed that the
particulate organic matter originated from biomass decay (seconddggland from

the influent wastewater (captured in primary sludge) have the same degradation
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pathway and particulate organic matter conversion is achieved with a single
hydrolysable COD componeniXd). Practically, the decay rates under anaerobic
conditions are adjusted by the reduction factor for anaerobic hydrotisisaha) with
reference to the aerobic hydrolysis rate.

This study showed that hydrolysis of secondary sludge was found to have much lower
degradation rate than primary sludge, indicatihg tifferent hydrolysis rate of
influent originated Xs) and decay oriented particular organixs £, contrary to the
commonly accepted model structure. Obviously, hydrolysis rate for particulate
organics significantly differs depending on the soukeeor Xg,g, and current model
structure (Sumol or other plamide models) does not consider this differentiation.
Besides, in the decdyydrolysis reaction chain, biomass decay is the rate limiting step
therefore hydrolysis oXg e is first controlled by th decay rate. Inherently, there is a
certain balance between decay and hydrolysis rate. Harstight accumulation of

Xg,e Will occur whenthe hydrolysis rate ofXge converges tahe decay rate and

eventuallyaffectsthe biogas production in anaerobigeksters.

The attempts on the model calibration of léegn data belong to P1, P2,,RBd P4
showed that applying one single hydrolysis reaction kinetics forXeodimd Xg £ does

not satisfy the biogas production profile in every change in the prirhatges mass
fraction. Hence, when studying with the current plaide models, model
recalibration of biogas is required for any change in PSMF in terntgn@fivo
Whereas, the robustness tbe model is its ability to predict process performance
withoutrequiring recalibration, even if operational conditions are changed. Therefore,
the structure othe deathregeneration model is modified as SumolH and tested for
the estimation of biogas flowrates without any recalibration.

The SumolH model relies on theeparation of the hydrolysis rates of particulate
organic matter in the influent wastewatets) and organic matter produced from
biomass decayXge) by having different degradation kinetics for primary and
secondary sludgegigure5.67). Xg,e is formed through the active biomass decay and
undergoes hydrolysis reaction according to the new méagle5.67). In the model,
anaerobic degradation rates are regulated wiftarent /+vp.anafor Xs and Xg e to

predict the biogas flowrates of all WWTPs, accurately.
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SumolH eliminates the requirement for model recalibration of biogas as a function of
biological sludge fraction fed to anaerobic digester, by modifying the modelg

this approach, simulations of the biogas flow rates giverFigure 5.66 were
reproduced by adjusting the parameteyp anafor Xs andXs e components to 0.30 and
0.11, respectivel{fFigure5.68).
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Figure 5.67 : Proposed model structure for biodegradable organics and active
biomass (SumolH).
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As a result, the biogas measurements in the plant®{Plcan be successfully
predicted using the new model (SumolH), effectively eliminating the previous need
for frequent model recalibration. This improvement not only streamlines theingdel
process but also enhances the reliability of the predictions. The effluent parameters,
which represent the average performance of the plants, have been both calculated and

measured, and their details are providedable5.12.

It is important to note that the performance of plant P4 is not included in these results
since only primary sludge is fed to the digester, differing from the other plants.
Furthermore, the plants coded as P1, P2, P3, and P6 are demsgBBIR systems
whereasP5 operates as a highte activated sludge system, emphasizing the rapid
processing of wastewater. P7, on the other hand, is specifically designed for nitrogen

removal.

The strong correlation between the modeled and actual daiarscores the
effectiveness of SumolH in accurately simulating plant performance. This validation
provides confidence in the model's use for predicting biogas prodtagether with
overall plant efficiency, making it a valuable tool for optimizing wastter treatment

operations and planning future upgrades.
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Table 5.12: Effluent performanceanalysis ofplantsconducted with SumoZlifodel.

WWTPs
Effluent Parameters Unit P1 P2 P3 PS P6 P7
Data Model Data Model Data Model Data Model Data Model Data Model
Total COD mg OJ/L 43 44 50 52 80 70 45 40 37 40 33 37
Total Nitrogen mg N/L 7.0 8.0 9.8 10 10 9.8 NA 30 5.1 5.7 8.5 9.0
Ammonia Nitrogen mg N/L 1.4 1.2 5.4 4.5 0.9 1.2 NA 27 <1 0.5 <0.5 0.1
Total Phephorus mg P/L 0.8 0.6 1.0 0.9 0.9 0.7 NA 5.2 090 095 NA 5.5
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6. CONCLUSION AND RECOM MENDATIONS

The paradigm within which wastewater treatment plants are conceptualized and
designed has evolved significantly, transitioning from methodologies preddiyinan
grounded in standardized designs to those that prioritize an experimental, evidence
based framework. This contemporary methodology is characterized by its
interdisciplinary approach, encapsulating principles and techniques from chemistry,
microbiology, bioprocess engineering, and control engineering. This comprehensive
approach facilitates the extensive application of wastewater and biomass
characterization techniques, thereby enabling the acquisition of critical data reflective
of local conditions. Sut data facilitates informed decisionaking processes,
ensuring engineering practices adhere to established safety thresholds. Furthermore,
modetbased experimental characterization is indispensable in delineating the
operational boundaries of wastewateatment facilities and in critically evaluating

potential upgrades to existing systems.

The selection of appropriate wastewater and sludge treatment methodologies is
contingent upon specific considerations, including the fractionation of inflC&im
andthe kinetic parameters particular to the biomass in question. Consequently, the
integration of experimental endeavors with sophisticated-stale plantvide
modeling tools emerges as a formidable strategy for the selection of suitable treatment

systems ad the execution abbustprocess calculations.

In practical use, planvide models apply one single hydrolysis kinetics for influent
originated Kg) and decayriented particulate organi¢Xse). Contrary to traditional
assumptions in wastewater treatrmodeling, it was observed that secondary sludge
undergoes hydrolysis at a much slovkaretics compared to primary sludge. This
discrepancy suggests that current models like Sumol and other comprehensive
wastewater treatment models fail to account fue variance in hydrolysis rates
between different types of particulate organi€gpically, model recalibration is a
critical processn wastewater treatment modeling to ensure accurate predictions of

system behavior, particularly in the production of bi®drom anaerobic digesters.
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Recalibration is often necessary when different sludge types are treated, affecting the
efficiency of the modein predicting biogas flowrates. Traditional models, such as
Sumol, require frequent recalibration to adapt to #r@trons in sludge composition

and operational conditions in different treatment facilities. This recalibration process
can be timeconsuming and resourdetensive, as it involves extensive data collection
and analysis to adjust model parameters to matoberved plant performance

accurately.

The SumolH model significantly reduces the necessity for such recalibrations by
incorporating adjustable parameters for hydrolysis rates that are specific to the origin
of the particulate organidsXs andXs e. By fitting the kineticsof parameters to reflect

the inherent differences in hydrolysis rates of primary and secondary sludges, SumolH
allows for more stable and consistent model performance across various conditions
without the continuous need for recalibratidrnis approach not only enhances the
predictability and reliability of the model but also optimizes the operational efficiency

of biogas production processes in wastewater treatment plants.

A pivotal discovery within the scope of the current study is dhservation that
hydrolysis kinetics deviate significantly from values previously accepted within the
scholarly literature. This revelation underscores the importance of a deep
understanding of the individual kinetics of processes. Overlooking such Icritica
knowledge can precipitate significant design inefficiencies and failures. As such, this
study makes a seminal contribution by providing a comprehensive database on plant
specific process kinetics derived from fallale operations. It unequivocally
demorstrates that a tailored approach to kinetic characterization is crucial for
developing more precise ftdlcale wastewater treatment plant designs, particularly in

municipal wastewater with significant industrial contributions.

The pursuit of compliance viitdischarge standards and energy generation via biogas
through anaerobic sludge digestion necessitates an intricate calculation of organic
matter transformations within wastewater treatment facilities. Within the activated
sludge process framework, the sldiodegradability of organic matter, whether
inherent in the influent or resultant from biomass decay, constitutes a significant
reserve for nutrient removal and energy production. Contemporary process models

attribute the dgradationof this organic madr to the ratdimiting hydrolysis process,
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conceptualizing the organic matter cycle through a singular particulate biodegradable

COD component.

This investigation facilitated the experimental determination of COD fractionation and
specific process kinescalongside the evaluation of fgdtale plant performances.
Biogas production metrics were substantiated through -plat® dynamic
simulations. These simulations, applied to-gBdale municipal WWTPs of varying
configurations, indicated the necessity foodel recalibration contingent upon the
mass fractions of primary sludge directed towards digestion processes. The innovative
model delineated the biodegradation kinetics of particulate organics derived from
influent and those produced through biomassgerevealing that particulate organic
matter in primary sludge degrades thrice as fast as that originating from biomass decay.
Consequently, this refined model accurately characterized the biogas production
potential of seven fulscale municipal wastewer treatment plants, showcasing

distinct degradation kinetics.

Moreover, this novel modeling approach promises to revolutionize the design criteria
for BNR systems, including the precise sizing of #ldanks and the optimization of
anoxic zones for enhaad denitrification. It heralds a newonceptof accurate
assessment of biogas production capabilities and the design and optimization of sludge
disintegration processes, such as thermal hydrolysis. Thus, the proposed model
facilitates a comprehensive redwation of process performance and design
methodologies for biological processes, including sludge fermentation and BNR
processes. However, developing specific experimental procedures for determining
novel model parameters, particularly concerning hydielyunderaraerobic and

anoxic conditions, remains imperative.
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APPENDIX A: Components in Sumo Model Matrix

Table A.1: Components in Sumo model mat(l¥RL-1).

Symbol Name Model Definition Unit
A fermented product representing a
Sumol combination of acetate and other volatile fati
Volatile fatt Sumo2 acids produced in an anaerobic environmer
Svra acids (VFA))/ Sumo2C from Ss. It is available for biological removal g COD-m?®
Sumo2S by OHOs, CASTOs (PAOs, GAOs), and
Sumo4N AMETOs and chengial removal during HFO
reduction.
Readily Mini_Sumo NonVFA organic material that can be
: Sumol .
biodegradable fermented to VFA, it represents a group of 3
Ss Sumo2 S - ; g COD-m
substrate (non readily biodegradable organic material prese
Sumo2S .
VFA) in wastewater.
Sumo4N
Readily
biodegradable Small molecular weight substrate mainly
S8, mono substrate as Sumo2C consumed by AHOs instistage of higkrate g COD-m?®
monomers (non process.
VFA)
biogga?a:gable Readily biodegradable substrate that is not
St poly subs%rate as Sumo2C degraded in 3 stage of a higinate process. g COD-m?®
Consumed by OHOs imM@stage.
polymers
Sumol
Methanol Sumo2 A methyl alcohol or the simplest alcohol. A
SmeoL (MEOL) Sumo2C commonly used external canb source for g COD-m?
Sumo2S denitrification.
Sumo4N
Sumol A biodegradable organic component,
Colloidal Sumo?2 flocculates to form XB. Analytically can be
Cs biodegradable =~ Sumo2C approximated by flocculation or filtration g COD-m?
substrate Sumo2S (larger than 0.1 microbut smaller than 1.2
Sumo4N micron)
Mlg'u—rigino High molecular weight particulates that are
Slowly Sumo2 hydrolyzed by extracellular enzymes to relea
XB biodegradable Sg. They are introduced directly fromthe g COD-m?®
Sumo2C . - .
substrate SUMO2S influent and released during the bacterial det
SuMo4N process in deattegeneration concept models
A soluble organic material that is not degrad
Mini_Sumo  biologically or chemicallyn wastewater and
Sumo1l leaves in the effluent. Typically, measured b
Soluble : e
Sy unbiodegradable Sumo2 performing aﬂo_cgul_ated filtration test on the g COD-1
organics Sumo2C effluent of a nitrifying plant. It also has a
9 Sumo2S  nitrogen and phosphorus content. There is 0
Sumo4N one process, the Thermal Hydrolysis Proces
which generates Sfrom Xu in the model.
A nonbiodegradable organic material,
Sumol .
. flocculates to form X and leaves the plant in
Colloidal Sumo?2 .
- the WAS or cake. Analytically can be 3
Cu unbiodegradable Sumo2C . ; S g COD-m
3 approximated bylocculation or filtration
organics Sumo2S . -
SumoaN (larger than 0.1 micron but smaller than 1.2

micron)
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Table A.1(continued): Components in Sumo model matrix.

Symbol Name Model Definition Unit
Mini_Sumo A nonbiodegradable organic material that it
. Sumol larger than 1.2 micron. It is not hydrolysed ar
Particulate . : 4
Xu unbiodegradable Sumo2 remains untran_sformed due to biological an g COD-1m?
oraanics Sumo2C chemical reactions. The thermal hydrolysis
g Sumos process model is the only unit that converts
Sumo4N portion of Xy to Su.
An internal cell storage organic material stort
Storage product by AHOs in low SRT systems using,&noand 3
Xs1o of AHOs Sumo2C g " I'ts production d 9¢ODM
and growth.
Sumol Polyhydroxyalkanoates considered as an
Stored Sumo?2 internal organic cellular storage product of
XpPHA polyhydroxyalka  Sumo2C CASTOs (PAOs). The composition of g COD-m?
noates (PHA) Sumo2S alkanoates is represented as giply
Sumo4N hydroxybutyrate.
Sumo1l
XoLy Stored glycogen SS:JUan(Z)(ZZ Internal organic cellular storage product of g COD-m?
(GLY) SUMO2S CASTOs (GAOs).
Sumo4N
Mini_Sumo  An organic material released during cell lysi
Sumol under aerobic and anoxic environment, it has
X Endogenous Sumo?2 extremely slow conversion rate of 0.07 per d: COD-1
E decay products  Sumo2C and it converts to Xwhile releasing & and 9
Sumo2S  Sros The Xe builds in a system with increasin
Sumo4N SRT.
Sumol An organic material relased on cell lysis unde
. anaerobic environment and hydrolysed in
Anaerobic Sumo2 : .
aerobic environment to releasg, Swnx, and 3
XE,ana endogenous Sumo2C - . X g COD-m
Srosa This component is responsible for the
decay products  Sumo2S o : i
additional VS destruction observed in a pos
Sumo4N S .
aerobic digestion process.
Generalist facultative ordinary hetrotrophic
organisms that consume different soluble
Mini Sumo biodegradable organics |nc_Iud|n_g,$/FA, and
. — XwmeoL and can perform biological removal
Ordinary Sumol ! . .
. under aerobicanoxic, and anaerobic
heteotrophic Sumo?2 - . 3
Xowo . environments. They are also responsible fo g COD-m
organisms Sumo2C : d b
hydrolysis of the particulates. In MiniSumo ar
(OHO) Sumo2S 1 th ¢ denitrificati
SuMo4N Sumo1, they perform one step denitrificatior
meaning from Soxto Sw. In other models they
follow two steps, Sos reduction to Soz, and
Snoz reduction to $2.
A special group of carbon storing heterotropk
organisms representing a combination of bo
PAOs and GAOs. The process conditions
dictate the ratio oPAO to GAO achieved in
Sumol the process model. They are responsible fc
Carbon storing Sumo?2 taking part in the EBPR process. They stort
XcasTo organisms Sumo2C PHA and/or GLY during the anaerobic g COD-md
(CASTO) Sumo2S conditions, and consume stored carbon duri
Sumo4N anoxic and aerobic environments to genera

polyphosphate (¥). In Sumol, they perform
one step denitrification, meaning fromdz to
Snz.In other models they follow two stepsyds

reduction to Soz, and Sioz reduction to §2.
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Table A.1(continued): Components in Sumo model matrix.

Symbol Name Model Definition Unit
Specialist heterotrophic organisms responsit
Sumol for removal of XseoL. Only found in systems
Anoxic Sumo2 with methanol addition and compete with
X methanol S OHOs during denitrification proceds. Sumol, 3
MEOLO i umo2C P ’ g COD-m
utilizers SUMO2S they perform one step denitrification, meanir
(MEOLO) Sumo4N from Svox to Svz. In other models they follow
two steps, oz reduction to Soz, and Sioz2
reduction to %2.
Heterotrophic organias storing readily
biodegradable small molecular weight
Carbon components represented asnSoand volatile
adsorption fatty acids (Sra) into Xsto. The growth rate of
XaHo heterotroph Sumo2C AHOs is higher than that of the OHOs and g COD-m?
organisms outgrow them in a short SRT system of <2
(AHO) days. They only carrgut aerobic consumptior
of the Xstoand are expected to be seeded frc
the influent.
Aerobic Obliggte aerobic autotrophi_c organism
nitrifying Mini Sumo responsible for complete nltrlflcatllon,. from
Xnito organisms Sumol SiHx to Svox. It represents a combination of g COD-m?®
AOBs and NOBs for simplification in the
(NITO)
referred models.
Aerobic Ssluunr%ozzc Obligate aerobic autotrophic organism
XaoB ammonia SUMO2S responsible for the first step in nitrification, g COD-m?®
oxidizers (AOB) SUMo4N from Sunx to Svoz.
Sumo2 . . . .
L .- Obligate aerobic autotrophic organism
XnoB Nitrite oxidizers  Sumo2C responsible for the second step in nitrificatioc g COD-m3
(NOB) Sumo2S f
SUMo4N rom Svoz to Svos.
Sumo2 A c_hemmutotro_phic e_lnae_ro'bic bacteria that
Anammox SUMO2C oxidizes ammonium with nitrite as the electrc
Xamx organisms SUMo2S acceptor and with CO2 as the main carbor g COD-m?®
(AMX) SumoaN  Source. They are slow growers and have a Ic
doubling time.
Mini_Sumo
. . Sumo1l :
Acidoclastic Sume Anaerobic archea that consume4&to produce
XameTo methanogens Sumo2C Scraand Sozas a metabolic bproductand g COD-m®
(AMETO) SUMO2S dondt grow under a
Sumo4N
Mini_Sumo
Sumol .
Hydrogenotroph Sumo2 Anaerobt archea that consumez®and Sozto
XHMETO ic methanogens SUMO2C produce SHs as a metabolic bproductand g CODm3
(HMETO) SUMO2S dondt grow under a
Sumo4N
Acidoclastic A group _ofbactgria} an_d_ a_lrchaea that perforr
sulfatereducing anaerobic respiratioutilizing Ssosand Sra,
Xasro . Sumo2S reducing it to S2sand generating&®2 They g COD-m?®
organisms . .
(ASRO) compete with AMETOs for @a and negatively

impact performance of a digester.
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Table A.1(continued): Components in Sumo model matrix.

Symbol Name Model Definition Unit
Hydrogenotroph A group of bacteria and archaea that perfori
ic sulfate anaerobic respiration utilizings&sand Sz,
XHsro reducing Sumo2S reducing it to S2s. They compete with g COD-m?
organisms HMETOSs for S$i2 consumption and negatively
(HSRO) impact performance of digester.
Sulfur-oxidizing They oxidize S2sin two steps under aerobic
Xsoo organisms Sumo2S  and anoxic environments, first fromSto Xs g COD-m?
(SO0) (elemental sulfur) and second fromg % Sso4
Mini_Sumo
Photosynthetic Sumol A group qf plhotosyn@hetlc orgar:jnsms which
XALGAE organisms Sumo2 grow, assimi ate nutrlgntSpSz and generate g COD-m#
Sumo2C  Sozin the presence of light. They consume S
(ALGAE) -
Sumo2S through respiration.
Sumo4N
Mini_Sumo
Total ammonia gﬂmgé Total ammonia nitrogen is a sum of ammonit
SNHx and free ammonia. An essential nutrient fort g N-nm3
(NHXx) Sumo2C L )
biokinetic growth reactions.
Sumo2S
Sumo4N
An intermediate product produced by AOB
Hydroxylamine from Suxx. It is then oxidied to Sio under 3
SiHz0H (NH20H) SumoaN . erobic environments, It is also reduced to o~ 9N
Snzo under anoxic environments.
A sum of nitrate and nitrite, and electron
S Nitrate and Mini_Sumo  acceptor for anoxic reactions. In the referre: N-r3
O nitrite (NOX) Sumol Models it isconsidered nitrate for all COD 9
conservation purposes.
Sumo2
- Sumo2C A sum of nitrous acid and nitrate ion and 3
Soz Nitrite (NO2) Sumo2S electron acceptor for anoxic reactions. g N-m
Sumo4N
Sumo2
. Sumo2C . . 3
Snos Nitrate (NO3) SUMo2S An electran acceptor for anoxic reactions. g N-nT
Sumo4N

Nitric oxide of Nitric oxide generated by AOBs fronkioH
Sno,A0B Sumo4N  and either oxidized toNgz and reduced tonzo. g N-nt3
AOB (NO) : ) .
It is considered as an internal product.

Nitric oxide of Nitric oxide generated by OHOs duringd3

) : ) . 3
S\o,0HO OHO (NO) Sumo4N reduction. It is considered as an internal g N-nT
product.
Nitrous oxide Generated by OHOs from&oroand by 3
Shzg (N:0) Sumo4n AOBS from Sio a0k, g N-nm
Mini_Sumo
Sumol

Only nitrogenous product of denitrification

She nilt)rlossgllw(ﬁ) SSUL;?C?ZZC except for in Sumo4N model and is subjectt g N-nT3
’ Sumo2S gas transfer.
Sumo4N

174



Table A.1(continued): Components in Sumo model matrix.

Symbol Name Model Definition Unit
Mini_Sumo A nitrogen containing soluble organic materi:
Soluble Sumol 9 9 9 ‘

biodegradable Sumo2 (urea, amino acids, amines, and others) th:

. : 3
Svs organic N (from  Sumo2C reIQ?seg nitrogen as total ammonia on I g N-nT
) Sumo2s  @mmoni ication in wastewater treatnjent. In t
mo d e | i have COR assod@ated.
Sumo4N
Mini_Sumo
Particulate Sumol A nitrogen containing particulate organic
X biodegradable Sumo?2 material (proteins and others) that releases ¢ N
NB organic N (from  Sumo2C on hydrolysis in wastewater treatmelntthe 9
XBg) Sumo2S model it doesnot
Sumo4N
Sumol A nitrogen containing particulate organic
Particulate Sumo2 material that is not biologically or chemically
XN,u unbiodegradable Sumo2C degraded in the plant and leaves with the ca g N-n13
organic N Sumo2S solids. The only process that degrades;Xo
Sumo4N Sihx is the thermal hydrolysis process.
Mini_Sumo Soluble inorganic phosphorus, represents i
Sumo1l oo . ; )
combination of Phosphoric acid, Dihydroger
Orthophosphate  Sumo2 . . 3
Spoa phospate ion, Hydrogen phosphate ion, g N-nT
(PO Sumo2C Phosphate ion. A ol ient for th
SUMO2S osp a_lttle(_lon._ n essEntla nutrient for the
SUMoaN biokinetic growth reactions.
Sumo1l . .
Stored Sumo2 . PonLphosphate considered as an internal
X olvphosphate  SUMO2C inorganic cellular storage produmft CASTOs N
PP polypnosp (PAOs). The composition ofpkis 9
(PP) Sumo2s (Ca.1K0.1Mgo.38° Os)
Sumo4N ANV "
Soluble Sumol A phosphorus containing soluble organic
: Sumo2 h
biodegradable material that releases phosphorus &as B 3
SpB . Sumo2C gP-m
organic P (from wastewater trdame n t . I'n the
s) Sumo2s have COD
Sumo4N '
Mini_Sumo
Particulate Sumol A phosphorus containing particulate organic
X biodegradable Sumo2 material that releases gon hydrolysis in P.m?
P organic P (from  Sumo2C wastewater treatmentnl t he mode 9
XB) Sumo2S have COD.
Sumo4N
S A phosphorus containing particulate organic
umol . - . . ;
. material that is not biologically or chemically
Particulate Sumo2 . .
. degraded in the plant and leaves with the ca 3
Xpu unbiodegradable Sumo2C ! gP-m
. solids. The only process that degradeg X0
organic P Sumo2s Sposis the process model of thermal hydrolys
Sumo4N o4 P ydroly=
process.
Mini_Sumo
Sumo1l
% Dissolved Sumo2 Dissolved oxygen is major electron acceptor P.m?
2 oxygen (Q) Sumo2C  aerobic system and is gabted to gas transfer 9
Sumo2S
Sumo4N
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Table A.1(continued): Components in Sumo model matrix.

Symbol Name Model Definition Unit

Mini_Sumo

Sumol Dissolved methane is the most reduced form

ScHa mghs;r?év(egh) SSl.Junr:)()ZZC carbon and ehproduct of methanogenesis. g COD-m?®
SUMO2S They are subjected to gas transfer.
Sumo4N
Mini_Sumo
Sumol Dissolved hydrogen is generated during
Sy Dissolved Sumo?2 fermentation and transformed tedz during COD-m?
2 hydrogen (H) Sumo2C methanogensis. They arebgected to gas 9
Sumo2S transfer.
Sumo4N
Alkalinit Assumed to be bicarbonate and used for
SALk (ALK) y MiniSumo  appropriate conversion of electric charges in  eq ALK:L?
biokinetic reactions.
Sumol A sum of carbonic acid, bicarbonate ion,
Total inoraanic Sumo2 carbonate ion. It is end product of many
Scoz carbon (cg:Q) Sumo2C biological reactions. As bicarbonate itisa g TIC-m?®
Sumo2S substrate for nitrification and also consumet
Sumo4N during methanogenesis.
Mini_Sumo
Inorganics in gﬂmgé It represents the inorganic inerts present ir
XiNorG influent and SUMo2C influent and the biomass (0.11 g TSS:.g C®D g TSS-n?
biomass SUMo2S It has a ]a, o, Scaand Sug content.
Sumo4N
Sumol
Other stron Sumo?2 Represated as sodium and is an essential
Scat cations (as Ng'z) Sumo2C element for biomass. It participates in pH an g Na-m?®
Sumo2S precipitation reactions.
Sumo4N
Sumol
Other stron Sumo2 Represented as chloride and is an essentii
San anions (as Cg); Sumo2C element for biomass. It patipates in pH and g Cl-nms
Sumo2S precipitation reactions.
Sumo4N
Sumol
Sumo2 . .
Sea Calcium SUMO2C An gs;entlal_element for bl(_Jnjas_s amb}m_d _ gCan?
SUMO2S participates in pH and precipitation reaction:
Sumo4N
Sumol
Sumo2 . .
Svg Magnesium Sumo2C An essetial element for biomass and-X It  gMgn
SUMO2S participates in pH and precipitation reaction:
Sumo4N
Sumol
Sumo2 . .
S Potassium SUMO2C An essential element for biomass anet Cgkm?
SUMO2S participates in pH and precipitation reaction:
Sumo4N
Hydrogen Dissolved hydrogen sulfide gas, its subjectec 3
Srizs sulfide (H:S) Sumo2s gas transfer, biological and chemical reactior gsSm
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Table A.1(continued): Components in Sumo model matrix.

Symbol Name Model Definition Unit
An end praluct of Si2s oxidation. It participates 3
Sso4 Sulfate (SQ) Sumo2S in pH determination gSm
Particulate An intermediary product of partiak&s
Xs elemental sulfur ~ Sumo2S y pro P gS-md
oxidation.
(S)
Ferric hydroxide - . .
XFeoH compounds MiniSumo Phosphoru@t:nglrr(l)?(i((:jzzacny of fefe g Fe-m?®
(FeOH) Y
Ferric phosphate . -
Xrep compounds MiniSumo This component results from binding g Fe-n?
phosphorus to thepgon
(FeP)
Aluminium
hydroxide - It stands for phosphortiEinding capacity of 3
XaioH compounds MiniSumo possible Al hydraides g Alm
(AIOH)
Aluminium
phosphate - This component results from binding 3
Xar compounds MiniSumo phosphorus to the AoH. g Alm
(AIP)
gﬂmg; Ferrous ion oxidized to ferric ion and then
S Ferrous ion Sumo2C participates in Xro formation. It precipiates Fe.m?
ez (Fe2) SUMO2S SHzs 10 Xresand $o4to Xvwi under anaerobic 9
SUMo4N environments.
Active hydrous gﬂmg; A ferric hydroxide with high surface area ant
ferric oxide, high capacity to bin&ros Higher mixing .
XHFoH high surface Sumo2C condition results in more pfo + formation g Fe-m?®
(HFO,H) Sumo2s compared to ¥ro,L
' Sumo4N "
. Sumol A ferric hydroxide with low surface area anc
Active hydrous Sumo?2 X . -
X . low capacity to bind &4 Poor mixing
XHFo,L ferric oxide, low  Sumo2C i . ; g Fe-m?®
condition results in more pfo,L formation
surface (HFO,L) Sumo2S d
Sumo4N compared to Xro n.
Sumol When there is excess ferric addition and nc
Aged unused Sumo2 much Soais available then Xro,n and X4
XHFooid hydrous ferric Sumo2C formed aoie into ¥ro,old These nge inca ;%ILe ¢ 9 Fe-m?
oxide (HFO,o0ld) Sumo2S 9 remo\c;in S P
Sumo4N g wos
P-bound Sumol
hydrous ferric Sumo?2
XHFOH,P oxide, high Sumo2C The FeSposcomplex formed with Xro k. g Fe-m?®
surface Sumo2S
(HFO,H,P) Sumo4N
P-bound Sumol
hydrous ferric Sumo2
XHFo,LP oxide, low Sumo2C The FeSposcomplex formed with Xro,L. g Fe-m?®
surface Sumo2S
(HFO,L,P) Sumo4N
Aged Rbound Sumol
X hydrous ferric Sumo2
HFO.HP, oxide, high Sumo2C Aged form of Xiro,up g Fe-m?
old surface Sumo2S
(HFO,H,P,old) Sumo4N
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Table A.1(continued): Components in Sumo model matrix.

Symbol Name Model Definition Unit
Aged Rbound Sumo1l
X hydrous ferric Sumo2
HFO.LP, oxide, low Sumo2C Aged form of Xiro.Lp g Fe-n?
ol surface Sumo2S
(HFO,L,P,0ld) Sumo4N
Active hydrous Sumol Aluminium hydroxide with high surface area
alumirium Sumo2 and high capacity to binde&. Higher mixin
XHaoH oxide, high Sumo2C gh capacity t 9 IXIng g Al-m3
condition results in more Mo.Hformation
surface Sumo2S compared to ¥a
(HAO,H) Sumo4N P oL
Active hy_drous Sumol Aluminium hydroxide with low surface area
aluminum Sumo2 and low capacity to bindrg4 Poor mixin
XHao L oxide, low Sumo2C OW capacily | 4 Ing g Al-m3
condition results in more Mo,L formation
surface Sumo2S compared to X
(HAO,L) Sumo4N P O
Aged unused gﬂmgé When there is excessiXo and not much &4
hydrous is available then XHAO andpfo,. formed age 3
XHAO,0ld . . Sumo2C : . . g Al-m
aluminum oxide into Xnao,00. These are incapable of removin
(HAO,0ld) Sumo2s Srou
! Sumo4N
P-bound
Sumol
hydrous
aluyminium Sumo2 .
XHAOH.P . . Sumo2C The Al-Sroscomplex formed with Xao H. g Al-m3
oxide, high
surface Sumo2S
(HAO.H.P) Sumo4N
P-bound Sumol
hydrous
aluminium Sumo2 .
XHao,LP . Sumo2C The Al-Sroscomplex formed with Xao,L. g Al-m3
oxide, low
surface Sumoﬁﬁ
(HAO,L,P) Sumo
Aged Rbound Sumol
hydrous
XHAOH,P aluminium Sumo2
e oxide. high Sumo2C Aged form of Xiao,H,p. g Al-m3
ol » g Sumo2S
surface Sumo4N
(HAO,H,P,0ld)
Aged Rbound Sumo1l
hydrous
XHAo,LP aluminium Sumo2
T . Sumo2C Aged form of Xiao,Lp. g Al-m3
old oxide, low
Sumo2S
surface Sumo4N
(HAO,L,P,old)
Sumol
Calcium Sumo2 . . .
Xcacos carbonate SUMO2C Essential Chem;ﬂ;?r;?:e;%wma precipitate g TSS-?
(CaCQ) Sumo2S y
Sumo4N
Sumol
el Sumes
Xacp hosphate Sumo2C Elemental compositin of Ca(PQy)2:4H20. g TSS-n¥
P (ACpP) Sumo2S
Sumo4N
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Table A.1(continued): Components in Sumo model matrix.

Symbol Name Model

Definition

Unit

Sumol
Sumo2
Sumo2C
Sumo2S
Sumo4N

XBsH Brushite (BSH)

Sumol,
Sumo2,
Sumo2C,
Sumo2S,
Sumo4N

XsTR Struvite (STR)

Sumol
Sumo2
Sumo2C
Sumo2S
Sumo4N

Xvivi Vivianite (Vivi)

Iron sulfide

(FeS) Sumo2S

XFes

Mini_Sumo
Sumol
Sumo2

Sumo2C
Sumo2S
Sumo4N

H Enthalpy

Mini_Sumo
Sumol
Sumo2

Sumo2C
Sumo2S
Sumo4N

SALPHA Alpha indicator

Sumol
Sumo2
Sumo2C
Sumo2S
Sumo4N

ORP driver for
CASTO activity
switches

SorPswitch

Sumol
Sumo2
Sumo2C
Sumo2S
Sumo4N

Carbon dioxide

Gceoz gas (CQ)

Mini_Sumo
Sumol
Sumo2

Sumo2C
Sumo2S
Sumo4N

Methane gas

Gcha (CHa)

Elemental composition of CaHRQH:O.
Forms at lower pH values than Struvite

Formed under anaerobic environments and |
an elemental composition of MgNPIQs-6H20.

Formed under anaerobic environmesusl has

an elemental composition of #BQy)2-8H20.

Formed under anaerobic environments and i

precursor for pyrite formation.

An energylike property that is used to calculat
temperature of a system. It flows from the

influent unit to the plant.

A surrogate representing the surfactant

composition in the wastewater.

A surrogate switch to calculate the activity o

CASTOs.

Gaseous form represented in bubbles of

wasewater system.

Gaseous form represented in bubbles of

wastewater system.

gTSS-m?

g TSS-m?

g TSS-n?

g TSS-n¥

MJ-nT13

unitless

unitless

g TIC-m?

g COD-md
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Table A.1(continued): Components in Sumo model matrix.

Symbol Name Model Definition Unit
Mini_Sumo
Sumol
Hydrogen gas Sumo2 Gaseous form represented in bubbles of 3
Grz (H2) Sumo2C wastewater system. g COD-m
Sumo2S
Sumo4N
Mini_Sumo
Sumol
Sumo2 Gaseous form represented in bubbles of 4
Goz Oxygengas (9 g monc wastewater system. g Ozm
Sumo2S
Sumo4N
Sumol
: Sumo2 .
Griis Amr(rlllogé? gas Sumo2C Gaseousvac;rgtweﬁgtreersg:gnl]n bubbles of g N-n
Sumo2S '
Sumo4N
Mini_Sumo
Sumol
G Nitrogen gas Sumo?2 Gaseous form represented in bubbles of N
N2 (N2) Sumo2C wastewater system. g
Sumo2S
Sumo4N
Nitric oxide gas Gaseous form represented in bubbles of 3
Gro (NO) Sumo4N wastewater system. g N-nT
Nitrous oxide Gaseous form represented in bubbles of 3
Gnzo gas (NO) Sumo4N wastewater system. g N-n
Hydrogen .
Gis sulfide gas SUMo2S Gaseoudorm represented in bubbles of g S-m?
wastewater system.
(H2S)
Sumo1l
Carbon dioxide Sumo?2 Gaseous form represented in the atmosphe
Geozam as (CQ) Sumo2C around wastewater systems oviv
9 Sumo2S Y '
Sumo4N
Mini_Sumo
Sumo1l
G Methane gas Sumo?2 Gaseous form represented in the atmosphe Yoviv
CHa.am (CHa) Suma®C around wastewater systems.
Sumo2S
Sumo4N
Mini_Sumo
Sumol
G Hydrogen gas Sumo2 Gaseous form represented in the atmosphe Yoviv
Hz.atm (H2) Sumo2C around wastewater systems. °
Sumo2S
Sumo4N
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Table A.1(continued): Components in Sumo model matrix.

Symbol Name Model Definition Unit
Mini_Sumo
Sumol
Sumo2 Gaseous form represented in the atmosphe o
Gozam  Oxygengas (9 g mooc around wastewater systems. Yoviv
Sumo2S
Sumo4N
Sumol
Ammonia gas Sumo2 Gaseous form represented in the atmosphe
GiHz,atm g Sumo2C P P %oviv
(NH3) around wastewater systems.
Sumo2S
Sumo4N
Mini_Sumo
Sumol
Nitrogen gas Sumo?2 Gaseous form represented in the atmosphe
GNZ,atm %V/v
(N2) Sumo2C around wastewater systems.
Sumo2S
Sumo4N
Nitric oxide gas Gaseous form represented in the atmosphe o
Gnoaim (NO) SumoAaN around wastewater systems. Yoviv
Nitrous oxide Gaseous form represented in the atmosphe o
Gnz0,sm gas (NO) SumoAaN around wastewater systems. Yoviv
Hydrogen .
Gros.atm sulfide gas SUM@S Gaseous form represented in the atmosphe %oviv
around wastewater systems.
(H2S)
Methyl Lo .
Snindex mercaptan SUMo2S A surrogate for indicating the potential for od Unitless

production index generation at a wastewater facility.
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