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ABSTRACT

ABSTRACT

In the present thesis work, the resulterperimentation on a pilot anaerobic digestion plant
have been presented. The experiment, which lasted seven months, was carried out first on
monadigestion of the sludge produced by a wastewater treatment plant and subsequently on
co-digestion with expird yogurt of welknown commercial brands. The reactor operated
according to a Continuous Stirred Tank Reactor (CSTR) model and an operating volume of 60
L at a temperature of 38 = 0.5 ° C. The pitant was fed daily in semtontinuous mode
operating wih an average HRT of 17 dayls. the monedigestion phase, the reactor was
operating with an average OLR &f34 kgvs/m®d. This average OLR, in the -ctigestion

phase, was increased by 2@061.61 kgs/m*/d by adding yogurtThe main purpose of this

work was to develop and calibrate a-adigestion model based on ADM1 through the
OpenModelica programming platform. The calibration was carried out through an iterative
validation process with the analytical date results of the BMP tests and the biomagsipct

tests carried out. The proposed iteration method fomntbdel calibration was found to be
effective: the model adapts satisfactorily to the experimental data collected, as confirmed by
the statistical indicators Theil's Inequal@pefficient (TIC) and Mean Absolute Relative Error
(MARE). Among the various results obtained, the TIC and MARE indicators for simulating
the concentration of VF#iIn the digestate ai@ 174 and0.333, respectivelyfor both criteria,

the closer the valu® zero, the better the model performantk < 0.3 represesta good
simulation resu)t For the simulation of the ammonium concentration {N}tvaluesof TIC
=0.081andMARE = 0.167are obtained. For the simulation of the BMP tests digestion,
valuesof TIC =0.009and MARE =0.018are obtained.

Key words: Anaerobic digestion ADM1, co-digestion, pilot plantsubstrate characterization,

wastewater treatment plant.



SOMMARIO

Nel presente lavoro di tesi sono stati presentgsilitati di una sperimentazione su un impianto

pilota di digestione anaerobica. La sperimentazione, durata 7 mesi, € stata effettuata prima sulla
monaodigestione del fango prodotto da un impianto di trattamento acque reflue e
successivamente sulla-digestione con dello yogurt scaduto di note marche commerciali. Il
reattore ha operato secondo un modello CSTR (QanisStirred Tank Reactor) e un volume
operativo di 60L a una temperatura di 85 °C. |l pilota e stato alimentato giornalmente in
modalitd semicontinua operando con un HRT medio di 17 giorni. Nella fase di mono
digestione il reattore & stato sottoposto ad un OLR medi@4ikgvs/m®d. Tale OLR medio,
nellafasedical i gesti one,  stato increment aando del z
al.61kgvs/m3d. Lo scopo principaleel presente lavoro & stato quello di sviluppare e calibrare

un modello di cedigestione su base ADML1 attraverso la piattaforma di programmazione
OpenModelica. La calibrazione é stata effettuata attraverso cegsiterativo di validazione

con i dati analitigii risultati delle prove di BMP e delle prove di attivita della biomassa svolte

Il metodo di iterazione proposto per la calibrazione del modello e risultato essere efficace: il
modello si adatta in mani@ soddisfacente ai dati sperimentali raccolti nel corso di 7 mesi di
operativit?’ del commp iaavrvtad opat ot a ramite gl
Inequality Coefficient (TIC) e Mean Absolute Relative Error (MARE)a i vari risultati

ottenuti, di indicatori TIC e MARE per la simulaziondella concentraziondei VFA nel
digestatosono rispettivament@.174 e 0.333 (per entrambi i criteri, piu il valore si avvicina a

zero, migliori sono le prestazioni del modello, TIC08 rappresenta un buon risultato di
simulaziong. Per la simulazionel el | a concent r a@®Hs) sieottenhenb | 6 a mm
valori di TIC=0.081e MARE= 0.167 Per la simulazione dei test di BMP in-digiestione si
ottengono valori di TIG:0.009e MARE =0.018

Parole chiave: digestione anaerobica, ADM codigestione, impianto pilota,

caratterizzazione dei substrati, impianto di trattamento acque reflue.
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INTRODUCTION

Chapter 1: INTRODUCTION

1.1. Background

The production of bioenergy from anaerobic digestion (AD) is a promising alternative to
climate change reduction @nit is considered a viable treatment technology for waste
managemenf(This technology has a positive net energy production rate anddti@negas

produced from the processuldreplace fossil fuel§Anukam et al., 2019)

Nowadays, renewable and efficient energy recovery in wastewater facilities is ohtgesgti

because they are notoriously large energy consumers in the municipal infrastructures.

In the context of wastewater treatment plants, anaerobic digestion is a technology widely used
to treat sewage sludgklost municipal wastewater treatment plahéve reported an excess
digestion capacity of 15 to 30 percent. In those plants, the AD process is conducted with a low
OLR, therefore they may be capable to process with their current digester capacity an ample
range of organic materials. This procesdligfesting more than one substrate is called co
digestion(Metcalf & Eddy | AECOM, 2014)

Currently,the digestion of sewage sludge is generally characterized by a low yield in methane
production (106800 NLcna per kg of volatile solid fedr 0.3-9 Nnmicra per ton of sludge)f
there is excessapacity in municipal facility anaerobic digesters;digestionwith other

wastes can be anterestingmeans for increasing tlemergyproduction

A major benefit of cedigestion is the ability to turn a waste product into a source of energy,
while at he same time curtailing the carbon dioxide release from the waste decomposition in
landfills (Rosso and Stenstrom, 2008herefore AcoD can be an attractive alternative the
treatment ofsourceselected organic fraction of municipal solid wastevarious foodby-

products

The use of mathematical models such as ADMbuld be extremely helpfuin order to
maximize the methane production from AgaBonitoring the parameters of the process and

performng scenario analysig&Siddique & Wahid, 2018)



1.2. Goals

The central purpose of this work was to develop and calibratedagestion model based on
ADML1. This aim was achieved by running and monitoring an anaerobic digestion pilot plant
and by carryingut batch testgzigurel.1 shows the scheme of the iterative calibration process
used toachieve such an objective.

This work is part of the European research project PerFORM WATER 2030. Partners involved:
GruppoCAP Holding, Hadecnico di Milano, SEAM Engineering Srl. The experimentation

took place at the wastewater treatment plant of San Giuliano Milanese Ovest (GruppoCAP,
Amiacque) using the sewage sludge produced by the wastewater treatment plant of Sesto San
Giovanni (GruppCAP, Amiacque) and the expired yogurt supplied by GruppoCAP. The start

up of the pilot plant was carried out in July 2020 while the monitoring lasted from October

2020 to todayfor a total duration ofevenmonths.

presssesesessssssenene > Bjogas
Sludge Digestate
> ADM1 : >
Pilot-Plant linoculum  ITERATIVE PROCEDL
! New parameters
A 4
[NmL
v' Acetate < : .  [cHi/wot]
v Glucose Substrate L Calibration
v BSA - T > _—
v" Specific substrate
Batch test

[d]

Figurel.1l - Schematic representation of the iterative process for the calibration of the ADM1
model

1.3. Thesis outline

This thesigs organizedin five chapters preceded by an abstragtilable bothn Italian and

Englishlanguage.



INTRODUCTION

The firstchapterprovides a overview of the subject and summaries goalsof the current
research, highlighting the importance of dealing with energy rectlmerygh cedigestion of
waste materials and mathematical modeling of the process.

In the second chapter general literature review aboamaerobic digestion, batch test and

mathematicbmodeling is reported.

Following, thethird chaptegives an accurate description of materials and metiogdoyed
Hence, this chapter describa the analytical and statistical methods adopted to perform a
complete characterisation of the samplegether with th&MP andbiomassactivity testsand

the apparatusised. It is also described the methods of implementation and calibration of
ADM1 model.

All the results of the experimengatocedures are reported and discussed in the fourth chapter.

Finally, in the fifth and last chapter the main achievements and future developments are

reported.



Chapter 2: LITERATURE REVIEW

2.1. Basic principles of anaerobic digestion

Anaerobic digestion is among the oldest processes used for the stabilization of sludge. The
process involves the decomposition of organic matter and reduction of inorganic matter
(principally sulfate) in the absence of free and chemically bound oxygen, such as nitrates or
sulfates. Anaerobic conditions are necessary so that the organic matfesatses as an
electron acceptqMetcalf & Eddyl AECOM, 2014)

Anaerobic digestion awsists inthe efficient conversion of organic matter into an eneigy

product known as biogas, with methane {Cldnd carbon dioxide (G as their main
constituents. The process depends on the mutual aedgssticinteraction of a consortium of
microorganismgo break down the complex organic matter into soluble monomers such as
amino acids, fatty acids, simple sugars, and glycefbls AD process takes place in four key
stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. In each stage, the
degradation of feedstock ithe absence of oxygen is facilitated by a combination of specific

microorganisms, leading to the formation of digestate and bipyaskam et al., 2019)

2.1.1. Process stages of anaerobic digestion

The AD process is characterized by a series of biochemical reactions where the intermediate
products are used as a substrate for the following stages. The four steps can occur
simultaneously and, while the first offeydrolysig is an extrecellular process, acidogenesis
acetogenesis, and methanogenesis are-gettalar processe®uring those stages of AD, a
substantial portion of the chemical oxygen demand (COD) is converted to methane gas.

The first stage is hydrolysis which degragesticulateorganic material and high molecular
weight compounds such as lipids, polysaccharigesteins, and nucleic acids, into soluble

organic substances (e.g. amino acids and fatty a@esyil et al., 2008)

From a chemical pspective, hydrolysis refers to the break of chenboalds by the addition
of water. Cations and anions react with water molecules, altering pH in the process to create a
splitting of H' O bonds. It is a relatively slow step limiting the overall digesti@tess rate,

mainly when solid waste substrates are ({geuikam et al., 2019)
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The growth of biomass is usually describedalfiyst-order kinetics, concerning the biomass's
concentration, and by Monod equation with respect to the substraiigition terms may be
present, generally of a namompetitive typei(e. determining a reduction in the maximum
reaction speed) and less frequently of a competitive kirddetermining an increase in the
semisaturation constant). For hydrolysis, the dependence on hydrolyzing biomass
concentration is neglecteds displayed in formula 2.1, Hydrolysis Fistder kinetics are
adopted concerning particulate matter concewtnadistinguished between carbohydrates,
proteins and fat§Bonomo, 2014)

— Qb (2.1)
Where:

- Wy is the concentration of particulate matigarbs, lipids, and proteins— ;

- "Qy is the hydrolysis constant for tipecificsubstrates- .

The components produced through hydrolysis are further split during acidogenesis. This
second step of the process is the fermentation stage, where soluble compounds formed in the
hydrolysis stagare degraded and converted into G@d H through the bacteria known as
acidogenic bacteria (fermentative microorganismig)eover,Volatile Fatty Acids (VFA) are
produced by acidogenic bacteria along with ammoniafNEQD,, H.S and other byroducts.

The most important acid in this stage is #mmeic acid CHsCOOH), which is the most
significant organic acid used as a substrate bys-f0HNning microorganismsDuring
acidogenesis propionic (CHCH>COOH), butyric (CHCH.CH.COOH), valeric
(CH3CH2CH2CH.COOH), formic (HCOOH), and lactic ¢BeOs) acidsare also generally
produced Anukam et al., 2019)

The third stage in AD is acetogenesis, which refetisaturther fermentationf higher organic

acids and alcohols produced by acidogenesis to aceticGOicand H. Thus, the ultimate
fermentation products are acetate, hydrogen, ang ®Rich are the precursors of methane
production. This transformation is controlled to a considie extent by the partial pressure of

H2 in the mixture. Indeed, the free energy change associated with the conversion of propionate
and butyrate to acetate and hydrogen requires that hydrogen is at low concentrations; otherwise,
the reaction will not pceedspontaneouslylf Hz is maintained low by the methanogenic
bacteria, acetate would be the primary output, and the process will not be inthtatedIf &

Eddy | AECOM, 2014)



For both stages, acidogenesis and acetogenesis, reference is made to the kinetics of Monod,
with a limitation on the conegration ofthe corespondingorganic substrate. The growdind
decaykinetics are of first order with respect to the biomass concentralibe. kinetics is
described through formula 2.R.is possible to consider also a limitation on the concentration
of inorganic nitrogenwhich is neededor bacterialgrowth. Inhibition terms could also be
introduced for pH and molecular hydrog@&@onomo, 2014)

& ‘ S—YYao Q b (2.2

Qo U]

Where:

‘ is the maximum specific growth rate of microorganisms

w isthe concentration of fermentative microorganisms ;

“Yis the concentration of soluble substrate ;

Q is thespecificdecayrate offermentativemicroorganisms- ;

U is the halfsaturation constant— .

Nonmethanogenic microorganisnrespondile for hydrolysis and fermentatiomnclude
various facultative and obligate anaerobic bacteria sucklastridium spp., Peptococcus
anaerobus, Bifidobacterium sppDesulphovibrio spp., Corynebacterium spp., Lactobacillus,
Actinomyces, Staphylococcus, and Escherichia .c@ther physiological groups present
include those producing proteolytic, lipolytic, ureolytic, or cellulytic enzy(ivestcalf & Eddy

| AECOM, 2014)

Methanogenesis constitutes the fourth amélfistage of the AD process where methane is
produced. The microorganismssponsibldor methane production, classified as archaea, are
strict obligate anaerobd®/etcalf & Eddy | AECOM, 2014)In this stage, two groups of
methanogenia@archaeaproduce methandviethanogensan be classified into two gups,
namely acetophilic and hydrogenophilic. Acetophilic produces BHdecarboxylation of
CH3COOH.Hydrogenophilic produces methane by anaerobic oxidation of molecular hydrogen
and contextual reduction of carbon diox{@eukam et al., 2019)'hese two major pathways

are described in the followgnreaction equations:
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806 0 § ©EO 60 2.3)
86 10080 ¢Of (2.4)

The hydrogenotrophic methanogens can be found witfoar Archaea orders:
Methanobacteriales, Methanococcales, Methanomicrobiales, and Methanopyrales. They gain
their energy from the oxidation of hydrogen and use &Xheir carbon sources. The archaea

that produce methane from acetate are in the orderavesiarcinales. Solely two genera
within the order Methanosarcinales can use acetate to generate methane and carbon dioxide:
Methanosarcina and Methanoseta. The Methanosarcina is characterized by a high maximum
specific growth rate and a high halituration coefficient. Simultaneously, the Methanosaeta
have a low maximum specific growth rate and moderate-setaration coefficient values.

The Methanosaeta are dominant in anaerobic digesters due to the long SRT and low acetate
concentration. Neverthelesselhanosarcina manages increases in acetate more efficiently and
hence favors more stable digest{detcalf & Eddy | AECOM, 2014)

Generally, about 72% of the methane produced in anaerobic digestion is from acetate
formation. However, hydrogenotrophilkrchaeaare crucial for adjusting the level of
hydrogen. Indeed, methanogens, acidogens and acetogens have a mutually beneficial
syntrophic relationship in which the first produce methane and carbon dioxide from
fermentation end productslydrogenotrophilicArchaea are responsible for maintaining an
extremely low partial pressure of H Consequently, thequilibrium of the fermentation
reactions is shifted toward the formation of more oxidized end products. If these
microorganisms do not use the hydrogen fast enough, there would be a slowdown of propionate
and butyrate fermentation, resulting in the accumulation of VFA in the reactor and a possible
reduction in pHMetcalf & Eddy | AECOM, 2014)

Methanogenesis has firstder kinetics concerning biomass concentration. For acetoclastic
methanogenesis, Monod terms referring to the concentrations ofamedanorganic nitrogen

are usedAn inhibition function from pH and a necompetitive inhibition from ammonia can

be considered. For hydrogenotrophic methanogenesis, Monod terms referring to molecular

hydrogen and inorganic nitrogen and a pH inhibitiamctionare includedBonomo, 2014)



2.1.2. Parameters angerformance indicator of anaerobic digestion

AD processeare highly susceptible to various environmental factors. Indeed, some parameters
have a particularly relevant effect on the metabolism of the process and on the individual phases
of the anaerobic dphic chain, which, as already pointed out, are strongly interdepeittdsnt.
sufficient to inhibit a single stage of AD to risk bringing the whole process to faloreover
themethanogesiwhich are the slowest growing microorganisms arepsicuarly sensitive

to environmental modifications. From this point of view, parameters such as: pH and alkalinity,
VFA concentration, the relationship between VFA and Alkalinity, temperature, mixing,
availability of nutrients, and the presence of toxic oihiting substances take on particular
importancgCecchi et al., 2005)

pHandALkalinity

The pH provides an indicator of the reaction medium's stability, as its variation is associated
both with the buffering capacity of the system by the reaction medium and with variations in
the balance between the species participating in thghitrachain of the microorganisms
involved in the process. Consequently, the pH is determined by the contribution of acidifying
fermentation, bythe alkalzing methanogenesis and by the buffering effect of chemical
balancegCecchi et al., 2005)

Each group of microorganisms has a distinct optimum pH range. Methandgehizaare

the most sensitive to pH variations and have an optimum within 6.5 and 7.2. The fermentative
microorganisms are slightly less sensitive and can function in a broader range of pH between
4.0 and 8.5. At a low pH, the main products are acetic and batgid, while at a pH of 8.0,

mainly acetic and propionic acid are produ@dwil et al., 2008)

The pH value in a digester is essentialgtermined by the presence of £@ the liquid
medium, and therefore by its partial pressure in the biogas, ahe byncentration values of
VFAs and ammonia. It is essential to highlight how this parameter can indicate the equilibrium
conditions of tle system, buits changes are limitedy the medium's bufféeng capacity
Indeed, the pH variation appears evidenty whenalkalinity has been remarkably depleted.
(Cecchi et al., 2005)

Acidogenesis is the fastest conversion step. For that reason, anaerobic reactors are subjected to
sudden pH drop especiallywhen reactors are evloaded orin the presence ofoxic
compounds. Once the produced acids consume alkalinity, the pH starts to drop, resulting in a

higher concentration of nedissociated VFAS, leading to more severe methanogens inhibition.
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The latter leads to an even gqueckaccumulation of VFAs and consequent pH drop. The fact
that acidifiers are active even at low pH means the reactor souring to pH 4 to 5 can and will

occur when the system's methanogenic capacity is tresgdsés€drty & Smith, 1986)

Methane Poor

capacity bufferlng
exceeded capacity

Methanogenic toxicity

increasin
VFA increases g/
pH decreases Unionized VFA

\_’*increasing

Figure2.1 - Reactor pHiropsas a result of methagenic overloading and accumulating
VFAS.

Therefore, it is crucial to have a buffer capagtpvidedby alkalinity, neutralizing the pH
lowering. Alkalinity valuesof the order of 300000 mg@&CQOs/L are typical for anaerobic
digesters operating under stable conditions. Alkalinity is, therefore, a parameter of fundamental
importance in anaerobic procesdaeseedas already pointed out, the growth rates of methane
biomass are extremely low. Consequently, on the occasion of an increase in the organic load,
the increased hydrolytic and acidifying capacities of the system determine an imbalance of the
bacteral population in favor of the acidogenic component. Therefore, there will be a transitory
phase in which an increase in VFA concentration will be observed. In these cases, the system's
buffering capacity is fundamental because it must be able to neaittadizowering of the pH
caused by the accumulation of VFAs. The alkalinity of an anaerobic digester tends to be
determined by a buffer system due to the coexistence of ammonia, originating from the
degradation of proteins, and bicarbonate, resulting fterdissolution of carbon dioxide in

the mediumGenerally, NHHCGOs is formed:



80 On0& O (2.5)

0d 0 O#n OO0 (2.6)

The presence of this salt dissolved in solution leads to the medium's high alkalinity with

consequent control of the process, even in the case of VFAs accum(Tagomhi et al., 2005)
Volatile fatty acids

Volatile fatty acids are the most important intermediates in the AD proW&%s can be taic

to microorganisms, especially methanogarisA increase resudtfrom accumulation due to
process imbalances that could be caused by an alteration in temperature, organic overloading,
toxic compounds, etc. In such cases, the methanogens cannot reembydrttgen and VFAs
quickly enough. As a result, the acids accumulate, and the pH decreases to such a low value
that could inhibit hydrolysis and acetogenesis. The toxicity is due to an increase in the
undissociated form of the VFA. VFA can heighten thieibriory effect of pH on methane
production and VFA degradation in anaerobic digegieesvil et al., 2008)

The concentration of volatile fatty acids and alkalinity are the two parameters that show a more
rapid variation when the system tends to move away from stable conditions. Indeed, in the
event of problems, the concentration of fatty acids tends to in¢rehge alkalinity tends to
decrease. A valid parameter to considentifying a threat to the process is the ratio between
these two quantities. Fatty acids in the numerator are generally expressed in terms of acetic
acid, while alkalinity is expressed icalcium carbonate concentration. Values of the ratio
around 0.3 indicate a stable operation of the digester, while higher values may indicate the
onset of stability problemecchi et al., 2005)

Longchain fatty acids

Long-chain fatty acid§LCFA) are produced during the degradation of fat and lipids and are
further reduced to a@&tate and hydrogen. LCFAs are known to be inhibitory at low
concentrations. The LCFAs toxicity mechanism is caused by adsorption onto the cell
membrane, interfering with the cell's transport and protection functions. Furthermore, the
sorption of a layer oECFA to biomass leads to the flotation of sludge and sludge washout.
Typically, Acetoclastic methanogenic archaea are more affected by the LCFA than the

hydrogenotrophic methanogens. Also, thermophilic microorganisms appear to be more

1C
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susceptible to LCFAoxicity compared to mesophilic ones. This behavior could be related to

the different compositions of cell membranes for the two spéoiesil et al., 2008)
Temperatue

The temperature has an essential effect on the physicochemical properties of the components
found in the digestion substratealso influences the growth rate and metabolism of micro

organisms and the population dynamiogilved in the proceg®ewil et al., 2008)

Indeed, temperaturi@fluencesthe speed and completeness of the reactions involved; in this

regard, three different operating intervals are distinguished:
A psychrophsiCic range: 4

A mesophi H0-°cC, withoptimal:valu2 & 35 °C;

A t her mo p h-70°iCowithogiimad) value at55 °C.

In each field, specific bacterial populations are adapted to the corresponding temperature range
and cannot operate effectively outside it. Within each interval, an increase in process kinetics
is observed with a trend thagflects the Vant's HofArrhenius relationship, with a subsequent
slowdown near the optimal value, followed by a rapid decr@seomo, 2014)In figure 23

it is possible to appreciate the effect of temperature on the kinetics of anaerobic degradation.

Thermophiles

60 -
Mesophiles

40 -

Pschrophiles

Growth rate of methanogens (%)

0 I | I
0 20 40 60

Temperature °C

Figure2.2 - growth rate of different methanogens with varying temperatures
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The bacteria available for the digestion process are sensitive to temperature fluctuation;
therefore, it is necessary to maintain a constant temperdtweenophilic bacteria are more
efficient in terms ofprocess kinetics leading to reduaetention timeand increasetbading

rate, and gas yieldStill, they require higher heat input and are also more sensitive to
temperature variations and environmentalialZles than mesophilic onéPeepanraj et al.,
2014)

Comparing the three fields, from psychrophilic to thermophiilis possible to observe an
increase in the process kinetiés the mesophilic range, the @ess is more stable, i.e., less
sensitive to variations in operating conditions. In the thermophilic field, high temperatures also
exert a sanitizing effect against pathogenic microorgan{@asomo, 2014)Summing up,
thermophilic digestion is fastecould increase solids reductioand destroy pathogenic
organisms. On the other hand, thermophilic digestion has a higher energy requirement, a lower
guality of the supernatant with large quantities of dissolved solids, higher oglmigsion

potential, and much lower process stabilfjler et al., 2019)
Mixing
Proper mixing during AD is crucial for providing optimum performance. Mixing provides:

- Intimate contact among the substrate and active biomass.

- Yielding uniformity of temperature, substrate concentration, other chemicals, physical
and biological aspects throughout the digester.

- Preventing both the formation of surface scum layers and thasiien of sludge on

the digester's bottom.

Due to the rise of gas bubbles and possible thermal convection currents, there is always some
degree of spontaneous mixing in the digestion tank. However, this is not sufficient for optimum
performance; therefer additional mixing is needed. Methods of possible auxiliary mixing
could be external pumped recirculation, internal mechanical mixing, and internal gas mixing
(Dewil et al., 2008)

Organic Loading Rate

The Organic loading rate (OLR) is an important parameter that affects biogas production in
anaerobic digestion. OLR is a measure of the biological conversion capacity of the AD system.
It is expressed as the amount of raw material (kg of volatile solids) fed to the digester per unit

volume per dayas expressed in formul@eepanraj et al., 2014)

12
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00Y — — (2.7)
Where:

- 0 expressethe concentration of the substrate¢he feedas VS — ;

- 'O "&pressethe hydraulic retention timé .

OLR is a fundamental parameter to control the AD process both becaysantitfies the
specific mass feeding rate: higher values lead to higher the specific biogas production, lower

conversiorefficiencies and higher risks for instability.

Overloading a giester may provoke a quick hydrolyzation and acidification in the substrate,
thus leading toan overaccumulation of VFAs, which has the potential of inhibiting
methanogenesis, thus causing the anaerobic digestion procesqldagnda et al., 2018)

On the other hand, as long as the digestotheaulledit, higher OLR results in gher biogas
production because more organics components are available to be deftddedame time,
if the OLR is too low, it results in an underfed digester, thusn@xploitedoiogas production.
Consequently, it is crucial to find an optimum OLRttgaarantees an elevated production

while avoidingthe AD process failure.

The optimum loading ratdepends on the degradability of the feed. When treating waste
sludge, itis within 0.5 kg and 2 kg of total VS pa® of the digester per day, which can be
chosen based on the type of raw material, retention time, and the process temperature
(Deepanraj et al., 2014)

Solid and hydraulic retention time

The average hydraulic retention time (HRT) is defined as the ratio between the reactor

volume and the&olumetric feeding ratef the reactar
OY'Y- Q (2.8)

Where:
- Vis the volume of the reactoft

- Qis the flow rate withdrawn— .

It represents thaverageesidence time ofariousfluid elemensin thereactor.

13



The solids retention time (SRT) is the average time the solids spend in the digester. The average
residence time of the sludge inside the reactor is given by the ratio betwbemhbsgpresent

in the reactor and the flow raomassextracted from theeactors

g on, D ,

Y'Y Y_o - Q (2.9)
Where:

- Xis the biomass concentration- ;
- Vis the volume of the reactoft

- Qis the flow rate withdrawn — .

As shown in formula 2.8 if theeactor is mixed and without recirculation, the biomass

concentration will be the same inside the reactor and in the flow withdrawn.

Each time sludge is withdrawn, a fraction of the bacterial population is removed, implying that
the cell growth must compeate for the cell removal to ensure a stestdye condition and

avoid process failuréDewil et al., 2008)

The slow growth kinetics of ghmethanogens affects the reactors sizing due to the need to
avoid their washout from the digester. Therefore, adequate SRT must be mairifamed.
digester volume can also be defined based on the solids retention time since the digestion
process is a furion of the time required by the microorganisms to digest the organic material
and to reproducéDewil et al., 2008) Therefore, there is a minimum value of SRT to be
guaranteed to ensure the adequate advancement of the process, which is strictly related to the
growth kinetics of microorganismAt the same time, an increase in SRT can result in a higher
removal efficiey of the organic matterhence a more efficient biogas production. For
instance, under the hypothesis of hydrolysis as the limiting kinetics of the AD process, removal

efficiency can be expressed as shown in the following formula

- p 5 (2.10)
Where:

- —is the removal efficiency of thaf thehydrolysableorganic matter
- kis the hydolysis kineticconstant -

- SRTis the solids retention timé
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Nutrientsdemand

Microbial metabolic activity during a biological process is highly dependent on the presence
of nutrients. This can be divided between macronutrients, such as C, H, N, O, and S, and
micronutrients, also known as trace elements. Specifically, microorgamsencsirbon for cell
structure, nitrogen for protein biosynthesis, &uphurduring the methanogenesis phase. It
appears that AD, CHand CQ are mainly derived from the conversion of C, H, and O. On the
other hand, N and S are normally converted to amanand HS. As already pointed out,
ammonias fundamentalor process buffering. Aexcessiveamount of N in the digester may
result in methanogens inhibitio®n the contrarytoo little may result in process failure due to

the growthlimitation. Regading micronutrients, they may be used to improve the process
performance. Commonly used trace elements include zinc, iron, cobalt, tungsten, and
molybdenum. The addition of trace elements has been found to optimize the growth of
methanogenic bacteria, dmetother hand, an excess of their availability in a digester may lead
to inhibition (Sibiya et al., 2015)

Inhibitory compunds

The AD proces<an be negatively affectdsy inhibiting elements such as heavy metals, salts,
ammoniacal nitrogemesticide residues, pharmaceutical products, detergents, disinfectants,
etc (Cecai et al., 2005)

Therefore, inhibiting compounds are either already present in the feedstock or are generated

during the process itself.

One of the most significant inhibitory compounds for AD is Ammonia, which is generated
during the degradation oftnbogenous matter, mainly proteins, and urea. Inorganic nitrogen is
mainly present in the form of Ammonium (MHland free ammonia (Ng}l The latter has been
indicated to be the toxiform becausét can permeatéhe cell membrane, generating proton
imbalance and potassium deficiency. Free ammonia concentration is mainly influenced by
temperature, pH, and total ammonia concentration. An increase in temperature leads to a shift
of the equilibrium reaction towards a higher concentration of free ammoniaressilg it is

found that thermophilic digestion is more easily inhibited than mesophilic digestion. In the
same way, an increase in pH results in a higher concentration of free ammonia and therefore
in greater toxicity. The resulting instability of the pessmay drive to an increment in the
amount of VFAs, which again directs to a reduction in pH and a lower free ammonia

concentration. Therefore, the process remains stable, but the methane vyield is reduced. As
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already pointed out, nitrogen is a@ssential nutrient for microorganisms, then ammonia
concentrations beneath 200 mg/L are advantageous to AD. It is also relevant to point out that
methanogenic archaea can be acclimated to ammonia inhibition as a result of a shift in the
methanogenic popuian (Dewil et al., 2008)

Another relevaninhibition is associated with the presenceSafiphate, which is ordinarily

found in wastewatsrand consequently in WAS. Under anaerobic conditions, sulphate could

be used as an electron acceptor and consequently reduced to sulphide by sulphate reducing
bacteria (SRB). Hence, inhibition could be provoked by the competition for substrate between
SBR and methanogens. Also, inhibition could be caused by the toxicity of sulphides for the

different groups of microorganisniBewil et al., 2008

Heavy metals also can inhibit the anaerobic digestion process. Industrial discharges are the
primary source of heavy metals in urban wastewater and are responsible for up to 50% of the
total metal content in sewage sludge. Industrial contaminantsl@éeinc, copper, chromium,

nickel, cadmium, and lead. On the other side, domestic sources are essentially connected with
leaching from plumbing materials carrying Cu and Pb, use of detergents containing Cd, Cu,
and Zn, and use @iersonaktare productsantaining Zn(Dewil et al., 2008)

In general, the reason for the toxicity of metal ions is due to the fact that they inaclargte a

number of enzymes by interacting with their sulfhydryl groi@escchi et al., 2005)
Biogas production

The main product of AD is biogas which contains methane @8%6) and carbon dioxide (30

- 40%) as major components with traces of water vapour, hydrogen sulfide, and hydrogen
(Deepanraj et al., 2014he composition of b8 in the biogas range from- 3% and depends

on the concentration of sulfur in the substrate. Nevertheless, the range of percentage
composition of the gases generated from AD processes is dependensayeoal factors
including the digestibility of organic matter, kinetics, HRT, and temperg§fAmakam et al.,

2019)

The presence of methane, whose lower heating ¥ ) is 35846 kJ/m? gives biogas
considerable interest energy recovery, withHW values depending on the percentage of
methane contained in it, between, 8 kJ/m,® and 25000 kJ/m:3. All values refer to gas
volumes in normal conditions (temperature =0 ° C, pressure = 1 atm). Other components which
are usually present, in much lowagrcentages, are not relevant in terms of energy however

theycan influence the process kinetics and biogdsrization(Bonomo, 2014)

1€



LITERATURE REVIEW

Monitoring the quantity and composition (at least in terms of methane and carbon dioxide) of
the biogas is of fundamental importance for the control of the stability of the anaerobic
digeston process. If the reactor is operatingder stable conditions, the production and
composition of the biogas are constant. A decrease in the overall production of biogas and an
increase in the percentage of O®ay indicateprocess potentiahhibition and instability. It

follows that the analysis of the production and the percentage composition of biogas should
always be associated with the control of parameters such as the concentration of volatile fatty
acids and the alkalinity of the mediulhcan beobserved that in the presenceowérloadghe

percentage of C&xends to increasand the volatile fatty acids as wéltecchi et al., 2005)

According to Bonomo (2014) the maximum theoretical production of biogasd aits
composition (in the simplified hypothesis of a binary mixture limited ta &ttl CQ) canbe
predicted based on the elemental composition of the organic matrix subjected to anaerobic
degradation, €HnOcNg. Neglecting the growth of the biomass, thgrdelation products can

be quantified as follows:
60060 ® - - — 309 — PO — BG QA0 (2.17)

The hypothesis assumed implicates ¢jasification of all the carbon present at the origin.
Recalling that, under normal conditions, a mole of any gas corresponds to a volundd bf 22
Ln, taking into account the atomic weight of the elements considered, the volume of biogas

produced per unidf degraded volatile solids is:

“ o8 08
O

(2.12)

The volume of biogas produced per unit of degradedil®kolidscan be calculated as

0 | °° 2.13)

Consequently, the methane mole fraction, equivalent to its volume percentageerpsllite:

Qb ; h (2.14)

According to formula 2.13, the methane volume percentage increases with the H/C ratio in
volatile solids and decreases with incraggD/C and N/C ratios.

To set the mass balances, it may be useful to refer the biogas production calculated above to

the degraded COD unit. The conversion between volatile solids and COD is obtained by

17



evaluating the stoichiometric quantity of oxygen neaeg for the complete oxidation of the

substrate

The production of only methane in terms of COD can be directly obtained acknowledging that
the COD content of the degraded organic substance is entirely transferred to methane, since
carbon dioxide, unabléo be further oxidized, has a null COD. Moreover, the COD

corresponding to methane can be determined by considering its oxidation reaction:
00 ¢0 00 (cOV (2.15

It can be deduced thet 1 mole of CH, are involvel 2 - 32°Q , equal to 64 gop, therefore for
everygcop of methane (and therefore for evegyoo removed) corresponds 1/64 of a mole.
Therefore, for eachcop removeds expecteda volume production of methane equa#4/64
=0.35 Ln.

2.1.3. Principlesand perspectivef codigestion

Anaerobic digestion has been implemented traditionally as a single substrate. Most municipal
wastewater treatment plants have reported an excess digestion capacity of 15 to 30 percent. In
thoseplants, the AD process is conducted with a low OLR, therefore they may be capable to
co-procesodtherorganic materials. This process of digesting more than one substrate is called
co-digestion. Anaerobic edi gesti on (fAerod ntart i Htemporaiys t he
digestion of a mix of two or more organic substrates, generally an initial substrate such as waste
sludge summed up wilbweramounts of one or more secondary subsirétéhen combining

organic substrates, the potential results could be sytiergistagonistic, or neutral based upon
methane production variations within the various scenarios. AD seems to become more stable
when various substrates aredigested provoking an improvement in the overall performance
(Metcalf & Eddy | AECOM, 2014)

Therefore, AcoD with other biodegradable organibstrates among which OFMSW leads to

increasing biogas production and digestate qué@ligbbaiet al., 2016)

As shown inFigure2.3 AcoD canimprovebiological activity andhereforebiogas production.
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Figure2.3 - Biogas production efficiency compaon(Metcalf & Eddy | AECOM, 2014)

As already pointed out, the optimum performance of AD depends on various parafisters.

for the optimization of a cdigestion systendifferent parameters must be taken into account
such as the chemical properties of wastewateroditkde cesubstatetheir biodegradability,
functioning parameters (temperature, pH, Particle sizes, C/N ratio, OLR, and HRT etc).
Furthermore, in order to maximize the methane production from AcoD, in conjunction with
the maintaining of stable conditions, tiieeof mathemactal models such as ADMdould be
extremely helpfu(Siddique & Wahid, 2018)

The suitability of a substrate in an AcoD process depends on its own composition in terms of
proteins, carbohydrates, lgs, and inerts. For instance, food waste could cause a decrease in
pH during the process due to its abundance of sugars that could be easily degraded into VFAs.
However food waste is generally considered a charming option for Amdause of its high

biogas potentialAnother case of attractive substrates for AcoD in terms of biogas production
improvement is animal manure or slaughterhouse wastewater. Those are rich in proteins and
could release ammoniacal nitrogdaring the digestion processhich provices buffering
capacity but at the same time free ammonia form could inhibit the microbial a8viXye et

al., 2017)

In recent times, to compensate for the oversizing of the many anaerobic digesters in WWTPs
and at the same time solve the problem of the high production of organic waste, more and more
research has been carried out ordigestion with the most diverse substrates. For instance,
Cabbai et ali2016)has performed ACoD of source selected organic fraction of municipal solid
waste (SSOFMSW) and sewage sludge. Tests were conducted on & Bitbtpant of CSTR

reactor at mesophilic temperature. ASGBMSW substrate a mix of fiuand vegetable waste

was usedThe test was conducted in different phasesariousOLR, which was increased

from 0.80kgvs/m? d in the first phase up to 3.2@vs/m® d in the last phase. The goal was to
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test the maximum loading condition for the desijra full-scale AcoD plantAt maximum

OLR was registered a VS abatement of 67.3%. This indicated the good adaptability of the
biomass to treat more concentrated lo&garding the biogas, its composition during mono
digestion was about 63% methane, wihiilranged between 64% and 71% during the following
AcoD phases. As expected, the maximum biogas production was observed in the last phase of
ACod with maximum OLR. In this last phase was registered an increment in biogas production
of 192% in respect ahe first phaseln conclusion, caligestion of sludge and SSFMSW
produced many advantages in AD process performance. The increase in biodegradable content
and the low inert concentration in the secondary substrate allowed to reach high performances
and high biogas production. The results achieved in this study was comparable with other
experiences reported in literature, the biogas productionGaiDAincrease with increasing
proportions of OFMSW.

Another significant study was conducted Bplzonella, D. (2006)on two fullscale
applications of the ACoD process of WAS with OFMSW. The experiences were carried out at
Viareggio and Treviso WWTP in Italy. The firgkant treats the wastewaters coming from the
municipality of Viareggio for 100,000 PE with a working sludge digester of 3,000 m3. During
the experiment, 3 tons per day of-86MSW were cedigested with WAS, with an increase

of the OLR from 1.0 to 1.2 kgs/m3d. Both substratelsa appropria characteristics for co
digestion process in terms of total solids (TS) and total volatile solids (TVS) content. Also, the
nutrients content resulteid be well balanced for the digestion process. The Specific Gas
Producion (SGP increased from 0.21 to 0.26%kgrvs with only a 20%ncrease in the organic
loading rate (OLR). In the second plant, the sludge treatment line considers astggle
anaerobic digestion mesophilic reactor. Even in this case, the implemewifatie OFMSW

in AD allowed for a significant improvement of the digester yields. In terms of SGP, it
increased from 0.22 to 0.433%kgrvsd thanks to the improved biodegradability of the fed
mixture. This increase could completely change the energetindebf the AD section in a
WWTP. During the experiments were also monitored the parameters of AD. VFAs were
constantly below a concentration of 100dnag/L and pHremainedn theadequate range

Although cadigestion can be considered an establishedntdogy, there are still several
substrates on which it is possible to experiment. In addition to #@FB&W, the waste from
the agrefood industry could beisedfor ACoD. This application could bring significant
benefits both in economic and environmémgams. With this in mind, Lakscale experiments,
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pilot plant experiments, and modeling can be useful to evaluate the expected performance of

AcoD in order to identify the synergistic effects between thdigested substates.

2.2. Biochemcal methane poterdi (BMP) tests

The evaluation of the anaerobic biodegradability and the maximum production of biogas
obtainable from a specific substrate can be measured in the laboratory through batch tests.
These tests are called Biochemical Methane PotdBiP). A BMP testconsists of a batch

test in whichlab-scale reactorare filled with a substrate and an anaeramaculum typically
retrieved from an active digest@hereactorsare then kept at a constant temperature, generally
between 35 ° C and 55C, and continuously mixed for a period of about 30 dR&iter et al.,

2019)

During the test, the anadyic degradation of the organic content in the substrate will result in

the generation of methane and carbon dioxide. Methane production is constantly measured,
and its steady state value defines the methane production potential of the compobaent
substate's methane potential can be expressed by the mass of volatile solids entered or by COD

added, which is calculated by subtracting the methane volume from gBil@nlet al., 2019)

The mainresult of the BMP tests that can be obtained is the measure of substrate
biodegradability. It can be calculated by dividing the cumulative methane volume by the
theoreti@al cumulative methane volume, which can be calculated from the stoichiometric ratio
of 1 g COD = 0.35 mL CH4 at standard temperature and pressure condiEbdaset al.,

2019)

The executability of these batch tests requires a lower investment in terms of equipment, labor

and time ompared to experimentation in continuous reactors.

Theidea of a BMP test was first described@®wyen et al. (1979)ith the aim of developing a
test to calculate the biodegradability of a material subjett anaerobic treatmenthe
original approach wathen further developed and refined afterwdlekre are currently several
companies selling complete automated BMP test equipment resulting in asdafge
deployment of the BMP test in AD reseaf&och et al., 2020)

Nowadays, BMP tests are widely used to characterize a large variety of substrates. They have
become a useful tool to assess the amount of methane that can be pfooiucedganic

materials in order to design different components of a full scale AD(blafliger et al., 2017)
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Therefore, they provide an essential tool for the economideantwhical optimization of AD

plants and calibrating and validating mathematical masleth as ADM1.

On the other hand, thetests stillack standardizatigrwhich impacin the comparability and
validity of the BMP resultsNonethelessthe methods comiue to evolve with the goal of

eliminating systematic erroffiler et al., 2019)

One of the most populanethodis the one provided by the Association of German Engineers
standard procedure VDI 4630. According to VBé minimum test duration should be 25 days.

The criterion for terminating the test is when the daily biogas rate on three consecutive days is
below 05 % of the total volume of biogas produced up to that time. All parallel tests are
terminated simultaneously, and the criterion is regarded as met when all batches have met it.
If after more than 25 days of test duration, the result of mathemwtialitracting the
inoculumbs gas production shows a negative
curve for the gas, the test should also be terminByexdng the course of the test, care should

be taken that the fermentation material isisightly mixed. Continuous mixing.é. with a
magnetic stirrer) should @eferable In the case of substrates that do not form scum layers,
periodic mixing (such as daily shaking) is mostly sufficient for completely resuspending the
sediments. The biogar the methanguantity should be read off as frequently as is necessary

to make thelynamicsof gas formation fully recognizable. This calls for daily readings at the
beginning of the measurements. Once the daily gas production falls, readings can be made
every two or three dayét the end of the test the pH value of the material in the ferriemta

test vessel should be determined and recofdeghnischer Stoffe Sistratcharakterisierung,

2016)

In general, to validate BMP test results the duration of the test should not be decided in advance
and the test should only terminate when daily methmaéduction during three consecutive

days is <1% of the accumulateeblume of methanéHolliger et al., 2016)

In Italy, there is a standard called Uni 1601755/2018, which provides a method to perform
BMP tests.
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2.2.1. BMP testspreparation

In order to obtain valid resultsom batch testghe AD process must reach the highest possible
degree of degradation. For this purpose, it is necessary to provide the optimal conditions for
the AD process that occurs in the BMP t€Kisch et al., 2020)

The ideal BMP tests volume deperah the substrate homogeneity. Smaller volumes €125
500 mL)canbe used in case of homogenous saibss, while heterogeneous substates require
larger volumes (500 2000 mL). In any case, smaller bottles may not guarantee realistic
operation conditions due to the smale&id norrepresentativenicrobial consortia(Pearse et
al.,2018)

BMP tests regire a blank, filled with the inoculum, water and nutrients, but no substrate to
provide the methane generation from the organic material in the inocBlkemerally, besides
blank and substrate, a control tésis also performedThe control bottles arélled with
inoculum, the control substrate, water and nutriéBiisnk, control and substrate tests should
be performed in triplicates or duplicatesheckor reproducibility of theesultsand statistical
analysig(Filer et al., 2019)

The inoculum supplies the microorganism to the anaerobic digestion processdtsaamnpled

from many different sources such as WWTP digesters, agricultural biogas plants, or OFMSW
digestionplants. Differentnoculacan lead to different substrdimdegradabilityand different
methane potential production due to different bacteria populations in the inogdarendo
Andrade, 2004)

It is commonly recommended to select an inoculum from a source already adapted to the
substratePart of the standardizah process of inoculum involves quality control to designate
whether the operational parameters of the digester are of good géaldther common
recommendation is to pfiacubate the inoculum for 1 to 5 days at 35f6€Cdegaing. In this

way it is posible to reduce its residual methane production.
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Table2.1 - Recanmended inoculum conditiorier BMP testgFiler et al., 2019)

Parameter Recommended rang Units Reference
Holliger et al., 2014
Active digester ( J )
. ; o (Pearse et al., 2018)
Origin Source treating municipal - _
(Elbeshbishyet al.,
wadewater sidge
2012)
pH 7SxS85 - (Holliger et al., 2016)
VFA <1 g CHCOOH/L (Holliger et al., 2016)
NHa <25 g NHs/L (Holliger et al., 2016)
Alkalinity > 15 g CaCQ/L (Holliger et al., 2016)
Concentration 15t0 20 g VSI/L (Holliger et al., 2016)
(Elbeshbishyet al.,
Storage 1 to 5 days at 25C -
2012)
Methane Yield ~ 50 NL CH4/g VS (Holliger et al., 2016)

Inoculum quality can also be analyzed and described through biomass activity tests using

different standard substrates such as glucose and a¢éwdliger et al., 2016)

Regarding the substrate, there are fewer requirements, which are reported in table 2.2.
Specifically, the samples should have a particle size smaller than 10 mm in any dimension.
Before starting the BMP testsubstrate should be chaterized in terms of total solid (TS),
volatile solid (VS), volatile fatty acid (VFA), tot&jeldahl nitrogen (TKN), ammonium and
alkalinity concentrations with the purposeatoid potential inhibiton problemgWang et al.,

2015) Besides, theGermanstandard recommended that substrate concentration should be
approximately 10 g VS/L, when inoculum concentration are between2% to obtain a

inoculum to substrateatio of 2gvs/gvs (organischer Stoffe Substratcharakterisierung, 2016)

The measured methane yield miglgpend orsubstrate concentratiohligh concentrabns
substratecould overload the digester, leading to inhibition caused by the-upilof
intermediate products. On the other hand, if the substrate concentration is too low,
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microorganism's metabolic activitpay be low leading tdow methane yieldWang et al.,
2015)

Table2.2 - Recommendedubstrate conditions f@MP tests.

Factors Recommendation Reference
Particle size <10mm (Angelidaki et al., 2009)
Concentration 10 g VS/L (Rozzi & Remigi, 2004)
TS, VS, pH, VFA, TKN, .
Compulsory parameters (Holliger et al., 2016)
NH4, ALK, COD

In the BMP tests, lack of nutrients clead to growth limitationGenerally, it is not evident if
inoculum and substrate contain enough nutrients to support microbial growth, therefore BMP

nutrients solutionsan be used

During the test, it is mandatop maintain consistent environmental conditions for the
microbiology and biochemistry for anaerobic digestion to achieve optimal performance.
Therefore, the test has to be done with a sufficient incubation time, in a tempeaatiiotied
environment, wh proper mixing Temperature is a parameter that influences the growth rate
and metabolism of microrganisns and the population dynamics in the anaerobic reactor but
also affects factors such as gas transfer emtdschemical equilibrialhe chosen tengrature
influences the AD process that could be either mesophilic @®°C) or thermophilic (50

58°C). It is good practice that the temperature of the BMP bottles corresponds to the digester's
temperaturat which the inoculum is adaptgéiler et al., 2019) The maximum temperature

variation should be on the order of £@ (Holliger et al., 2016)

Mixing influences the distribution of microorganisms, substrate, alkalinity,natmients. It
prevents the sedimentation of particulate material, causes the release of gas bubbles, and
guarantees an equal distribution of the digester's temperéh@&eomplete absence of mixing

can causinhibition due tothe accumulation of toxic ntabolic byproducts. So far, it is hard

to define an optimal mixing pattern for BMP tefftder et al., 2019)
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2.2.2. BMP fitting models

Generallythe BMP test results are provided as final values of the methane yields of substrates.
Nevertheless, methane production curves provide other useful information regarding substrate
degradation kinetic@rulé et al., 2014)

Therefore, the patterns these curves folldepend orsubstrate degradatigmathways and
kinetics The kinetics of the different stages of the AD process and the shape of the methane
production curves araffected by the biodegradability characteristics of the substrate,
inhibition process, and the methanogenic bacterial populations performatiheinoculum

(Ware & Power, 2017)

Using a model that describes methane production curves should allow an interpretation of
substrate degradation kineand estimate the ultimate methane y{@dulé et al., 2014)

Models describing the kinetics of batch anaerobic digestion generally derived from Monod
kineticsthatassumes that the growth rate of bacterial culture istaeffeby a growthimiting
nutrient However, under certain conditions, it is possible to neglect saturation effects. In this
case, the Monod equation can be simplified to becomeofidgr kineticgBrulé et al., 2014)

The firstorder model assumes that the substrate's rate of degradation is proportional to the

amount of substrate available.
i ‘DOY (2.16)
Where:

- ris therateof substrate degradatipn
- kis the firstorde kinetics constant

- "Yis theamount of available substrate, undegraded at time t.

It is possible to obtain within an integration an exponential equation describing the remaining

substrate at time t:
Y YR (2.17)
Where:

- Sis the total amount of degradable substrate
- ks the firstorder kinetics constant

- tis the time after the experiment stapt
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The cumulated methane generated (Mt) lbarcalculated as follow, applying the kinetics of

product formation to batch anaerobic digestion.

0 60 0p Q (2.18)
From an experimental point of view, the most significant vall&M®, which is the ultimate
methane vyield, that is the cumulated methane yield atib=Modelsto estimate methane
production kinetics in batch BMP calibe: twostep, duabpool firstorder, and dualpool two

step(Brulé et al., 2014)There are also a considerable number of sigmoidal models in the
literature, such as the models of Gompertz, and the modified Gorf\Mentz & Power, 2017)

Therefore, it is important to assess the quality of a model and choose the better model for

parameter evaluation and methane production kinetics estimation.

The firstorder kinetics model is usually the most broadly used, likely because it is simple and

known to provide realistic estimates of the ultimate methane yiBldé¢e et al., 2014)

2.2.3. Co-Digestion BMP tests

To obtain a stable AcoD process and optimum biogas production, BMP tests are an essential
tool. Indeed, the infanation provided by BMP tests is helpful to characterize and assess the
optimal design and performance of the AcoD process. Besides, BMP tests could reveal the
potential mechanisms of synergy among theligestion mixtureqSiddique & Wahid, 2018)

A study on AcoD was conducted in batch through conventional BMP tesks Xie et al.
(2017) In this study the specific methane yields of sludge and food wasgecalculatetoth

in mono and caligestion.A significantimprovement in terms of biodegradability values in
co-digestionwas noted During the testssynergistic effects in edigestion of these two
feedstockshave been identifiedwhich were associated with the improved kinetafs

acidification and methanogesis stages.

2.3. Biomass activity tests

The biomass activity tests are experimental procedures that can be used to determine either the
specific microbial activity, expressed by a sole parameter (e.g., maximum specific activity) or
the kinetis of substrate assumption. These tests can be applied to characterize the biomass
present in a specific inoculumctivity testsindeed provide an experimental method that
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allows determining the microbial activity in the different steps of the degradation prAcess.
typical application is process stamp. The starup is one of the most critical phases and could
be very helpful to determine the microbial activity to select an adequate inotsdtoet al.,
1993)

Activity indicates the intrinsic ability to degradsabstratef a microbial population. Activity

can commonly be calculated as the specific consumption rate of a substrate referred to as the
total biomassi(e. VSS) orto the targeted microbial population. For instance, if the substrate
concentration is the monited variable, then the activity would be the slope of the curve of the
substrate utilization (mass of substrate removed per unit biomass per unitltimedlso
relevant to highlight how commonly the experimental work has used biogas measurements to

as®ss activity and inhibitio(Rozzi & Remigi, 2004)

It is important to make a fundamental distinction between specific methanogenic activity tests

(SMA) and noAamethanogenic activity tests.

SMA tests gnerally involve adding a known amount of soluble substrate (usually acetic acid
or a mixture of acetic, propionic, and butyric acids) to a sample of biomass confined within a
sealed vessélho et al., 2005)

Specific methanogenic activity determines the metimnducing capability of the inoculum
for a specific substrate. SMA can be utilized to outline trerating conditions for anaerobic
digesters and a parameter to assess the system performance and its Buatilgtartup,
the SMAIs of great importancen assessing thgroper initial organic loading rafélussain

& Dubey, 2017)

Consequently, while a methanogenic activégtallows the selection of an adapted sludge to
be used as inoculum and an optimal OLR, an indalidactivity determination allows the
apprehension of the potential unbalanced situation among different bacterial species and the

determination of the relative significance of the different steps of the pr@msset al., 1993)

Another interesting application of this kind of test is to determintothie effect that a specific
substance exerts on an anaerobic sludge. Indeed, a change in SMA indicates an inhibition or
an accumulation of slow degradable or even-bimdegradable organic matter from the
influents(Hussain & Dubey, 2017)

As pointed out bysgrensen & Ahring (1993he need for a standard activity test has repeatedly
been proposed in the literature. The activity of the biomass is measured by the addition of
specific substrates to batches of the biomass followed by measurements of the gas production.
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Therefore, actiy can be estimated by supplying sufficient substrate (acetate, propionate,
butyrate, H, etc.) to saturate the catabolic systems of the various physiological groups, in order
to determine the specific methane production rate. Activity can be defined asliktrate
dependent methane production rate per unit mass of volatile solids biomass. To check if any
significant changes had occurred, pH must be measured in the vials at the beginning and at the
end of the experiment. The Specific methanogenic actoaty be calculated as the initial,
linear methane accumulation rate divided by the biomass VS content in each test. The activity
test requiresgenerally 10 25 days. As the maximum slope of the cumulative methane
production curve can be used for activiglaulations, the SMAs the highest value obtained

after adaptation and growth of the microbial population. Thus, during the use of an activity test
the initial rate of the methane accumulation should be linear to indicate that adaptation,
significant growh of the biomass, or substrate depletion has not occurred. Activity tests as
described in this study should be run under test conditian$H, temperature, and mixing)

that closely imitate the environment of a given systénvas also highlighted hoin order to
compare SMA values from different biomasses on specific substrates, methane accumulation
in the controlreactor (without specific substrate additiprmust be subtracted from the
accumulation inhe reactowith substrate added. Thus, if thése degradation of the substrate

tested even in the contnaactor this will be subtracted from the degradation in theressttor

2.4. Anaerobic digestion model (All)

The Anaerobic Digestion Model No. 1 (ADM1) is to date the most extensive and busadly
model for AD processes and reports its main biochemical reactions and physicochemical

processeg#Poggio et al., 2016)

The ADM1 has been proposed by a task group of the International Water Association (IWA)
to build a standard platform to simulate different scenarios of AD processes. ADML1 considers
7 groups of bacteria and archaea, catalyzing 19 biochemical kinetic g®cesspled to 3

gag liquid mass transfer equations and 8 algebraic variables. It takes into consideration the
biological conversions which happen during AD, from the first step (disintegration and
hydrolysis) to the formation of metha(i€leerebezem & van Loosdrecht, 2006)

With the increasing popularity and spread of anaerobic digestion plgetseralized model of
AD such as ADM1 can produce numerous advantages. It could be used to calculate the reactor

volumes requirement in a fedicale plant, to predict biogas production, and digestate
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composition. It could be helpful to optimize and cohth@ AD process in existing fuicale
plants. It might also be useful to assist the technology transfer from research to industry
(Batstone et al., 2002)

Therefore, the ADML1 is a structured model which takes into account disintegration and
hydrolysis, acidogenesis, acetogenesis, and metbagsig steps, as showrFigure2.4. The
Extracellular solubilization steps are divided into disintegration and hydrolysis. The first one
is responsible for the conveva of composite particulate substrate into particulate protein
lipids and carbohydrate and into inerts. Disintegration is abmaogical process. Both
disintegration and hydrolysis are represented by-dirder kinetics. As already widely stated,

the reaction system in an anaerobic digester is complicated with several sequential and parallel

steps. These reactions can be classified into two main classes:

- Biochemical reactions, which are usually catalyzed by enzymes @nteatracellular)
and act on he biologically available organic material. As already mentioned,
disintegration of composites, and their subsequent enzymatic hydrolysis extracellular
processes. On the other hand, the digestion of soluble substances mediated by
organisms is intracellulaand this process leads to biomass growth and decay.

- Physicochemical reactions, which are not biologically mediated and include ion
association/dissociation, and ¢gagiid transfer. Also, in this group of reactions, there
is precipitation that is not iheded in the ADM1(Batstone et al., 2002)

COD (kgcoo/m®) is the base unit used in ADM1 due to its use in wastewater measures. An
important aspect to take into consideration is the distinction between the available degradable
(usually termed as "substrate™) and total input COD. In termsitf of measure, Molar basis
(kmole/mk M) is applied for components with no COD such as inorganic carbop §G®

HCOz) and inorganic nitrogen (Nfi and NH). The core of ADM1 is constituted by
biochemical equations. Nevertheless, the physicochemitate s(e.g. pH and gas
concentration) and physicochemical conversions are also significant due to their effect on

biochemical reaction@atstone et al., 2002)
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Composite particulate waste and inactive
biomass
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Figure2.4 - ADML1 including biochemical processes (1) acidogenesis from sugars: (2)

acidogenesis from amino acids; (3) acetogenesis from LCFA, (4) acetogenesis from
propionate; (5) acetogenesis from butyrate and valerate; (6) aceticlastic methanogenesis; and

(7) hydogenotrophic methanogeneéatstone et la, 2002)

A Petersen matrix is used to describe all the biochemical rate coefficients and kinetic rate

equations for soluble and particulates compon@RSENDIX A).

As already pointed out, ADM1 was developed for general modeling of AD leaving the
opportunity to implement the model for specific applications.

For instanceRosen & Jeppsson (2008)ade some changes and additions to ensure that the
model was as suitable as possible for wastewater treatment sludge digestion.

Directly after the introduction of the standardized ADM1, several publications showed that the
model 6s r equi daflnenhdharactérization che haaly bedulfilled. The main
weakness of the model application was addressed in the reliable and practical identification of
the model 6s input state variables for partic
as well as for the inerts. Several authors derived biomass characterization methods, most of

them dedicated to a particular substrate, while some of them were of generallridtkee. et
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al. (2015) provide an overview of existing approaches that improve substrate influent
characterization to be used for stafe¢he-art anaerobic digestion models, trying to depedo

practical standard protocol.

2.4.1. Applications

Since its development, AMD1 has been used to simulate the AD process of sludge but also of
various other substrates and for various plant configurations. For instamnae been used to
simulate agricultudlavastegAntonopoulou et al., 2012jnicroalgagMairet et al., 2011)and

other solid wastes like animal many#sstals et al., 2015)Most of these simulation results
show that ADM1 can well simulate the AD processes by making some modifications to the

structure or the kinetic parameters of the original ADM1 model.

As expected ADM1 has also provided a useful tool to simulate the pood@sses of sludge

with other feedstocks. For instance, ADM1 was applie®égpbal et al. (20090 simulate a
full-scale AcoD process for the treatment of the OMM&ong with WAS from a municipal
wastewater treatment plant. In this study, the simulation results were then compared with
experimental values. During the tests it was found that the kinetic parameters of disintegration
and hydrolysis, evaluated consiaeyibatch test and the modeling of experimental data, were
similar to typical values reported in the literature. The simulated results showed a good fit for
pH, biogas composition, biogas volume, COD, total VFAS, inorganic nitrogen, and inorganic
carbon. Orthe other hand at the start of the experiment, where a transient state prevails, the
simulated resultsid not show a good fit. It was also assessed that inorganic carbon or
bicarbonate alkalinity is a very sensitive parameter to VFAs accumulation acelihean be

used as a monitoring parameter thiis phenomenan

Another interesting ADM1 application study was carried ouMmntecchio et al. (2019)n

this case, the application of the ADM1 model to thelgestion of food waste and WAS was
studied to explore the acidification problem affecting food waste in rdayestion. The
results of this study show that through modeling and experimentdtsrésis possible to
demonstrate that acidification could be due to the methanogenic activity decline. Another
important result is that ADM1 was only adequate for digestions with a high activity level for
both bacteria and methanogens and, under theshtioos, the model was able to correctly

predict the relative abundance of microbial populations.
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G. Esposito et al. (2011)sed the ADM1 model to optimize the anaerobiedigestion of

sewa@ sludge and OFMSW, assessing the effect of the OLR and OFMSW patrticle size on the
reactor performances. In particular, the methane production has been evaluated to assess the
model capability to estimate the potential energy production under differeesgreonditions;

then a sensitivity analysis on OLR and OFMSW patrticle size has been carried out. The latter
shows the model suitability to assess the combined effect of such parameters on the digester
performances, predicting the process failure occuereticesulted from the study that the
mathematical model used was capable to assess the effect of the OFMSW patrticle size on the
methane production rate and its cumulative formation. Also, the mathematical model can be
used to assess the maximum OLR iaseedue to OFMSW edigestion that an anaerobic
digester can tolerate. Model simulations show that if this maximum OLR value is exceeded it
will result in a pH drop and thus a digester failure. Furthermore, the study shows how the model
calibration is an gsential step in order to use the proposed mathematical model to predict the

performances of a fulicale digester fed with a specific OFMSW.

2.4.2. Substrate characterization

As already pointed out, since the development of the currentddttte-art model for
describing anaerobic digestion processes (Anaerobic Digestion Model-NBatdtone et al.,
2002), researchers have dealt with two key constrains for model appliqatitre lack of
generally accepted guidelines for influent substrate characterization according to model input
variables, and (ii) the wide range of variability of a large number of kinetic parameters,

requiring the estimation of the most sensitive di@gault et al., 2012).

A reliable analytical determination of all model input components, as well as the full
identification of all individual parameters are not straightforward nor practical (Kleerebezem
and Van Loosdrecht, 2006). Default values arelavie from literature (Batstone et al., 2002,
Libken et al., 2015; Rosen and Jeppsson, 2006) and are recommended for the digestion of
municipal wastewatesludge butnay not be appropriate for a wide range of organic wastes or

for co-digestion application (Razaviarani and Buchanan, 2015).

Several methods have been proposed to determine ADM1 input state variables with minimal
analytical efforts. The most common way is to estimate substrate fractionation from direct
analysis of the biochemical fractionsrizahydrates, proteins and lipids (Astals et al., 2013;

Girault et al., 2012, Koch et al., 2010; Wichern et al., 2009). An alternative approach relies on
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the determination of the elemental mass fractions of carbon, hydrogen, oxygen, nitrogen, and
phosphorustarting from practical chemical measurements (Kleerebezem and Van Loosdrecht,
2006; Zaher et al., 2007; Zaher et al., 2009) or directly from the elemental analysis (Poggio et
al., 2006); fractions for proteins, carbohydrates, lipids and VFAs are theratatl using the
elemental substrate composition and an ideal molecular formula for each component. Further,
anaerobic respirometry has been proved to be essential for the three main purposes: (i) to
identify the kinetic parameters associated with degi@afhydrolysis; (ii) to quantify the
degradability extent {f or the inert influent COD fractions (S); (iii) to distinguish between
soluble and particulate fractions by interpreting methane production rate (MPR) curves
obtained from batchxperiments (Astals et al., 2013; Batstone et al., 2009; Girault et al., 2012;
Poggio et al., 2016; Razaviarani and Buchanan, 2015).

Regarding this matteiRoggio et al. (2016assessed a rigorous substrate characterization
methodology to be used for ADM1 simulatibased on a combined biochemical and kinetic
fractionation approach. The study shows that the prediction of methane production from
complex substrates such as green waste and food waste can be improved by incorporating
different particulate fractions wittifferent degradation kinetics. Further, they showed that the
quality of fit between experimental and simulated outputs increases with the number of
fractions that are used to represent the particulate and soluble organic matter. Nevertheless,
depending o the data set used to estimate the fractionation and kinetic parameters, the
associated parameter uncertainty may be too great to justify the more complex substrate

description.

Solon et al. (2015nvestigated the effects of influent fractionation, kinetics, stoichiometry,
and mass transfer on GHH2, and CQ production for modeling of anaerobi@eésters. It was
observed that in AD units operating with long SRTSs, influent fractionation is determined to be
the most influential parameter with respect tos@hid CQ production, while for shorter SRTs

at mesophilic conditions also the role of acetatgrdders becomes important. Knowledge of
these highly influential parameters is useful for understanding the AD process including

situations of a process failure and for model calibration and validation exercises.
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Chapter 3: MATERIALS AND METHOD

3.1. Pilot plantand procedures

The experimental apparatus used for this study consistgeainain partspre-storage tank

anaerobialigesterhydraulic sealsgas meteandcontrol panel.

The plant as a whole was designed and built by the company Seam Engineeddgatim

carrying out the research and development project called "PerFORM WATER 2030"
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Figure3.1 - Scheme of the pilot plant

Figure3.1 shows a scheme of the pilot plafihe pre-storage tankwith a useful volume of 25

L, is locatedon a balancenside a refrigerator capable of maintaining the temperature below
4 °C. Insidethe tank there is a mixefARGO LAB AM40-D) to avoid sludge settlingrhe
mixer can work in a speed range of&200 rpm. It has generally been set to work at 250 rpm.
The storageank is connected via a pump to the pilot dige@iETZSCH CY15/15) The
pump can operate with a flow rate range é2®bL/h. A threeway valvedefines if the sludge

is fed tothe digester or recircukad backo thetank. The digestes characterized by an overall

volume of77 L. Theliquid volumeis regulated by two hydraulgeals The experimentation
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was carried out with a liquid volume of 60 L and a headspace of TifeLdigester is equipped

with a mechanicalmixer operating at 104 rpnit is also equipped with a heating system
maintain thetemperatureat 38 0.5 °C and a set of sensors capable of measuring pH,
temperature, pressure, and RedOx potential. Finally, the digester is equipped with a bottom
purge valve and a side valve for digestate samplihgre is also a system for measuring th

gas produced by the digester which is describgzhragrapt8.3.4 Finally, a programmable

logic controller (PLC)is available for signals storage and operatibthe main equipment

This can also be managed remotely and has the purpose of allowing the user to check the
operating conditions of the system, as well as to feed up the digester (by opening thayhree

valve) and check that there are no malfunctions.
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Figure3.2 - photographk of theanaerobic digester, the puntpeinternaland external

hydraulicsealsand the external structubefore the statip.

3.1.1. Pilot PlantProcedures

A pilot plantcheckhas always been carried out on a weekly basis. Every week, tetopage
tank was refilled with enough feedstock to feed the digester for the following Betke
carrying out this operation, it was generally necessary to clean the mixer imsitink on

which sludge accumulations sometimes formed.

Also, the digestate was taken every week through the appropriate sampling valve. During these
operations, the biogas outlet valve directed to the external hydraulic seal and the connection
valve to tle internal hydraulic seal have always been closed. This precaution was applied to

prevent the water from the external hydraulic seal or the digestate contained in the internal
hydraulic seal from entering the digester. These two valves were thereforeaeamty after

the pressure inside the digester hagstablished at 35 mbar, generally following the feeding

of the sludge.

The external water guard was reloaded weekly. In addition, the digester and hydraulic seals
bolts were sometimes tightened toymet loosening and leaks.

Finally, weekly, a biogas sample was taken so that its composition could then be studied using

a gas chromatograph.

3.2. Feed

The feed was composed of different organic matrices dosed at different times. There was the
first phase of mno-digestion in which only the sludge was used. This phase was necessary for
the startup of the digester and the achievement of stestdye conditions. Subsequently, in a
second phase, atigestion was started by dosing yogurt as a secomesybstrate together

with the sludgeThe feeding was carried out seaantinuously, feeding all the daily food in a

specific hour.
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3.2.1. Sludge

The initial substrate was a mixed sludge, composed of about 90% of primary sludge and 10%
of wasteactivated sludge. fie sludge was collected from the WWTP of Sesto San Giovanni
(Gruppo CAP- Amiacque) generally every week. Then it was stored in a fridge below 4 °C for

1 day. Subsequently, it was manually thickened and fed to the storage tank at the pilot plant,
always béow 4 °C. For each sludge sampling carried aie following analyses were
performed teevaluate its characteristics

Volatile (VS) and total solids (TS)
pH and akalinity

- NH4"

- VFA

Aboutonce every 2 weeks comprehensive monitoring plan was carried ocitiging the

following additional analyzes

- Soluble and total COD

- Soluble and total TKN

- Soluble and total carbohydrates

- Soluble and total proteins

- soluble and particulate lipids

- VS and TS of the soluble and particulate sludge fraction
- BMP tests

BMP tests were performed approximately evéryeeks. Overall BMP tests were performed
during the first phase of mordigestion and3 BMP tests during the second phase of co
digestion with yogurt.

3.2.2. Yogurt

The yogurt used during the experimentation as armgesabstrate for edigestion was also
supplied by Gruppo Cap and collected from the WWTP of Sesto San Giovanni. These were
packaged yogurts of popular commercial brands whose composition in terms of carbohydrates,
proteins, and lipids was already knowritagas shown on thiabelling Theyogurt was stored
in a refrigerator at a temperature below 4 ° C. From the moment {thig&stion was started,

yogurt wasdosed together with the sludge in the-pi@rage tank where they were then mixed.
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Theyogurt loal was 20%of the OLRof the sludgeThe following analyzes were performed
on the yogurt:

- Volatile (VS) and total solids (TS)

- pH

- carbohydrates

- proteins
- BMP tests

3.3. Analytical Methods

3.3.1. pH/ Alkalinity

The pH was directly measured in liquid samplestiBans of a portable mulbrobe meter
(HachLange, HQ40d).

The alkalinity was determined by two methods:

1. In the laboratory of San Giuliano Ovest, sulfuric acidS&s) was used to manually
titrate the sample to pH 4.3. Sulfuric acid was added slowlp@ml of continuously

mixed sample, while measuring the pH with the portable rpuitbe meter (Hach

Lange, HQ40D). Once the pH reached stably the value of 4.3, the volume of sulfuric

acid used was quantified and the alkalinity value of the sample wasatatl.
2. In the A. Rozzi laboratory in Cremonttal alkalinity (corresponding to TAC in

German) was measured by means of the FOS/TAC instrument (Hach Lange BIOGAS

Tritation Manager). Samples were always diluted 1:10 with deionized water. Then,

titrationwas performed with Sulfuric acitH.SQu) to pH 8.3 first, pH 4.3 then.

In both cases total alkalinity was calculated as the product of the volume of acid used to reach

the pH end point, the normality of the acid and the conversion coefficient of Calibonate

(CaCQ) to equivalent (50 mgCaC{2q), divided by the volume of the sample.

3.3.2. Ammonia&al nitrogen

The ammoniacal nitrogen determination (NH3+Hvas carried out on fitered sample at

0.45 pmand analysed using the HAGHange colorimetric Kit.
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3.3.3.COD

The determinations of the total COD— were performed at the A. Rozzi laboratory

according to Standard Methods 5220 (APHA 2005). Determinations of dissolved COD were

performed using HACH.ange colorimetric kit®n the soluble fractian

3.3.4.Biogas

The biogas was sampled, through a gaglingbag, directly from the pilot's gas line every
week to study its composition. This analysis was carried out using thimficoh Micro GC
fusion. The composition of the biogas was obtained in terms of methane, carbon dioxide,

hydrogen, and hydrogen sulfide.

The pilot plant was also equipped with a biogas flow meter. Specifically® RPIow, which

is a compact standalone volumetric gas flow meter. The pFlow is a flow meter for ultralow gas
flow detection. It provides a large detection range, with high linearity from 4 to 850 mL/h with
a 2 mL flow cell. This makes it highly suitable foost lab and small pilotscale applications.

The pFlow automatically normalizes gas flow and volume measurements withnmeal

temperature and pressure compensation. The volumes are normalized to 0 °C and 1 atm.

In the month of December, due to the t@imfrost, this apparatus was no longer able to work

effectively.

3.3.5. Lipids

The lipid analyzes were conducted at the environmental engineering laboraatjtednico

di Milano. Particulate and soluble lipids wemeasured The samples were prepared by
centifugation for 1530 minutes at 5000 rpm to separate the solid fraction from the liquid
fraction. Sampleswere stored in the refrigeratat 4-6 °C after being acidifiedo pH 2 by

concentrated +8Q;.

Particulate lipids

The analysis of the particulateilijs was carried out using t&exhlet solvent extractor of Velp
SER 148 shown ifigure3.3. The SER 148 can be used to separate a substance or a group of

elements from solid and seisnlid samples according to the Randall technique (consisting of
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immersion, washing, and solvent rgeoy). The fast solubilization made by hot solvent permits

a considerable reduction of the extraction time (approx. 90 minutes). The extraction is made
by immersion of the sample in the boiling solvent, followed by a rinsing phase with cold
solvent. The gaple must be dried before it can be analyzed. This procedure was carried out
usinganhydrous sodium sulfate (p&0s). Specifically, about 2@5 g ofanhydrous sodium
sulfateis dosed on a sample of aboub 8. After the addition oNaSQuthe samplédnas feen

stirred to a smooth paste and spread on sides of the beaker to facilitate subsequent sample
removal. It has been stand until solidified (15 to 30 min). Then the solids were removed and
grinded in a porcelain mortar into a powder. The powder was tlisddd a paper extraction
thimble. In addition, the beaker and mortar were wiped with small pieces of filter paper
moistened with fhexane and added to the thimble. Then the thimble was covered with cotton
wool. For each thimble, a SER 148 specific Velpker was filled with 60 mL of mexane

(used as a solvent) and small glass beatthe end of the procedure, oil and grease extracted
are transferretb a 25 mL vial using4mexandor precise measurement of their weigbgfore

being weighed, they mube kept in an oven at 45 ° C for about 2 hoArdlanktest is also
carried out in which the paper extraction thimble is filled with small pieces of filter paper
moistened with fhexane and covered with cotton wool. The blank results are then subtracted

from the tests.

Figure3.3 - Soxhlet solvent extractor VELP SER 148.
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Soluble lipids

Soluble lipidsareextracted from water by intimate contact with an extracting solrelhis

case, the first apparatus used is a separatory funneLof@0 mL of acidified sample are
transferred using a liquid funnel to the separatory funnel. The sampleibdtiden carefully

rinsed with 30 mL of thexane (used as extracting solvent) and then the sadwestded to the
separatory funnel. Is thenshaken for two minutes. After that-1® minarewaited to let the

layers separate. After that, the aqueous lesydrained in the original sample container while

the solvents drained through a funnel containing a filter paper and3.@ NaSQs into a
distilling flask. During the analysisan emulsion very difficult to breals formed The
emulsionisdrained into a centrifuge tube and centrifuge for 5 min at 2400 rpm. The centrifuged
materialis then collected into the distilling flask after drainitigough the funnel containing

the filter paper and N&Qs. The remaining emulsion and the aqueousarathen recombined

with the aqueous layer into the original sample container. Then the same prasesjpeated

three timesThe second apparatus uded this analysigs the laboratory rotary evaporator
"Heidolph VV 2000". The rotary evaporator is an equipment used to remove solvents from a
solution of a compound of interest, by evaporation at low pressure. It consists of five main
elements which arean evaporating flask containing the solution to be evaporated, a
thermostatic bath, in which the evaporating flask is immersed to maintain the solution at the
appropriate temperature, a motorized mechanism capable of rotating the flask of evaporation,
a vetical or inclined condenser that removes the bulk of the vapors developed and a collection
flask for condensed solvents. The flasks, the condenser, and the connecting elements between
them are made of glass, and the whole assembled system guaranteetaszpedum seal. A

pump is used to maintain the vacuum. Then, the evaporating flask containing the oil and greases
extracted is connected to the rotary evaporator and waits for about half an hour until all the
hexane is separated. Therefore, as seen ugyim the last phase of particulate lipids, using

the hexane, oils and greases are transferred into a 25 mL vial to carry out a more precise
weighing. At this point measurement of soluble lipids and hydrocarbons present in the analyzed
sampleare obtainal, consequently, its necessary to proceed with the extraction of the

hydrocarbons.
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| S A e i -

Figure3.4 - On the left the laboratory rotary evaporator "Heidolph VV 2000" while on the

right the separatory funnel ofl.2
Hydrocarbongxtraction

As seen, both procedwéor the analysis of particulate and liquid lipids, in addition to the
lipids, the hydrocantins are also extracted. Consequently, these hydrocarbons must be isolated
and gquantified to obtain the exact measurement of the lipids. This is done using syringes
containing florisil. If the solution of hydrocarbons and fatty materials in apodar solhent
passes through florisil, the fatty acids are removed selectively from the solution. The not
eliminatedmaterialare designated as hydrocarbons. In this way, it is possible to calculate the

quantity of lipids contained in the sample without any diffeeen

3.3.6. TKN

TKN (Total Kjeldahl Nitrogen) is defined by the sum of ammonia nitrogen and organic
nitrogen present in a sludge— . Its determination was carried out in the A. Rozzi laboratory

according to ISO 5663984 Method.

3.3.7.VFA

The VFAs (Volatile Fatty Acids) were determined by quantifying each single volatile fatty acid
(acetic, propionic, isobutyric, butyric, isovaleric and valeric) by gas chromatography,
according to Standard Method n. 5560 (APHA, 2005). Specifically, a gasnatograph
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(DANI Master GC) was used coupled to a flame ionization detector (FID Nukol fused silica).
Organic compounds burning in the flame produce ions and electrons which can conduct
electricity through the flame. A large electrical potential is appéiethe burner tip, and a
collector electrode is located above the flame. The current resulting from the pyrolysis of any

organic compounds is measured and converted into mass of the corresponding VFA.

In particular, 25 mL of fresh sample were stabilizeith 1 mL of 3N NaOH solution and
subsequently centrifuged and filtered at 0.45 pm in San Giuliano Ovest laboratory. Then about
3-5 ml of stabilized sample was stored in the refrigerator below 6°C and analyzed at the A.

Rozzi laboratory in Cremona.

3.3.8. Pretreatment of samples for the determination of the total content of

carbohydrates and proteins

In order to determine the total content of carbohydrateso{)C&hd proteins (Pd), the
following pretreatment procedure of the sludge sample was adoptedpypsgvideveloped
and selected at the A. Rozzi laboratory in Cremona. This procedure involves the following

steps:

- freezing of about 30 mL of sample as it is;
- defrosting;

- sonication for 1h;

- dilution with deionized water (variable according to tigpe of analysis proteins or
carbohydrates, in order to fall within the range of concentrations defined by the calibration

line, and the type of sample).

This is followed by the analysis of carbohydrates and proteins using Dubois and BCA methods
direct y on the diluted sample 6as received?d.

3.3.9. Protein Content Analysis

The BCA (Bicinchoninic Acid) method was selected to determine the protein content.
Concentrations are expressed in mg of Bovine Serum Albumin (BSA) equivalent per liter of
solution and theik provided by Thermo Fisher Scientific was used. The method involves the
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dosage of 2 ml of BCA reagent and 0.1 ml of sample. The samples to be analyzed for proteins
were incubated at 37 A C for 30 minuttes, f ol
room temperature, the absorbance at 562 nm was measured using-\ASUV

spectrophotometer. For the determination of the calibration curve, bovine serum albumin

(BSA) was used as a standard. The range of validgyris ¢ 1 T-#—.

3.3.10Carbohydrateontent Analysis

Carbohydrate content analysis were conducted using the Dubois colorimetric method using a

5% w/v solution of phenol and pure sulfuric
glucose equivalent per liter of sample— . Specifically, 1 mL of phenol solution is added

to 1 mL of sample. Then 5 mL of2HOQ, are added and wait 10 minutes. At this point the
sample can be mixed and a further 30 minutes are waited in order to allow the sample to cool
down to room tempeture. The absorbance reading at 490 nm is then carried out using a

spectrophotometer. Glucose was used as a standard for the determination of the calibration

curve. The validity range for the calibration curvetis ¢ T F—.

3.3.11 Total and volatile slds

Total and volatile solids were determined in duplicate according to Standard Methods 2540
(APHA, 2005).

3.3.12BMP Tests

The following tests were carried out in duplicate:

- blank BMP test containing the inoculum (degassed digestate), wateuights.

- Sludge BMP test containing inoculum, sludge, water and nutrients

- Particulate BMP test containing the inoculum, the separated sludge solid, water and nutrients

- Yogurt BMP test containing the inoculum, yogurt, water and nutrients (onlygdtivence

digestion phase)

45



- Co-digestion BMP test containing inoculusiydge yogurt, water and nutrients (only during

the codigestion phase)
- Residual BMP test containing fresh digestate as inoculum, water and nutrients.

The apparatus used to perfornese BMP tests is the Nautilus Anaerotech model by Anaero
technologies which is shown Figure3.5. Through a gearbox this equipment uses one motor

to mix 15 batch rezorsthrough stainless/silicone paddlassuring equal mixing intensity. By
immersion in a water bath with a tight water lid, the temperature is maintained cat38nt

°C for all reactors, and evaporation is minimized. The reactor features a highevoful L.

As already said, all 15 reactors are mixed at the same speed driven by a geaslg@neration

is measured using the liquid displacement method. The gas flow meter is a single Perspex block
with 15 cells of 0.2 L and Perspex tumbling buckdtaround 7 ml gas volume. A spare cell

is used for the automatic monitoring of temperature. The liquid in all cells is interconnected to
keep equal head pressure in all reactors. The liquidisd&DH 3Mto remove CQfrom the

gas. Each cell has a tumbling bucket with an active volume of around 7ml (easily calibrated).
The smaller measuring volume allows for better recording of the kinetics of the test. The data
are constantly monitored through an Ardulmesed systenwhich consists of an Arduino 2560
Mega microcontroller which acts as the main controller for the data logger. All tumbler events
are written to a log file on the microSD card including the channel number, the time at which
the event occurred, the air press at that time, and the temperature as recorded by the
thermocouple.

Figure3.5 - Nautilus Anaerotech model by Anaero technologies
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MATERIALS AND METHOD

The BMP tests were prepared by dosing inoculum anduhstrate, together with water and
nutrients inside the 1 L anaerotech reactors. These were dosed to have a working volume of
800 mL This way a ratio between the working volume and the total volume of 80% is obtained.
Regarding the BMP tests of sludglkeioge particulate matter, yogurt, anddigestion (sludge

plus yogurt), they were established on the assumption of an Inoci8ubsttate (I / S) ratio

based on VSTable3.1 shows the BMP tests performed and the relevant test conditions

Table3.1 - Summary of BMP test conditions.

Number Inoculum I/S ratio YogurtVS fraction
BMP test Date
of tests dosed [g] | [Qvs/Ovs,s] | [Ovs.yogudQvstotd
22/10/20
05/11/20
o . 19/11/20 | % ) )
30/12/20
04/02/21
25/02/21 | 220
22/10/20
05/11/20
Siudge - 19/11/20 200 2 i
g 30/12/20
04/02/21
25/02/21 | 20
22/10/20
05/11/20
Particulate | | 19/1/20| °% , _
sludge 30/12/20
04/02/21
25/02/21 | 220
30/12/20 500
25/02/21 | 220
30/12/20 500 0.45
Co-digestion 3 04/02/21 550 2.5 0.5
25/02/21 550 0.65

In each BMP testthree nutrient solutions were added for a total volume of 88 mL. The
composition of these nutrient solutions was reportedRPENDIX G Finally, once the
guantity of inoculum and substrate to be dosed in the test was established, the dilution water
was calculated as the difference between a working volume of 0.8 L and thef shm
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substrate, inoculum, and nutrients volumes. The blank test was conducted by dosing the same
amount of inoculum as the BMPs it is to be compared with. Also in this case, nutrients and a
volume of water were added to bring the working volume to @8During the BMP setting,

it was verified that the concentration of inoculum and substrate as VS was in the 4ange 1
gvs/L. Further verification of the BMP setting was carried out on the total solids in the batch,

verifying that the concentration of STawin the range 180 grs/L.

As for the Residual BMPs, 600 g of fresh digesta¢ee usedEven for Residual BMPs, 88
mL of nutrients were dosed and enough water to reach a working volume of 800 mL.

For each test, volatile and total solids of inocula suldstrates were measured. Furthermore,

the pH was measured at the start of the test. If the pH was lower than 7.2 it was adjusted by
dosing NaHCOS3 to add buffering capacity. BMP tests were didgontinuedwhen the
methane production increased by lessth%of the cumulated volumier three straight days.

Following this criterion, the tests generally lasted 21 days.

At the end of the BMP tests, further analyzes were carried out on the contents of each bottle.
Specifically, the following analyzesere carried out:

- pH;

- Analysis of proteins, carbohydrates, soluble lipids, and particulate;lipids

- Total TKN;

- Ammonium (NH4");

- VSand TS

- VS and TS of the soluble fractipn

- VS and TS of the particulate fraction

These analyzes were not conducted onlghercase of residual BMPs for which only the pH
was measured at the end of the test.

3.3.13Activity Tests

Activity tests were performed with the Nautilus Anaerotech, the same instrument used for the
BMP tests and described in the previous paragraph. Three tfpastivity tests were
performed usinglifferent substratesicetate, glucose, and BSA (bovine serum alburinirgll

tests, fresh digestate from the pilot plant was used as an inqgcdbhsed to ensure a

concentration of 10\@/L in eachbottle. The tests were always carried out in duplicEte.
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MATERIALS AND METHOD

tests weralesignedo last between 5 and 14 dagscording tdhe same 1%erm-criterion of
BMP tests.

As regards the activity tests with acetate, a sodium acetate solutioncgtl0) gvas ued. It
was dosed to have a concentration in the test bottle @cilg

In the case of the activity tests with glucose, a glucose (d&4Lg was used as substrate, that
was dosed to have different concentrations of COD. Specifically, the tested catiwwestr
were: 2.5, 3.0, 3.5, dnd 5gcop/L.

The activity tests with BSA were carried out using a BSA solution (25 ot&@fLg, dosed to
have 3.0, 3.5, or 4.5go/L in the test bottle.

Table 3.2 displays a summary of the biomass activity tests performed and the substrate

concentrations as COD for each test.

Table3.2 - Summary obiomass activityest conditions.

. Substrate
Biomass Number .
activity tests of tests Date concentration

[9conlL]
22/10/20 26/11/2Q0 1012/20, 17/12/2
Acetate < ’ 14/01/2%, ST el
22/10/D 5.0
19/11/20, 26/11/20 4.0
Glucose 7 03/12/20 2.5
10/12/20 3.0
17/12/20, 10/02/21 3.5
05/11/20, 26/11/20, 10/12/20 3.0
BSA 6 17/12/20 3.5
29/12/20, 17/02/20 4.5

3.4. Calculation

3.4.1. Feedand Digestateharacterization

Substrate and digestate characterizaticgone of the main issues when applying the ADM1
model. The characterization aims at assigning the correct value to all relevant state variables
in the influent or, more in general, to associate a single or a combination of state variables with

experimentatiata from laboratory analysis.
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In accordance with the model requirements, all the variables were expresse@d/Bs it
carbon, nitrogen and ionic compounds that were expressed as molar concentration*@mol/m
M). Many assumptions were done becauseesdata could not be directly measured. Indeed,
they were either derived or assumed from the literature.

The concentration of hydrogen ion8Y( ) was derived by the measured pH value.

Consequentlythe concentration of hydroxide ion¥ ( ).
Y p T (3.2)

Y — (3.2)

The concentration of total inorganic nitrogéw () was derived from the ammoniacal nitrogen

content of the samples.

Y (3.3)

The concentrations of ammoniuffY( ), freeammonia{Y ) and the dissociate fractions
of each VFAs Y ,°Y , Y 7Y ) were calculated according to the abmke

equilibrium equations reported in ADML1.

Y —— (3.4)
Y Y Y m (3.5)
Y h“— T (3.6)
Y —ﬁ“ m (3.7)
Y h“— m (3.8)
"Y — 7 (3.9)
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MATERIALS AND METHOD

The concentration of bicarbonatéy( ) was calculated from alkalinity and VFA ionic

forms:
Y — dae—"— v Y Y Y — (310

Bicarbonate concentration was used to derive the concentration of inorganic Cxrpand

carbon dioxide Y ) by the aciebase equilibrium:
Y Y >r— (3.11)

YooY Y (3.12)

The value of the net charge of all other o ( ) was calculated from the charge balance:

% % % % Y (313

Total COD was calculated as the sum of the contribution of total carbohydrates, proteins, lipids
and all the VFA species. The conversion factors to calculate the CODatsdami each

fraction of carbohydrates, proteins and lipids are showrabie3.3

Table3.3 - COD conversion factors for carbohydrates, proteins and lipids.

COD/Glucose| 1.07 | gCOD/gGlu Conversion from glucose to COD

COD/BSA 1.58 gCOD/gBSA | Conversion from BSA to COD

COD/VS_lip | 2.90| gCOD/gVS(lip)| Conversion from mass of lipids (VS) to CC

The COD associated to the particulate fraction of the substiafeMas calculated as the

difference between the total CGInd the COD of soluble components including VFA.
W ol oW 0 O (3149
The concentration of particulate inerés)(was calculated starting from the results of the BMP

teds on the particulate fraction. fact, can be considered as the raegradable fraction of
the substrate.

& pPd DO P26 (3.15

(Note: for simplicity only is reported but the result of the previous equation actually refers
tod+ X_i_ xc+ S _i Xc. As can be deduced fréigure3.6)
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The pecentage of nowlegradable materiab(0 WO r ) is calculated as the part
of the substrate that is not degraded in BMP tests. The degradable material (
PO O r ) fractions is calculated from theetihane produced in BMP tests plus
the COD converted in new biomass during the te@rganischer Stoffe
Substratcharakterisierung, 2018he CODconvertedin new biomassK 6 (O ) was
considered to be 8% tdtal COD by hypothesis.

® Y PO F 200 (3.16)
Po O o p PO WO Po O (3.17)

With:
=¥ Vo) (3.1

The concentration of soluble inert substances (S_i) was calculated as the difference between
the total inerts concentration (X_i + S_i) determined from the BMP tests on the sludge sample
and the particule inerts concentration (X_i) evaluated from the BMP tests on the particulate
fraction of the sludge. To better clarify this concept, a scheme of COD fractionation entering
the digester is proposed figure3.6, with a focus on the inert fractions that can be evaluated

by the proper BMP test.
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' N\
X_ch_Xc
Xc X_pr_Xc
X_li_Xc X_i_Xc_ch
) X_i_Xc X_i_Xc_pr
Xch S
X_i Xc_li
Xpr S_i_Xc I
S_i_Xc_su
Xli . )
Xi ch S_i_Xc_aa
Xi Xi_pr S i Xc_fa
Xi_li
J BM PPARTICULATE
___________ \
S_su I
|
|
S_aa |
) S i su :
S _fa —
- — 1
S i aa 1
S i |
\ :
S i_fa 1
____________ |
BMPsoypie = BV = BMPparmicutate

Figure3.6 - Input COD fractionation scheme

Once the inerfractions of the substrate are known, the concentrations of carbohydrates,

proteins and lipids( hé o ) are associated to the degradable particulate COD.
0 0y 6ol ® Y (3.19
W 6 0p O— (3.20)

x EGE @& 0
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The disintegration fractions of the composite (f_Xch_Xc, f Xpr_Xc, f Xli_Xc, f Xi_Xc,

f _Si_Xc) were derived from the breakdown of the particulate COD as follow:

SO J— (3.20)
x E @E X mhiQ

LT J— (3.22)

The determination of soluble sugar¥ (), soluble amino acidsY ) and soluble fatty acids
("Y ) were computed using respectively the experimental data of soluble carbohydrates, soluble

proteins, soluble lipisland converting them using the same COD ratios reported in

The sludge fed to the pilot plant is be a mixture of primary sludge and secondary sludge. The
two types were defined differently. The primary sludge was assumed to enter the digester
already disintegrated intocX Xpr, Xii, Xi, S; so that the composite materialc{X¥vas assumed

to be negligible. Instead, the secondary sludge was assumed to be composed only of composite

particulate organics (only).

The same approach applies to tharacterization of the digestate, with the main difference

that the inert fraction is calculated starting from the residual BMP test.

3.5. ADM1 model

3.5.1. Implementation of the ADM1

The ADM1 was implemented according to Batstone et al. (2@0@used for modeltig both

the continuous reactor and the batch experiments. The OpenModelica platform was used as a
simulation software tool, selecting DASSL (Differential/Algebraic Sys&aiver) code for the
numerical solution of the systems of differential/algebraic #gos Starting values of
stoichiometric and kinetic parameters were taken from Rosen and Jeppsson (2006).
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Figure3.7 - User interface of the OpenModelica platform

Figure3.7s hows the wuser interface of OpenModel i
variables and parameters were definh ; while in the O6Packaged p
describing the system were reported as described in RosenRos#n & Jeppsson, 2006)

Since the system had numerical instability, the alternative way of calculating the gas flow rate
given inBatstone et al. (200®yas chosen, where the gas flow rate is described by the following

expression:
1 Ez 0 0 (3.23
Where ks is a parameter related to the friction in the gas outlet.

In addition, the pilot plant response to overpressure variations due to variabledsssdin

the hydraulic guard was implemented. Indeed, thesacttor liquid level changes as the
pressure varies, so that the digester is not working at a constant volume (the higher the pressure
in the headspace, the lower the liquid volume in the digeJteeyefore, the real volume of

the digester was recalctda as:

6 6 6 (3.24)
6 E BAAOBORAMECAOOAO
E E Y (3.25)
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In the modelling, the system was in fact simulated as a constant volume reactor feed with a
variable flow rate and the latter was computed so that the HRT of the real and simulated reators
were the same. After computitite real HRT from the actual reactor volume, an artificial flow

rate for modelling purposes was computed as follows:

~ z

0 — (3.26)

oYy o — (3.27)

The overall system was modelled in OpenModelica as similar as possible to the pilot plant
described in the current work. As describedFigure3.7, the system includes a storage tank,
where sludge and yogurt inflow are mixed, a digester and a storage tank for the digestate.
Meters are used to retrieve simulated ealuof relevant variables. Three meters for
temperature, pressure and gas flow were applied to the main digester and six meters were
applied in the digestate storage tank to retrieve volatile solids, alkalinity, VFA, pH, ammonium,
COD, percentage of methaaed percentage of carbon dioxide in the biogas. Meter values

were compared to the real experimental data.

The system in OpenModelica was arranged to simulate the batch tests, too. The units of the
AMPTS Il system were simulated as if they were smallsteys, without outgoing digestate.
The digestate extrapolated from the plant simulation pilot was then degassed using the model

for the batch tests simulation and used as an inoculum for the BMP tests.

3.5.2. Calibration

To exploit the synergy between the results obtained from batch experiments and those collected
from the pilotscale reactor, kinetic parameters were calibrated according to an iterative
procedure in view of a simultaneous optimization of batch and cownsnestsSpecifically,

the parameters on which the calibration is based are:

- kais: thefirst order constant afomplex particulate disintegration;

- kn,cn the first order constant diie carbohydrate hydrolysis;

- kn,pr: the first order constant tiie protén hydrolysis;

- kn,i: the first order constant tie lipids hydrolysis;

- kmsu themaximum uptake rate for monosaccharide degrading organisms

- Kkm,aa themaximum uptake rate amino acid degrading organisms
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- km,ac themaximum uptake rate for acetategrading organisms

- Kssu thehalf saturation constant for monosacchaddgradation

- Ks,aa thefor amino acid degradation

- Ks,ag thehalf saturation constafr acetate degrading organisms

- Kspro thehalf saturation constaifr propionate degradg organisms.

The iterative process consists in using the characteristics of the digestate from the pilot plant,
as simulated by the pilgtlant model, to compute the initial conditions of the batch tests. In

the case of the biomass activity tests, the digestate isasseds, while in the case of the
simulation of the BMP tests the degassed digestate is used. Through a comparison between the
simulated methane production in these batch tests and the experimental one, the parameters
indicated above are identified satlthe difference between the curves is minimised. These
new set of parameters are transferred to the model of the pilot plant and a new simulation is
performed. New simulated data are compared with the experimental data. Then, again, the
simulated digesta characteristics are used for batch tests simulation. This procedure is
reiterated until no major changes are further requifeglre 3.8 shows a conceptual scheme

of the iterative calibration process just described.

1Pilot Plant I
1 1
]
: OUTPUT }( ------- Biogas analysis| '
| Biogas 9 ¥ 1
I A 1
1 .
1 ]
] ) 4 !
1 ]
1 ]
| | Substrate(s) |_ _ _ o INPUT ADM1 | oo Digestate !
1 analysis Substrate(s) Digester model analysis !
1 ]
| 1
| o m m m o m m m e mmmmmm e mmm e m = e m = mm e e m e e e mm === = !
OUTPUT
DIGESTATE
+ OUTPUT
. Digestate
Batch tests :
ADM1
Degas
simulation
Specific Substrates
BMP ADM1
Acetate Batch test New parameters—
Glucose simulation
BSA
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Figure3.8 - Schematic representation of the iterative protasthe calibration of the ADM1

model.

3.5.3. Sensitivity analysis

Sensitivity analysis is a core tool in dynamical models. This becomes critical for nonlinear
models with many parameters subject to large uncertainties. In such contexts too often,
numerical simulations are required due to the lack of the analytical derivatives of state variables

with respect to parameters.

In this work, the OMSens tool was used, an open platform to assess the sensitivity of Modelica
models tailored to work with Op&fodelica. OMSens was effective to pinpoint a nonintuitive
subset of parameters that, when perturbed within small ranges, yield strong changes on key

state variables.

There are two broad approaches to numebesked sensitivity analysis: individual and
simultaneous. The individual approach studies perturbations of one parameter at a time over a
set of parameters of interest, typically testing the extreme values of the uncertainty interval p
N ehe simultaneous approach can also take into account lsemezinations of values of

pi lying within that interval which can produce strong changes in state variab(Bamxos et

al., 2017)

In the current workboth an individual approachnd a simultaneous approaghsensitivity

analysiswere tested.

The individual sensitivity analysis was a very useful tool for the calibration of the model and
especially for the identification of which laboratory analyzes were essential for the influent
characterization. In particular, iwvas applied in two different ays, depending on the

parameteranalyzed

- In most cases, it was possible to use the OpenModelica tool itself. After choosing the
perturbation percentage level to apply to the param@perModelica returns a

sensitivity index g relying on comparisonef perturbed (¥ and unperturbed runs

(x):

i o — (3.29)

With:
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. W [ (3.29
Sel Can be used to rank the parameters affecting a variable the most.

- In some cases, a manual approach was used instead. The parameter of interest was
perturbed manually, and the simulation was performed. At the end of the simulation the
variables value wasompared to the value obtained with the simulation with the

original parameter value.

The simultaneous sensitivity analygierformed in this works very helpful in the model
calibration process, particularly in understandivigetherthe kinetic parameters were over or
underestimated.

In particular, after defining the parameters of interest and theirinterals per t urjpbat i on
analgorithm tries to find the vector of smallest perturbation values that produces the largest
impact on the state variabléthe OpenModelica output not only reports a simple numerical

result but also presents the effect of the perturbation plotted ower tim

3.6. Modelperformance

Mo del prediction performances were wevaluat €
Coefficient, TIC, (Decostere at al. 2016) and the modified Mean Absolute Relative Error,
MARE, (Hauduc et al. 2015) as reporiad=q.3.30and3.31

- 2
c Bi s aty.Yin )i

TI (3.30)
1 aon S Aty ) |

MARE = ABD _ . (331
n Ym % G

Whereys, represents the value of the variable measured experimentally;nardeyvalue

estimated by the modelhe& functions a(ty.y,, ;is zero when bothnyiand y,; are lower

than the associated measurement standard deviation (accepted as perfect fit situation), and

otherwise:s a(ty.y,, U U ;. The small correction factol

i
division by zero.
Both criteria quantify the differencestwween model predictions and experimental values and

normalize them according to the magnitude of the considered vaflaBl&0.3represents a
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good simulation result. In general, for both criteria, the closer the value to zero, the better the

model perfomance.
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RESULTS& DISCUSSION

Chapter 4: RESULTS & DISCUSSION

4.1. Sludgecharacterization

4.1.1. Analytical characterizations

Table4.1 shows the results of the laboratory anedyserformedon the sludge samples as total
fraction, particulate fractioffsolid separatetby centifugation) and soluble fractiorfliquid

separatedby centifugation)

Table4.1 - Analyses results for sludge characterization

PARAMETEF UNIT Averageof Standard deviation
10 samples
TOTAL FRACTION
pH | - 6.08 0.35
Alkalinity | mgCaCéiL 1665 316
TS| gTS/kgFM 28.9 4.6
VS| gVS/kgFM 22.7 3.7
Total COD gCOD/kg 33.6 5.7
Total TKN| gN/kg 1.53 0.51
Total Carbohydratey gGlu/L 8.98 2.27
Total Proteins| gBSA/L 8.55 1.88
BMP Total| NmLCH4/gVS 388 27
PARTICULATE FRACTION
BMP Particulate NmLCH4/gVS,p 385 22
Particulate Lipidg g/kgVS,p 132 13
Particulate Lipidg g/kgVS 127 13
TS- particulate fraction| gTS,p/kgFM,p 113 4
VS- particulate fraction| gVS,p/kgFM,p 89 3
SOLUBLE FRACTION
VFA: acetic aci¢ mg/L 748 196
VFA: propionic aci¢ mg/L 249 79
VFA: isebutyric acid| mg/L 37 12
VFA: butyric aciq mg/L 101 41
VFA: isevaleric acid| mg/L 26 13
VFA: valeric aci¢ mg/L 27 18
TS- soluble fraction| gTS,s/kgFM,s 2.2 0.5
VS- soluble fraction| gVS,s/kgFM,s 1.2 0.4
SolubleCarbohydrates mgGlu/L 102 63
Soluble Proteing mgBSA/L 367 248
Soluble Lipidy g/kgVSs,s 48 7
Soluble Lipidy g/kgVS 1.82 0.35
Soluble TKN mgN/L 166 46
Soluble COL gCOD/L 2.44 0.96
Ammoniacal Nitroger] mgN/L 79 37
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- % - TVFA

m— Valeric

e [so_Valeric

e Butirric

mmm— [s0-Butyrric

mmmmm Propionic

m— Acetic

The table shows only the averagew standard deviatiorsf all the sludges analyzed. A
The trends oVFAs, pH, alkalinityandammonium ion in the sludgee also showm Figure

complete table of all individual valuesgiven inAPPENDIX C

4.1, Figure4.2 andFigure4.3 respectively.

[1/aoo3w] vaaL

[1/e00eobw] Anuiex v

2500

few-1
ide-y2
T ide-, T
el ide-01
# Jde-¢
2L rew-/g
o= rew-0zg
SSoael rew-gt
d,um/ i3 Iew-9
&..‘o\\ gsi-L¢
e ga4-0¢
< T ° g3)-¢T
-==” g34-9
=~ uab-og
/ o uab-gg
4 4 uab-91
\\\\\ . uab-6
\ ¢ uab-g
. JIp-9¢
JIp-6T
S oIp-21
<« e oIp-g§
A\ ® AOU-8Z
¢ » AOU-TZ
A\ / AOU-$T
- AOU-/
.ﬂ\l&\ Nno-T1¢
A,H ,,,,, no-¥g
||||| R n0-/1
S A no-0T
e’ no-¢
\TTese 18s-92
o 18S-6T
il 18s-2T
185-G
obe-gz
obe-zz
obe-gT
obe-g
obe-T
bnl-Gz

---A--- Alkalinity
\"
*

Figure4.1 - TVFA trend and VFA speciation of sludge samples
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Figure4.3 - Ammonium concentration trend of sludge samples

In Table4.2 adata analysis on sludg@alytical measuremernitsreportedA total offive more
variables werederived as ratio between two variablasS(TS, N/COD, VFA/ CODsol|,

CODsolCOD).

Table4.2 - Data analysi®f sludgeanalytical measurements

PARAMETEF UNIT Averageof 10 Standard

samples deviation
Total Carbohydratey gCOD/L 9.61 2.43
Total Proteins| gCOD/L 13.4 3.0
Total Lipids| gCOD/L 8.55 1.90
Carbohydrates/CODtqg - 29% 5%
Proteins/CODtof - 40% 4%
Lipids/CODtot - 26% 2%
VSI/TS gVS/gTS 0.78 0.01
TVFA gCOD/L 1.50 0.43
COD total as pr,ch,li,VH gCOD/L 33.2 6.4
COD/VY gCOD/gVvs 1.48 0.09
N/COD| gN/gCOD 0.0023 0.0011
CODsol/COI - 0.07 0.03
VFA/CODsq - 0.66 0.22

Figure4.4 shows the boxplots of the concentration of lgphrbohydrates and proteins in the

sludge which provide an indication of how theues in the data are spread out.
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Figure4.4 - Boxplot of carbohydrates, proteins and lipids content in the sludge samples

Table4.3 reports literature databout sludgeharacteristics. These data were used to make a
comparison with the results of the arsgly carried out. For most of the measurements, values
comparable tdhe literature are obtaine8pecifically, the anakes on VS, TS, VFA, COD,
CODsol, and TKN seem toe compaableresults carbohydrates, proteins and lipids have the
same order of magnitugdipids and carbohydrates have values slightly higher thare thos
reported in the literatureAmmoniacal ftrogen analysis is the one that shows the highest
deviation from literature data.
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Table4.31 Sludge characterizatiscomparison

) . VFA/ COBol
Carb. Proteins Lipids VS/TS N TKN TS VS COBol COD VFA
Sludge P CODBol CoD Bibliographic
type gCOD/L gCOD/L gCOD/L - - - mgN/L  gN/kg gTS/kgFM gVS/kgFM gCOD/L gCOD/kg gCODI/L| reference
Primary| oo 516 141 070 052 005 1519 1.37 321  22.6 1.83 347 1,03 | catenacciet
sludge al., 2019
Primary Zhou et al.,
NA.  NA  NA NA  NA NA. 121 NA. NA  NA 856 683 341
sludge 2021
Primary| A NA.  NA  NA  NA NA. 111 NA. NA.  NA  NA 228 1.0 |SernaGarcia
sludge et al., 2020
Activated| \ N A NA 149  NA. 007 NA 230 353 525 343 464 NA | Vettetal
Sludge 2009
Activated| 15 135 319 065 NA. NA 130 NA. 267 173 035 248 061 |Chenetal,
Sludge 2020
Mixed| g5 176 1247 076 057 008 194 202 358 271 351 475 199 | Astabetal
sludge 2013
Experimental g o) 134 g55 078  0.66 007 79 153 289 227 244 336 150

values
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4.1.2. ADM1 characterization

As explained in paragragh4.], the results of the anays carried out on the sludge samples
have beerprocessedo obtain the characterization of the sludge as required by the ADM1

model.The results are shown irable4.4.

Table4.4 - ADM1 sludge characterization

PARAMETER ~ UNiT  Averageof 10 - Stndard

samples deviation

Su gCOD/L 0.11 0.07
Sa gCOD/L 0.60 0.43
Sa gCOD/L 0.11 0.02
Sa gCOD/L 0.11 0.06
Su gCOD/L 0.25 0.09
Sro gCOD/L 0.38 0.12
S gCOD/L 0.80 0.21
S gCOD/L 1.00E08 0.00
Sha gCOD/L 1.00E05 0.00
Se M 0.04 0.02
Sn M 0.01 0.003
S gCOD/L 1.76 1.90
Sat M 0.05 0.01
Sin M 0.02 0.00
X gCOD/L 3.19 0.39
Xeh gCOD/L 6.90 1.65
Xor gCOD/L 9.83 2.23
Xi gCOD/L 5.63 2.06
Xsu gCOD/L 0.01 0.00
Xaa gCOD/L 0.01 0.00
Xa gCOD/L 0.01 0.00
Xea gCOD/L 0.01 0.00
Xoro gCOD/L 0.01 0.00
Xac gCOD/L 0.01 0.00
X2 gCOD/L 0.01 0.00
X gCOD/L 4.54 3.20

The table shows only the averagesd standard deviatiord all the characterizationsA

complete table of all individual valuésgiven inAPPENDIX C

In accordance with the model requirements, all the variables were expresse@d/Bslyt
carbon, nitrogen and ionic compowrttiat were expressed as molar concentratigg/(k® or
M). Many assumptions were done because some data could not be directly measured. Indeed,
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RESULTS & DISCUSSION

they were either derived or assumed from the literabagarticular S2, Scha Xsu, Xaa Xta, Xc4,

Xpro, XacandXn2 were assumed frofRosen et al(Rosen & Jeppsson, 2006)

4.2. Yogurtcharacterization

4.2.1. Analytical characterizations

Table4.5 shows the results of the laboratory anedysarried out on thgogurt samplesAll
data were measured directly apart from lipids which were read from the nutritional table on the
label. Sinceyogurt @uld notbe separated by centrifugggurt measurements are referred to

the particulate fraction.

Table4.5 - Analyses results foyogurtcharacterization

Averageof Standard
PARAMETEI UNIT 10 samples deviation

VS- particulate fraction | gvsdkgrm,p 141 7
TS- particulate fraction | grs gkgrm,p 159 12
Lipids from label g/L 19.3 8.1
Carbohydratesmeasured g/L 151 13
Proteins measurec g/L 46.5 5.9
BMPpart | NmlcndgVSp 762 44

The contribution of VFA was added considering an average value of 2800 ppm as
concentration of acetate, a value resulting from previous analysis made on yogurt samples of

similar quality.

The table shows only the averages and standard deviations of ahalecterizations. A

complete table of all individual valuésgiven inAPPENDIX C

Table4.6 reports the data analysis on yogurt measurem&htsVS/TS and COD/VS rat®
arehigher tharthose observed ithe sludgesamples

67



Table4.6 - Data analysi®f yogurtanalytical measurements

PARAMETEF UNIT Average of 3 Standard
samples deviation
VSITS| gVS/gTS 0.88 0.03
Total Carbohydratey gCOD/L 161 14
Total Proteins| gCOD/L 73.5 9.3
Total Lipids| gCOD/L 56 24
CODtot ag gCOD/L 294 36
pr,ch,li,VFA
Carbohydrates/CODtqg - 0.55 0.03
Proteins/CODtof - 0.25 0.03
Lipids/CODtot - 0.19 0.06
COD/VY gCOD/gVs 2.08 0.15

The protein and carbohydrate arsgly were compared with the values displayed on the yogurt

label. The average error between the measures is repoiftatle¥.7.

Table4.7 - Comparison ofnaly®s resultsvith measures reported on the yogurt label

Averageerror of Standard

MEASURE 3 samples deviation
Carbohydrates 23.5% 3.2%
Proteins 4.6% 4.9%

It is noted that the measured proteins and those reported on the label ainiarywhile
carbohydrates are always overestimated by about 23.5%. This could be due to the carbohydrate
measurement method which involves a very high dilution of the sarigeever,the error is

always very similar (standard deviation 3.2%), consequently the measurement of

carbohydrates could be verified by better calibrating the measurement method.

Therefore, in order to reduce the number of asesyto be carried out ohéd influent, it is
possible to avoid the measurement of proteins and carbohydfates yogurt, andise the

valuesdisplayedon the labelnstead

4.2.2. ADM1 characterization

For the characterization of yogurt, it was assumed that carbohydrates and lipidshent
process as insoluble carbohydrateg,)(’8nd insoluble lipids (X respectively. While proteins

were introduced as amino acidsdS
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RESULTS & DISCUSSION

The choice of considering proteins entering the system as a soluble material derives from the
model calibration:according to simulations during the-dmestionphase the proteins in the
yogurt were hydrolyzed at a much higher rttan predicted according to the hydrolysis
constant previously calibrated on sludge mdigestion Consequentlytwo hydwolysis
processes with different values for the hydrolysis congkapt,) would have been needed in
order to fully interpret this observation, requiring a modification in the model strudsutbis

is an important modification to the model, it wasided to simplify the modeling process, by
introducing the yogurt proteins as an already hydrolyzed material. This will be properly
explained in paragraph8.1, wherethe calibration process conducted through the modeling of

BMP testss shown.
Table4.8 - ADM1 yogurtcharacterization

Averageof Standard

PARAMETEI UNIT -
3 samples deviation

Su | gcoDp/L 0.00 0.00
Sa | gCOD/L 73.47 9.34
Sa | gCODIL 0.00 0.00
Sa | gCODIL 0.00 0.00
Su | gCOD/L 0.00 0.00
Spro | gCODIL 0.00 0.00
S« | gCOD/L 0.00 0.00
S» | gCODIL 0.00 0.00
Sha | gCOD/L 0.00 0.00
S| M 0.00 0.00
S| M 0.00 0.00
S | gCOD/L 0.00 0.00
Sat | M 0.02 0.00
Sn | M 0.02 0.00
X: | gCODI/L 0.00 0.00
Xh | gCOD/L 161.10 14.42
Xor | gCODIL 0.00 0.00
Xi | gCODIL 56.04 23.52
Xsu | gCOD/L 0.00 0.00
Xaa | gCOD/L 0.00 0.00
Xa | gCOD/L 0.00 0.00
X4 | gCODI/L 0.00 0.00
Xoro | gCOD/L 0.00 0.00
Xac | gCOD/L 0.00 0.00
X2 | gCOD/L 0.00 0.00
X | gCOD/L 0.0 0.00
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4.3. Digestatecharacterization

4.3.1. Analytical characterizatios

Table4.9 shows the results of the laboratory asagy/carried out on theigestatesamples as
total fraction, particulate fraction(solid separatedy centifugation) and soluble fraction
(liquid sepaatedby centifugation) The table shows only the averages and standard deviations
of all the digestates analyzed. A complete table of all individual vauggegen inAPPENDIX

C.

Table4.9 - Analyses results fodigestatecharacterization

PARAMETEF UNIT Averageof Standard
10 samples deviation
TOTAL FRACTION
pH | - 7.31 0.19
Alkalinity | mgCaCeiL 4484 819
TS| gTS/kgFM 21.1 21
VS| gVS/kgFM 13.6 1.4
Total COD gCOD/kg 13.6 3.7
Total TKN| gN/kg 1.30 0.23
Total Carbohydrateq mgGIlu/L 3.12 0.68
Total Proteins| mgBSA/L 8.89 2.20
Residual BMH NmLCH4/gVsS 0.40 0.19
PARTICULATE FRACTION
Particulate lipids| g/kgVs,p 33.7 15.0
Particulate lipids| g/kgVS 29.7 125
TS- particulate fraction| gTS,p/kgFM,p 92.4 6.6
VS- particulate fraction| gVS,p/kgFM,p 60.3 3.0
SOLUBLE FRACTION
VFA: acetic aci( mg/L 58.4 24.2
VFA: propionic aci( mg/L 0.00 0.00
VFAiso-butyric acid| mg/L 2.20 4.65
VFA: butyric aci¢ mg/L 0.00 0.00
VFA: isevaleric acid| mg/L 0.00 0.00
VFA: valeric aci¢ mg/L 0.00 0.00
TS- soluble fraction| gTS,s/kgFM,s 3.44 0.68
VS- soluble fraction| gVS,s/kgFM,s 1.91 0.47
SolubleCarbohydrates mgGlu/L 209 59
Soluble Proteing mgBSA/L 1152 431
Soluble TKN mgN/L 719 163
Soluble COL mgCOD/L 2.89 0.71
Ammonium | mgN/L 691 216
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RESULTS & DISCUSSION

Table 4.10 reports the data analysis on digestate measureménts.observed that the
analytically measured COD and the COD calculated as the sum of proteins, carbohydrates,
lipids and VFAs as COD do at coincide. It could highlight possible errors in the COD
measurements, which show a high standard deviaTiabl€4.9). For this reason, the derived
variables wereamputedfrom thetotal COD calculatedasthe sum of proteins, carbohydrates,

lipids and VFAs contributions

Table4.10- Data analysisf digestatenalytical measurements

Average
of 10 Standard
PARAMETEF UNIT samples  deviation
Total Carbohydratey gCOD/L 3.3 0.73
Total Proteins| gCOD/L 14.1 35
Total Lipids| gCOD/L 1.17 0.55
Carbohydrates/CODtg - 18% 2%
Proteins/CODtof - 75% 4%
Lipids/CODtot - 7% 3%
VSITY gVS/gTS 0.65 0.03
TVFA| mgCODI/L 66.3 31.0
COD total ad gCOD/L 18.3 5.3

pr,ch,li,VFA

COD/VY gCOD/gVSs 0.99 0.24
COD calculated/Vv| gCOD/gVS 1.36 0.38
N/COD| gN/gCOD 0.03 0.01
CODsol/CO[ - 0.15 0.04
VFA/CODsq - 0.03 0.02

4.4. Degasseddigestatecharacterization

4.4.1. Analysis results

Table4.11 shows the results of the laboratory analyzes carried out afetiessedligestate
samples as total fraction, particulate fraction (solid sepatatexdntrifugation) and soluble
fraction (liquid separateldy centrifugation).The table shows only the averages and standard
deviations of all the digestates analyzed. A compldite taf all individual valuess given in
APPENDIX C
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Table4.11 - Analyses results fodegaseddigestate

Average Comparison
PARAMETER UNIT of 10 j:/?:t?;g W?thpfresh
samples digestate
TOTAL FRACTION
pH - 7.76 0.31 5%
TS| gTS/kgFM 19.8 2.3 -6%
VS| gVS/kgFM 12.1 1.6 -12%
Total Carbohydrates gGlu/L 2.10 0.67 -49%
Total Proteins gBSA/L 6.79 3.00 -31%
Total Lipids g/L 0.36 0.15 -12%
PARTICULATE FRACTION
Particulate lipids|  g/kgVS,p 34 9 2%
Particulate lipids a/kgVs 31 12 18%
TS particulate fraction| gTS,p/kgFM,p 87 6 -6%
VS- particulate fraction| gVS,p/kgFM,p 54 3 -12%
SOLUBLERACTION
TS- soluble fraction| gTS,s/lkgFM,s| 1.95 0.68 5%
VS- soluble fraction| gVS,s/lkgFM,s  0.99 0.45 -9%
Ammonium mgN/L 593 136 -35%

Soluble lipids were analysed only on one sample resulting ig/B8g&/S. This measure turned

out to be of little significance, not only in numerical terms, but also for rhoggdurposes. In

fact, the soluble lipid parametgs fatty acids concentratio®,) has a negligible effect on the

AD process variabless will be demonstrated in chapte® through the sensitivity analysis
carried out on the model.

Table4.11 also shows theneasurementgariation between fresh and degasdiggestate This
comparison was made on average values. From this comparison, it emerges thatthere ar
generally small variations except for proteins, carbohydrates and ammooinaentrations

For degassed digestate, a VS/TS ratio of 016/ is obtained, therefore lower thtre value

of fresh digestatéTable4.9)

4.5. Pilot plant performance

4.5.1.0LR & HRT

Figure4.5 shows théaydraulic retention time at which the pilot plant operated over time. Some
variations are observed concerning the average target étiRial to 17 dA first variation is

observed b&teen 9 and 17 November in which there was a pump malfunction that prevented
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RESULTS & DISCUSSION

sludge feeding causing amRT increase.A further deviation from the average value is
observed between 27 December and 4 January. On that date, a lowering of the temperature had

caused some pipes to freepreventing sludge feeding
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Figure4.5 - Pilot plant hydraulic retention time.

Figure 4.6 shows the trend over time of the pilot plant's organic loading rate. In the-mono
digestion phase, the reactor was operating with an average OLR of {sA#%d. Duringthe
co-digestion phasethe average OLR, was increased by 20% to 1.6dskg’/d by adding
yogurt. Also in this casehere are deviations from the average values linked to the problems

described aboven addition to the variation in the sludge characteristics
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Figure4.6 - Pilot plant organic loading rate.
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4 .5.2. Volatile solidsreduction

Figure4.7 shows the cumulative trend of the é8terirg the digeste(in sludge and yogurt

inflow) in comparison tahe VScoming outfrom the digesternii digestate).
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Figure4.7 - Comparison between influent and effluent cumulated VS

It is evident that in the mordigestion period (Octobddecember) and in the atigestion
period (JanuaAMarch) the deviation between the two curves changes. By comparisigpiee
of the curves in the two periods, it is possible to obtaimtteeageeduction efficiency of the
total VS as the ratio of the angular coefficient of the $itifeat best interpolates the experimental
points in those periodaccording to this calculation average/S reduction efficiency in the
monaodigestion period is 43.7%while in the cedigestion period the average efficiency is
544%. While considering the entire monitoring period, an average efficientytalf VS

reduction 46.7% is obtained.

The same concept can be visualized on the same curve through the graphtespireSigyure

4.8
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Figure4.8 - Pilot plantVS reduction
4.5.3. pH andalkalinity

Figure 4.9 shows the trend of pH and alkalinity. These parameters remained sufficiently

constant during the experimentation. For both, there was an increase followgogligestion
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Figure4.9 - Measurements of pH and alkalinity for the digestate.
4.5.4. Ammonium concentration

The trend olammonium ionconcentratiorin thedigestate ishown below inFigure4.10. It
should be noted that during the-dgestion period(21/01/202131/03/2021)ammonium

concentrationncreased in the digestate thanks to the contribution of yogurt.
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Figure4.10 - Measurements of the ammonium concentration in the digestate.

4.5.5. Volatile fatty acids

Figure4.11 shows the various volatile fatty acidendin the digestateThe effects of winter

frost are observed with an increase in VFA in the digestate. Despite all the problems
encountered, the pilot plant showed a proper systems response capacity to pertufthegions.
effluent VFAs went from an average value of 67coglL in monadigestion to 35ngcoo/L

in co-digestion.

e Butyric s |s0-Butyric e Valeric mmmm [50-Valeric - % - TVFA

100% -

90% o

80% o

70% -+

60% o

50% o

40%

TVFA [maCoD/L]

30% +

20% +

10%

0% -

Figure4.11 - Digestate volatile fatty acids reduction.
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4.5.6. Biogas

Biogas production

Figure4.12 shows the pilot plant specific average methane production expressed assNmL

per gvs fed to the digesterA slightly increasingrend is observedAs reported irnparagraph

3.3.4 the biogas production data are available only until the second half of Dec@ubeg.

the experimentation, problems were encountered with the biogas measurement, which was
expected to be underestimated. For this reason, a comparison was made with the maximum
specific production obtained by the BMPs. Therefore, starting from the BMP results, the

expected production from a CSTR reactor was estimated through equation

"O 6500 20p — 4.1

Where:

- Gtis the cumulated specific methane production expected in the reactor,
- BMP isthe cumulated methane yield at #+kb.
- kn kinetic constant of the Firstrder kinetic model.

Based on these valuesported inFigure4.12, the expected curve of methane production was
reconstructed by rescad it by a factor of 2.6As can be seen irigure4.40, the biogas values

corrected through this processing seem to coincide with the values simulated by tie ADM

modd.
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Figure4.12 - Pilot plant average specific methane production.
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Figure4.13shows the pilot plant's average methane production rate. An increase in production

is observed over tim
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Figure4.13 - Pilot plant average nilgane production rate.
Biogas composition

Figure4.14 shows the trend of the dry biogas composition during the experimentation. An
average percentage of methaggual to 64.5%and a standard deviation of 2.85%as

measuredAll measurements appearhe withinthe typical biogas composition range.
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Figure4.14 - Dry biogas composition.

Table4.12 reports the mean and standard deviation of the percentage of methane in the dry
biogas. There is an average decrease in the methane percentage passing fraigaaton

to cadigestion.
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Table4.12 - Methane percentage in dry biogas.

Total [%)] Mono-digestion [%0] Co-digestion [%]
Average 64.5 65.4 62.7
Standard deviation 2.85 2.83 2.05

4.6. BMP tests

This paragraph shows the results of the BMP testsné&teamulative methane production per

gram of volatile solid of the dosed substrate is reported for each teslaRkrand residual

BMP test cumulative methane production per gram of volatile sbélidogulum is reported.

Since the tests were carried out in duplicate, the graphs shown represent the average between

the duplicates and their standard deviation.

4.6.1. Blank BMP tests

Figure4.15 shows the comparison between the methane production obtained for the various
blank BMP tests carried ouAs anticipated, this was carried out on the inoculum aleitieout
substrateaddition The result of this test shows how much methane can be produced per gram
of volatile solids present in the degassed digestate used as inoculum.

The graphs show some variability, which could be explained both by variations in the digestate

leaving the pilo plant and by the variability of the degassing process.

The peculiar initial trend coulcklate to the lower accuracy of the instrument due to the low
methane production in this test.
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Figure4.15 - Methane production comparison between blank BMP tests carried out.

4.6.2. Sludge BMP tests

Figure4.16 showsthe comparison between the methane productionnautgor thesludge

BMP tests carried outA typical BMP curve is observedhcluding a first phase of rapid
production associated with fast degradation of the substrate until reaching a plateau. As time
goes by, thamountof solids leftto digestdecreass as well as the bimethanation rate. The
higher the biodegradability of the substrate, the higher thenbibanation rates, keeping

equal all operational condition$he curves do not show high variability. They all seem to
follow first-order kinetis. There are no significant variations following the different quantities

of inoculum dosed (see paragregBB.12).
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Figure4.16 - Methane production comparison betweatrdgeBMP tests carried out.

4.6.3. Particulate sludge BMP tests

Figure4.17 shows a comparison between all the results of the sludge particulate BMP tests

performedThe curves show similar kinetics to that seen for the BMP test slufigara 4.17.

The curves do not show high variability. However, the tests carried out on 04/02/21, 25/02/21,
and 30/12/20 have slightly slower kinetics and slightly lower production.

Particulate sludge BMP tests have been used, among other things, tatealweilpercentage
of particulate COD in the anaerobically degradable sludge. Known the COD associated with
the particulate fraction and its nolegradable percentage, it was possible to calculate the inert

particulate fraction X
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Figure4.17 - Methane production comparison betwgamticulatesludgeBMP tests carried

out.

4.6.4. Yogurt BMP tests

Figure 4.18 showsthe comparison between the methane production obtained fgogiuet
BMP testgperformedAll thetests show a high standard deviatibhe curves show very high

variability.

The testcarried out on 04/02/21 shows a very different trend. Specifically, in this test, a total
change in slope is observed after the first stretch. This test was performed witls2. boitie
compared to 1.58,g 4bottle in the test of 30/12/20 and 1.5&sg/botte in the test of 25/02/21.

The greater presence of yogurt could have led to a possible phenomenon of pH inhibition which

could justify the different trend.

The test of 25/02/20 shows a higher production and kinetics than the @@t1af20. On
12/30/20 the pilot plant was still operating in meaigestion, consequently, the biomass had

not yet adapted to the digestion of yogurt. This could be the motivation for their differences.

Thetrendof the test of 25/02/26howsa steeper f8t slope than those seen for the sludge and
the particulate sludge. This behavior highlights a higher initial production of methane and

consequently a faster degradation.
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Figure4.18 - Methane productionamparison betweeyogurtBMP testsperformed

4.6.5. Co-digestion BMP tests

Figure4.19 shows the comparison between the methane production obtairikd BVIP tests

carried outin co-digestion Table 3.1 shows the percentages of yogurt as volatile solids dosed

in the testlncreasing the percentage of yogurt dosed also increases the kinetics and methane
production.On 30/12/20, biomass had not yet addpte codigestion, operating the pilot in
monadigestion on that date. It could justify the lower methane production found in this test.
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Figure4.19 - Methane production comparison betwgegurtBMP testscarried out.

Table4.14 shows the increase in BMP -digestion over expected production by cumulating
the BMP yogurt and BMP sludge tests. Indigestion BMP tests, there is an increase in

methane production due pmssible synergistic effects. The expected methane production in

the codigestion BMP test was calculated usieguationd 00 i

600 - WY ; 8 Qg B g 000 - o)

wY  j 8 Qi R 8 (4.2.

6 00 i - 600 - WY j 8 "Q i 8
6 00 awY  ; s  Qp B 3 (4.2

This increase improves with the volatile solids fraction increase of the yogurt dosed in the test.

Table4.13- BMP increase in caligestion.

Co-digestion BMP tesi Yogurt VS fraction [gvs.yogur/Qvstots) BMP increase [%)]

30/12/20 0.45 17%
04/02/21 0.5 23%
25/02/21 0.65 27%

84



RESULTS & DISCUSSION

4.6.6. Residual BMP tests

Figure4.20shows thecomparison of thepecific methane production per gram of volatile solid
of inoculumof the residual BMP tests performedvAry moderate slopand a slow kinetics

is observed for s test. As mentioned, the inoculum used for the residual BMPs is the fresh
digestate. The residual BMP tests can be used to calculate the net productiobiainties
activity tests having the same inoculum.

03/12/20 - 10/12/20 - 19/11/20 - 25/02/21 - 30/12/20
04/02/21 - 17/12/20 - 22/10/20 ~ 26/11/20 -~ 5/11/20
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Figure4.20 - Methane production comparison betweesidualBMP testsgperformed

4.7. Biomass ativity tests

The results of the biomass activity tests are reported in this paragraph. For each type of test,

the results of a singleepresentative test are reported and discussed. All the other results can
be consulted iIRPPENDIXE.

Since the tests were carried out in duplicate, the graphs shdom tepresent the average
between the duplicates and their standard deviation. These graphs represent the cumulative

methane production per gram of COD dosed as a specific substrate.
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4.7.1. Acetate activity test

Figure4.21 shows results of tests conducted using acetate at a COD ofca/Q.¢A slight

and almost undetectable increase in the methane praduate is exhibited during the first

hours of theest, thereafter the rate remains constant until the substrate is exhiaustedrst

phase highlighted by the vertical dashed red lines, it can be seen that there is a linear slope,
associated with the degradation of the acetate. The slope of thpdihaf the curve instead

shows methane production due to the degradation of the residual organic substance present in

the fresh digestate used as inoculum. These curves are used to estimate the model parameters
km,acand Ks acthrough an iterative pross.
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Figure4.21 - Methane production of acetate activity test (10/12/2020).

4.7.2. Glucoseactivity test

Figure 4.22 shows the result of the glucose activity test carried out on 19/11/2020. In the
portion of the graph delimited by the dashed red lines, there is a double change in slope. There
is a first slope, followed by a more vertical slope which indicatestapioduction associated

with rapid degradation of the substrate. Then there is a new change in slope which becomes
almost parallel to the first on&he glucose dosage leads to an initial pH lowering which may

explain the abovenentioned phenomenon. Thavering is not capable of causing inhibition
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RESULTS & DISCUSSION

but could be responsible for the initial slowdown. As soon as the methanogens begin to degrade

the VFA, the pH rises, aralfast biogas production is observed

The test shown iRigure4.22was carried out by injecting the glucose to obtain a concentration

of COD dosed in the test equal to &glL. As anticipated in the previsuchapter, the tests

with glucose were carried out at different concentrations of COD. This choice was made to
check whether the almost vertical slope section was attenuated. However, this slope continued
to repeat itself in each test carried ¢dagure4.23 shows a glucose test performed on 03/12/20.
This test has the lowest concentration of glucose as COD tested, equal to 2.5 gCODI/L, and the

same trend previously degmed is observed.

These tests are used in the ADM1 calibration phase to identify the parametessanickks su
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Figure4.22 - Methane production @lucoseactivity testcarried out with a concentration of
4 gcop,gu/ L (19/11/2020)
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Figure4.23 - Methane production aflucoseactivity testcarried out with a concentration of
2.5gcop,gu/ L (03/12/2020)

4.7.3. BSAactivity test

The BSA test is used for the calibration efdkand Ks.aa This paragraph reports the results of

two tests carried out during the experimentation. The test represertgdried.24was carried

out with a concentration of COD as BSA of 4dg@L. In the curve interval contained between

the red dotted lines, a double slope is highlighted due to the degradation of this substrate in
which there is a first fastepart followed by a slowdownThe utilization of substrate starts
almost instantaneously and, when the substrate is exhausted, the activity drops Bharply.
test inFigure4.25 instead shows a test carried out with a lower concentration of BSA as COD
equal to 3 gop/L. It is observed that at a lower concentrandBSA as COD the trend remain

similar.
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Figure4.24 - Methane production of BSA activity test carried out with a concentratidrbof
gcop,ssa/ L (2912/2020).
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Figure4.25 - Methane production dBSA actwvity testcarried out with a concentration 8f
gcopgsa/ L. (26/11/2020).
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4.8. ADM1 dynamic simulations

4.8.1. Calibration

Table4.14 summarizes the results of the iterative calibration process and the parameter values
estimated during the various iterations. The actual iterative process stopped at the fifth
iteration. At this point both the simulation of the pilot plant and the simulation of the batch
tests gve satisfactory resultgs supported by thealues of theTIC and MARE indicators.
However, using these parameters, a deviation was observed between some exparmaental
simulated values of the pilot plant model starting frordigeestion onwardgsee paragraph

4.8.3. The model with the parameters estimated at theitétiation works better for moro
digestion than for caligestionas supported by the model fitting criteria reporte@able4.22.

This behavior led tthe evaluation of two hypotheses:

1. Hydrolysis constants are depending on the phase in which the biomass is working due
to synergistic effects during atigestion. If that is the case, as the microbial population
adapts to the new working conditions differemydrolysis constants should be
considered for caligestion.

2. There are different hydrolytic constants for sludge and yogurt which depend on the type

of substrate and not only on the biomass.

To identify which hypothesis is correct, a sixth iterative stap carried out in which the value

of the hydrolysis constant of the proteins was modified. By increasing the protein hydrolysis
rate by varying thedgq,pr from 0.3 d* to 0.5 d*, there has been a significant improvement in
the simulation of the yoguBMPs (Figure4.28 andTable4.17 shows how the first iteration is
more reliable than the fifth to simulate this BMP yogurt test. In the sixth iteration, the
hydrolysiskineticsconstanbf proteins has beancreased. This further modification highlights

a significant improvement compared to the fifth iteration, supported by the model prediction
performance analysis reported Trable 4.17. The TIC also shows minimal improvement

between the sixth and first iteration.

Table4.17). Even in the caligestion BMP tests, there was such an improventegti{e4.29
andTable4.18).

However, the same modification of the hydrolysis kinetic constapts(kon the sludge BMP
test resulted in a worsening of the simulation. This evidence indicates that the hydrolytic

congants of proteins also depend on the type of substrate and not only on the biomass.
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RESULTS & DISCUSSION

The improvement found in the-@bgestion BMP tests could be justified by the high percentage

of yogurt proteins present in the test, equd .

Table4.14 - ADML1 kinetics parameters estimated during each iterative step of the calibration process.

18t 2nd 3 4th 5 o

Parameters UM inital iteration iteration iteration iteration iteration teration
(yogurt)

Kaiis d?! 0.4 1.2 2 1.5 15 1.5 15

Kn,ch dt 0.25 |0.75 0.75 0.3 0.3 0.3 0.3

Kit,pr d* 02 |06 0.6 0.2 0.2 0.2 0.5

Ki.Li d* 01 |03 0.8 0.45 0.5 0.5 0.5

Km,su d?! 30 30 38 38 8 8 8

Kmaa d! 50 50 8 8 8 8 8

Kmac d?! 8 8 6 6 8 8 8

Kssu gcoo/L | 0.5 0.5 0.4 0.3 0.3 0.3 0.3

Ksaa gcoo/L | 0.3 0.3 0.2 0.2 0.2 0.2 0.2

Ksac gcoo/L | 0.15 | 0.15 0.3 0.01 0.01 0.01 0.01

Ks.pro gcoo/L | 0.3 0.3 0.3 0.3 0.3 0.2 0.2

4.8.2. Batch tests simulations

Blank BMP tests simulation

Figure4.26 shows the simulation of the blank BMP test of 12/30/20. In the initial phase, the

test has a peculiar behavior, distinguished by different slopes. This behavior is difficult to

predict bythe ADM1 model. Thefinal part, on the other hand, can be estimated better. As

mentioned in chapte8.3.12 the fresh digestate was sampled weekly and left to degas.
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Corsequently, the inoculum used for the BMP tests during the experimentation has high
variability. As alreadyanticipatedthe simulations of the BMP tests were carried out using the
output digestate from the pilplant modeblnd characterized according betpilotplant ADM
simulation; adegassingtep was also considered by simulating an extra batch digestion phase.
However the degassing phase, was carried out without mixing, while it was simbated
assuming complete mixing condition§hese have entad alditional uncertaintiesin

modeling the BMP tests.

A further explanation of the difficulty of simulating Blank BMP tests could relate to the lower

accuracy of the instrument due to the low methane production in this test.

-+ Experimental — Model iteration n.5 — Model iteration n.1
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Figure4.26 - Blank BMP tessimulation(30/12/2020).

Table 4.15 shows the model fitting criteria, which show that an improvene obtained

between the first and fifth iteration.

Table4.15 - Model prediction performances folankBMP test simulation (19/11/2020).

Model Fitting Criteria Istiteration 5t jteration
TIC 0.064 0.056
MARE 0.35 0.199
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SludgeBMP tests simulation

Figure4.27 shows the comparison between the simulation of a Sludge BMP test (carried out
on 19/11/20) at the first and fifth iteration with the experimental result. The graph refers to the
gross productin of methane expressed as Nmlper gram of volatile solid of the substrate.
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Figure4.27 - SludgeBMP testsimulation(19/11/2020).

Calibration proved to be very effective in this case, fifth iteration parameters seem to be much
more reliable, as also shown by the TIC and MARE indicators reporfEalbile 4.16 which

are closer to zero in the case of the fifth iteration.

Table4.16 - Model prediction performances for sludge BMP test simulation (19/11/2020).

Model Fitting Criteria 1stiteration 5t iteration
TIC 0.0421 0.0145
MARE 0.09 0.04
YogurtBMP tests simulation

Figure4.28shows the comparison betweenfingt, fifth and sixth iteration for the BMP yogurt
test (carried out on 25/02/202The first and the sixth iterations seem to fit the experimental

curve well, while the fifth iteration provides a less reliable result. This behavior is probably

93



linked to the constant hydrolysis kinetics of proteins which in the first and sixth iteration i
higher than in the fifth.

-+ Experimental — Model iteration n.5 — Model iteration n.1 — Model iteration n.6
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Figure4.28 - YogurtBMP testsimulation(2502/2021).

Table4.17 shows how the first iteration is more reliable than the fifth to simulate this BMP
yogurt test. In the sixth iteration, the hydrolygimetics constantof proteins has been
increased. This further modification highlights a significant improvement compared to the fifth
iteration, supported by the model prediction performance analysis repoftatle®.17. The

TIC also shows minimal improvement between the sixth and first iteration.

Table4.17 - Model prediction performances fgogurtBMP test simulation5/02/2021).

Model Fitting Criteria 1stiteration 5t iteration 6™ iteration
TIC 0.038 0.049 0.037
MARE 0.07 0.14 0.07

CodigestionBMP tests simulation

The same considerations made for the BMP of yogurt are also valid for the BMP of co
digestion.Figure 4.29 shows a significant improvement due to the implementation of the

constant hydrolysis kinetics of proteins. As already mentioned, this improvement could be
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justified by the percentage of yogurt proteins in this test (carried out on 30/12/2020) compared

to the total proteins is equal 6% and, therefordjavinga high impact on the simulation.

-+ Experimental — Model iteration n.5 — Model iteration n.1 — Model iteration n.6
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Figure4.29 - Co-digestionBMP testsimulation(30/12/2020).

Thecomparison bthe threesimulations, performed using the TIC and MARteria(Table

4.18), gives results consistent with what previously statedfirming the sixth iteration as the
most dfective.

Table4.18 - Model prediction performances foo-digestionBMP test simulation

(30/12/2020).
Model Fitting Criteria 1stiteration 5t iteration 6™ iteration
TIC 0.0127 0.049 0.009
MARE 0.026 0.13 0.018

Acetate activity tests simulation

Figure4.30shows the result of the simulation of an Acetate activity test started on 14/01/2021.

Through the simulationt was possible to replicate the initfhaseof acetate degradation very
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well. It is observed how the simulation improves passing from the first to the fifth iteration.

This improvement is confirmed by tA¢éC and MARE indicators reported fable4.19.

A comparison was also performed between the acetate fraction as COD converted into methane
by the model and in the experimental test. In the experimental test, subtracting the residue, it
was estimated that 94% of the acetate as COD is converteth@thane. Instead, the model

simulates a conversion rate of 97.7%.
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Figure4.30 - Acetateactivity testsimulation(14/01/2021).

Table4.19 - Model prediction performances féicetate activitytest simulation4/01/2021).

Model Fitting Criteria 1stiteration 5t iteration
TIC 0.151 0.087
MARE 0.236 0.146

Glucosectivity tests simulation

Figure 4.31 shows the simulation of a biomass activity test with glucose performed on
17/12/2020. Simulating the initial course of the test is very complicated. As anticiffeged,

96



RESULTS & DISCUSSION

cause of the very firsslope could be an inhibition phenomenon that involves the initial
slowdown and subsequent rapid production of metfliagethe inhibition from volatilefatty

acids that ADM does not forege&herefore, it is complicated to simulate the real trend witho
calibrating the parameters of the inhibition kinetics. In any case, between the first and fifth
iteration, there was a notable improvement in the simulation as also found numerically through
the TIC and MARE parameters reportedable4.20.

In this experimental test, 86.5% of the glucose as COD was converted to methane. According
to the model, 96.7% is converted. This deviation between experimental and modelecould b
related to the inhibition phenomena, already mentioned, which the model does not take into

account at present.
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Figure4.31 - Glucoseactivity testsimulation(17/12/2020).

Table4.20 - Model prediction performances f@lucose activitytest simulation

(17/12/2020).
Model Fitting Criteria Istiteration 5 jteration
TIC 0.054 0.031
MARE 0.14 0.04
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BSA activity tes@mulation

Figure4.32 shows the result of a simulation of a biomass activity test with BSA (started on
17/02/2021). In this case, the simulation seems to have degeakatetics faster than those
found in reality. The simulation of this test takes into account not only the uptake of BSA but
also the uptake of the resulting-pyoducts. Therefore, the degradation kinetics of the various
VFAs should also be taken intocaunt in the calibration process to improve the simulation.
Nonethelessthe iterative process also proved successful as can be seen from the results in
Table4.21.

In the experimental test, 66.8% of the BSA as COD converted into methane. According to the
model (fifth iteration), this conversion percentage is equal to 71.6%. These low values could
be due to a too short test duration. According to the model, usingshiéstiation parameters,
82.3% of BSA as COD is converted into methane. The maximum uptake rate of amino acid
degrading organisms k9 from the first to the fifth iteration goes from 56 tb 8d?. It can
explain the higher conversion ratio. Tpisenomenon also justifies the high deviation between

the model curve at the first iteration and the experimental curve.

-+ Experimental — Model iteration n.5 — Model iteration n.1

150

100

50

Specific gross methane production [NmLCH4/gVS]

Time [d]

Figure4.32 - BSA activity testsimulation(17/02/2021).

98



RESULTS & DISCUSSION

Table4.21 - Model prediction performances fBISA activity test simulationX7/02/2021).

Model Fitting Criteria 1stiteration 5 iteration
TIC 0.302 0.096
MARE 0.45 0.13

4.8.3. Pilot plant simulations

The results obtained from thoatch test simulations were used to model the operation of the
pilot-scale digesterThis was achieved through the iterative calibration method illustrated
previously in chaptet.8.1

The simulatiorof the pilot plantwas performed for 203 days as in reality, thus reflecting the
time frame between 8/10/2020 and 28/4/2021 in which the monitoring of the pilot plant was
carried out. The time distributioetween simulation in morndigestion (08/10/20260
20/1/2021 and 01/04/2022/10/2021) and simulation in atigestion (21/1/202131/03/2021)
alsodescribe the real pilgtlant behaviar

The feeihg was simulated in sertiontinuous mode as it happened in reality. In the co
digestionperiod,the yogurtfeedingwas added to increase the digester OLR by 20%, as done

on therealpilot plant.

The graphd$rom Figure4.33to Figure4.42illustrate the simulation results obtained in the last
iteration of the calibration proceds. orderto highlight howeffective,the calibration of the
model is, the trends of the variables simulated by the model at the first iteration and at the fifth
iteration are represented, compared with the experimentalQlatach graphhe trend othe
simulated variablat the fifth iteration is shown in black; the simulations obtained at the first
iteration are shown with a grdipe, while the experimental data are shown in. fdtk period

in which the cedigestion with yogurt was carried out is highted by a yellow box.

99



Model iteration n.1

Model iteration n.5 @® Experimental

700 A

600 A

500 A

400 A

TVFA [mgCOD/L]

200 A

100

ott-20 nov-20 dic-20 gen-21 feb-21 mar-21 apr-21

Figure4.3371 Digestate VFA simulation

The simulation curve of the VFASs, representedigure4.33, has a noticeable improvement
from the first to the fifth iteratiorf the calibration procesén fact, the model at the fifth
iteration clearly simulates the experimental datach bettercompared tdhe first iteration.

However, it is evident that in the period ofdigestion, the modelling not very accurate

As can be seen frofable4.22, the TIC has a noticeable improvement: fromZ®n the first
iteration to 0.XZ4 in the fifth iteration. The MARE index also went from D46to 0.383

indicating ttat the calibration was very effectiviEhe comparison between medmestion and
co-digestion was also evaluated numerically through TIC and MARtich areevidently
lower in monadigestionthanin co-digestion, as can be read from the values shawiable

4.22.

Thesimulation of theammoni&al nitrogen, shown in thEigure4.34, has an excellent fit with
the experimental datasit is also demonstrated by the TIC and MARE statistical indices in
Table4.22.

As already noted in the VFA simulation, there is a notable improvement between the first and
fifth iteration, especially in thenonodigestion griod, as numerically supported by the TIC
andMARE values.
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Figure4.347 Ammoniacal nitrogen simulation.
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Figure4.3571 Digestate VS simulation.

Given the excellent results obtained for the various simulated experimental parameters, the
volatile solids of the outgoing digestate are those that show the greatest deviation. This is
certainly due to the fact that the calculation of volatile solidsery ¢vomplex as it contains
several aggregate measures and COD conversion coefficients which are mere hypotheses.

However, even if the/S trend is not perfectly simulated by the model, it is nevertheless
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possible to estimaiiés order of magnitude. In adéin, the TIC index of VSimulationshown

in Table4.22is 0.128, a value much lower than 0.3 which istiaimumthreshold for having

a model that represents accepable fitting. Therefore,it is to be considered eeliable
simulation

Since the probable cause of the poor simulation quality is to be attributed to the hypothesized

value of COD/VS an analysisomparingthe COD/VS ratio values estimated by the maddel

those actually measuresipresentedThe COD/VS values alculated in two ways:

- using a COD calculateds the sum of proteins, carbohydratigsids and VFAs

contributions

- using the experimentally rasured COD

As can be seen from the graphFigure4.36, both theCOD/VS data seriedo not fit well the
curve simulated by the model: the experimedtth is always lower than the model curve;

while the COD calculated curve seems to have more acceptshles

Therefore, in order to have a better modelling of the VS, it is advisable to find a better system

for measuring and calculating the COD/VSaat
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Figure4.3617 COD/VS ratio simulation results.
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Figure4.377 pH simulation.

The pH simulationn Figure4.37 fits well with the experimental datas demonstratemsoby
the TIC and MARE statistical indices rable4.22. In the last phase of tlexperimentation,

it was possible to use the online data collected by thprpHe of the piloplant. The orine
data are in fact to be preferred since theg ot affected by process sampling and

manipulationOnlinedata seem to follow the trend of the model well.
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Figure4.381 Digestate alkalinity simulation.

10¢



As regards the simulation of alkalinity, represente&igure4.38, the contrast between the

excellent fit in themono-digestion phase and the poor fit in thedigestion phase is evident.

This is probably due to a lack of alkalinity contribution associatgd the yogurt dosage,
which was not measured analytically. To verify this hypothesis, a fictitious simulation was
performed, where the alkaline content of the yogurt was increased by the addition of ionic
species which could be fexample ammoniugporganic acidsor phosphatsalts In particulay

the inorganic cationsconcentration %) in the yogurt characterization wdgtitiously

increased by 0.5 mol/L.

The fictitious simulation is represented Figure 4.39. If the hypothesis formulated were

confirmed, it is evident that the simulation would be able to predict the alkalinity very precisely.
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Figure4.397 Fictitious digestate alkalinity simulation.
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Figure4.40 - Methane production simulation.

Regardingthe simulation ofjas productionas shown irFigure4.40, themodelpredicts the

trend of the experimental data very well, even in sudden production changes. The order of
magnitude of gas production is also well simulated, albeit slightly overestimated. Consider
that, as explained in chaptér5.6 the magnitude of the experimental data is not the one
actually measured, but a derived measased on comparison wiBMP tests However,the

trend of the data is the one actually recdrtig the instrument, since the manipulation of the
data consists only in a rescaling. The graph also shows the original data recorded by the

instrument in blueolour.

In any case, the simulation appears to have a good fit with the real data as alsdrdesdons
by the TIC andMARE indices inTable4.22.

Due to the operational difficulties encountered during the experimentation, repdheplant
maintenance diary IAPPENDIX H, the experimentadata of gas production after December
are not availableHowever,it can beobservedhat the modepresentsa higher production of
gas in the caligestionperiod as would be expectedh particular, according to the model,
there would be an increase in gas production of about 22% compared to theligestion

period.
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Figure4.42 - Biogas carbon dioxide content simulation.

Regarding the composition of tiheogas, inFigure4.41 andFigure4.42, the prediction does
not seem to fit very well with the experimental points. This ctnddlue to a measurement

error of the experimental data an inadequate gas sampling and storage method
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However, the simulation reports very low TIC aMARE values &s reportedn Table4.22),

which therefore indicate that the simulation has a good fit with the experimental data.

Table4.22 - TIC and MARE results for pilot plant simulatiam the total monitoring @riod,

in the monedigestion period and in the -@bgestion period

1stiteration 5™ iteration
l\/!o_del Mono- Co Mono- Co
F|Ft|ng Total digestion  digestion Total digestion  digestion
Criteria
VEA TIC| 0.529 0.529 0.583 0.174 0.148 0.260
MARE| 0.614 0.536 0.711 0.333 0.245 0.428
VS TIC| 0.185 0.157 0.213 0.128 0.119 0.134
MARE| 0.453 0.337 0.516 0.263 0.221 0.292
Ammoniacal TIC| 0.116 0.148 0.041 0.081 0.071 0.036
nitrogen MARE| 0.221 0.225 0.070 0.167 0.119 0.065
oH TIC| 0.008 0.008 0.007 0.006 0.006 0.007
MARE| 0.014 0.013 0.011 0.010 0.010 0.012
Alk TIC| 0.050 0.040 0.058 0.075 0.030 0.093
MARE| 0.086 0.064 0.100 0.122 0.050 0.177
TIC| 0.109 0.109 N.A. 0.085 0.085 N.A.
Qena MARE| 0.297 0.297 N.A. 0.263 0.263 N.A.
e TIC| 0.042 0.047 0.030 0.039 0.043 0.029
MARE| 0.066 0.078 0.045 0.060 0.069 0.044




4.9. Sensitivity Analysis

In the current workensitivity analysisvas ausefultool to support the calibration procesw

to understand which laboratory analysesrenot so relevant for modeling purposes.

Both, individual and simultaneous approaches of sensitivity analysis, were tested on different
model parameterd.he focus was on the characterizatmarameters of the influent and the
kinetic constants of disintegration, hydrolysis, and the-$elfiration constant of acetate and

propionate.

The sensitivity analyzes were performed starting from the hypothesis that the incoming influent
was for 90% enteing the digester already disintegrated inten, Xpr, Xii, Xi, S; and the
remaining 10% of sludge entering the digester in the aggregated farfrheXfractionation of

X consists of théollowing disintegration factors:

- fsi=10% fordisintegration oX¢in S
- fxi = 20%for disintegration oK in X;
- fen=20%for disintegration oXcin Xcn
- fpr=20%for disintegration oiX¢ in Xpr

- fii = 30%for disintegration oXc in Xji

The sensitivity analysis performed on {percentages of disintegration started from different
hypotheses: the fractionation is equally divided into the five fractions (all at 20%) and the

parametersiSXi, Xpr, Xch, Xii Of the influent entering the system were set to zero.
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4.9.1. Individual SensitivityAnalysis
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Figure4.43 - Results of individual sensitivity analysisth -20% perturbation (a) and +20%

perturbation (b) of the parameters

A first sensitivity analysis waperformed on parameters whiatere of interest for the
characterization of the influeand therefore on the organization of the analytical Barthe
parameterXpr, Xch, Xii, Xi, S and S were selected to be perturbed by 20%e variables on
which the effect of the perturbation has been ascertained are the typical indicator&\bf the
process qualt alkalinity, methane production, ammocghnitrogerconcentration, VFA, VS,
pH, and the percentages of gas specieg CB; and H in the biogas.
In this caseQOpenModelica tool itselivas used and the resulting s1dex (indexcomparng
the perturbed and unperturbed rjiigr each coupl@arameter- variableis shownthrough a
color code, scaled according to the strength of the effect qiettterbation on each variable.
In general, lte red color on the heat map indicates an increase in the variable while the blue
color a decreas@ he legend on the right side quantifies the strength of the variation of the
perturbed variable.
The results areeported in descending order from top to bottorkigure4.43, and the most
significant correlations that can be deduced from the heat map include:

- Insoluble proteingXp) are the parameter that most of all influences the process

variables A 20% variation of insoluble proteins in the influent would cause an equal



change in ammonia nitrogen and VFA; an important effect on alkalinity (about 15%);
a milder effect oomethane production; and an almost negligible effect on ¥&,and
xH2. The pH and the percentage of methane in the biogas would not be affected at all.
- Long-chain fatty acids concentration:{9s a parameter that negligibly influences the
variables of the process.
Other nonnegligible effects are those of the carbohydrate and lipid content on methane
production. In addition, the variation in the carbohydrate content hasaegtigible adverse
effect on the VFA content: if the carbohydatecrease by 20%, the VFAs decrease by 5%

Subsequentlythe effect of the variation of the disintegration factors was analyzed; in
particular, the disintegration factors of proteins, carbohydrates and lipids have been doubled
with respect to the baseseaThe variation of the percentages of each fraction was performed
by making the other fractions also vary proportionally with respect to the base case, only the
inert fractions were kept unchangeklscheme of the applied variations is showrFigure

444
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Figure4.44 - Scheme of disintegration percentage variation for sensitivity analysis

In this case, enanwal approach was usetthe parameteify, fenand f; wereperturbed manually,

and the simulation was performed. At the end of the simulation the variables value was
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compared to the value obtained with then-perturbedsimulation.The results are shown in

Figure4.45.

The most evident result concerns the ammonium concentration in the digestate, which

increases as the proteins increase and decreases as the other fractions increase (as the protein

fraction decreases). Alkaliniglso has similar behavias expectedin increase in thbiogas

methanepercentagevould occur by increasing the fractionation of carbohydrates or proteins.

At the same time, themethaneproduction would be penalized by the increase in lipids and

carbohydrates.

It shouldbe considered that the effect of the fractionationghXhe speific case of this study

does not greatly influence the process as the influent used is 90% psindgg therefore

entering the digester already disintegrated
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Figure4.45 - Sensitivity analysiperturbingf_ch (a), f_Ii (b), f_pr (c)effect on process

variables

The effect on biomass was also studiad shown irFigure 4.46. The increase in protein

fractionation would lead to an increase in all the biomasses analyzed. This is probably due to
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the biomass assimilatirgmmonium in their growth procesBhe behaviors of biomass that
consume amino acids, sugamsd fatty acids are predictably linked to the fractionation of
proteins, carbohydrates and lipids respectively.

In general, the hydrogenotrophic metbgens are never penalized, while the acetaclast
methamgens are penalized by the increase in theoteudirate fraction.

Acetogenic bacteria, are penalized by the increase in the lipid fraction; in the case of an increase
in the carbohydrate fraction, on the other hand, the bacteria that consume propionate would be

favored, while those that consume butgrand valerate would be disadvantaged.

0
150% 200%

150%
100%
100%

50%
50%

0%

Su

ac

0%

o g g g & c o Q > < ©
s | | | | I & 8 2 @ ¥
< I < = < x < S
-50% < % 500 X xl % v < x
-100% -100%
(@) (b)
60%
50%
40%
30%
20%
10%
0% © < >
SN N g £ 5 2
x X x ><' ><I x >
(©)

Figure4.46 - Sensitivity analysiperturbingf_ch (a), f_li (b), f_pr (c)effect on biomass

The effect of thalisintegration kineticonstantvas also studied through sensitivity analysis.
The results arpresentedn Figure4.47 andFigure4.48, showng that the greatest advantage
in terms of biomethane productiorould come from increasing the disintegrationstant at
the expense of an increase in digestate VS

It shouldbe considered that the effectdi$integration kinetice the specific case of this study
does not greatly influence the process as the inflused is 90% primargludge therefore

entering the digester already disintegrated
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Figure4.48 - Sensitivity analysiperturbingk_dis by +500%

Another sensitivity analysis was performed on the kinetic constantsot#ins lipids and
carbohydratelydrolysis(kn,pr, KH,i, Kn,ch). All the hydrolytic constants were varied in a range

of 0.1-10 [1/d], starting from the initial condition of 10 [1/d].

The results presented kigure 4.49 show thatmethane production would be improved for
faster hydrolysis of all fractions but especially of proteins.

The biogas methanpercentage woulthcrease as the hydrolysis of proteins and especially
carbohydratesncrease while an increase in the hydrolyzatia lipids would lead to its
decrease.

Protein hydrolysis has a great effect on ammonia concentration, alkalinity and VFAs as

expected.
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4.9.2. Simultaneous Sensitivity Analysis

The simultaneous sensitivity analysis performed in this wasusedin the model calibration
process, particularly in understanding whether lih# saturation constants of acetate and
propioratewere over or underestimatethe analysis was based on the shape ddithalated
VFA curve after the winter periadn fact, during thdrost period (December 30anuary 2)
the simulated curve had undergone a sharp change, just like tliataaBut after returning
to a stable state, the simulated curve no longer reported the same priegBiedicting real
data

The goal was toanderstand how the paramet&rs.c andKspro affectedthe shape of the VFA
curveand howto improvethe simul&éon.

The output of OpenModelica is preseniedFigure 4.50 where the dynamic trend of the
parameter is represented. In particular, the comparison of the base case with the curves that
would be obtained by perturbing the parameters simultaneouslpuwsihus, obtaining a
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number of curves equal tdf3(where NP is the number of perturbed parameters), because each
parameter is perturbed bysgp%, + 0 286). A pertadationo f pi=880% to bothKsac
andKspro was appliedThe simultaneous sensitivity analysis was very useful in identifying
Kspro@s a determining parameter. In particular, it turned out that by loweritkg ghdoy 30%,

the model can simulate more reliably.

Analyzing the datat was discovered thah that periodthere was an anomalous accumulation

of propionate(Figure 4.11) and consequently it is understandable that the decrease in the
propionate half saturation constant led to a significant improvement airthdation The
iterative passage from iteratido iteration5 was carried out thanks to this sensitivity analysis

leading to the reduction ofgg from 0.3 to 0.2 kgops/m®.
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Figure4.50 - Simultaneous sensitivity analysissults forK_s ac and_s_pro
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Chapter 5: CONCLUSIONS

The experimentation was carried out firsieonc-digestion of sludge and then oordigestion

of sludge and yogurThe main goal of this work was to develop and calibrate-digestion
model based on ADM1 through the OpenModelica programming platform. The calibration was
carried out through an itative validation processsingthe analytical data from the pilot plant

and the results of the BMP tests and the biomass activity tests carriéd@ptoposed model
calibration iterative processasfound to be effectivepening up to the possibilityf @arious

applications anfuture developments

5.1. Main achievements

The pilot plant responded very well tall transient phase (e.g. stagh and transition from
mono to cedigestion) Furthermore, various problems were encountered during the
experimentation as winter frost, clogging of the gas line, interruption of the operation of the
pump, etc. Despite this, the pilptant showed a properesilienceto perturbations (good
buffering capacity the effluent VFAs increaseslightly, but pH and alkalinity id not vary

significantly).

The effects of caligestion on the pilot plant were positive. VS reduction efficiency increased
from 43.7% in monaligestion to 54.4% in cdigestion.The effluent VFAs went from an

average value of 67 rago/L in monodigestion to 35ngcop/L in co-digestion

The coedigestion BMP tests showed an increase in methane production justified by possible
synergistic effects between yogurt and sludge.

The proposed ndel calibration iterative processaw/found to be effective: the model
satisfactorily adapts to the experimental data collected, as confirmed hbyotted fitting

criteria Furthermore, ensitivity analysisvas ausefultool to support the calibration

The success of the simulation is also linked to an adequate method of characterization of the
substrates carried out starting from the analytical plan. Therefore, not only the choice of the
analyzes carried out and the methods of analysis proved to bebwalalso the processing of

such data tassociate experimental data to the ADM1 state variables.
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Through the simulation, it was also discovered that the hydrolytic kinetics durligestion
does not depend only on the biomass but also onhheacteristics of the substrate. Indeed,

yogurt has faster protein hydrolysis constant than sludge.

The modebffers potentiahpplication inthe study of cadigestion scenarios.

5.2. Further developments

The following list report both proposals for possiimprovements and future applications:

- Having observed that the hydrolytic kinetics duringdagestion also depend on the intrinsic
characteristics of the substrate, the simulation could be improved by separating the hydrolysis
process for the two sutpates in the modekith different values for theonstant hydrolysis

kinetics.

- To improvethe characterization of substrates and specifically the portioning between what
enters as particulate and as soluble, the analytical plan of the BMP tests cavigwed. In

the experimentation, the BMP was performed on the sludge and its particulate component. A
more precise characterization could be obtained by carrying out BMP tests on the soluble

componentoo.

- It is possible to reduce the monitoring ptancarrying out less analysis. Specifically, through

the sensitivity analysis, it was observed that the soluble lipid concentration in the sludge is a
parameter that does not have a particular influence on the process vaEabtesimerically

the solubk lipid concentration is negligible compared to the solid lipid concentration.
Furthermorein order to reduce the number of analyses to be carried out on the influent, it is
possible to avoid the measurement of proteins and carbohydratesyoigtime, and use the

values displayed on the labetead

- To improve the simulation as a whole, activity tests with propionate and butyrate could be
carried out to obtain the following kinetic constants through the calibration pyaee$s, pro,
kmbu, Kspro @andKspu. A more accurate estimate of VFAggradation kineticsould have a

positive impacbn the simulation of glucose and BSA activity tests.

- To improve the glucose activity test simulation, tests with very low glucose concentration as
COD could be carried out. In this way, inhibition phenomena due to the initial lowering of the
pH should be avoided. Therefore, in the absence of inhibition phenomena, it should be possible

to estimate the kinetic parameters of the degradation of sugass Kssy) more correctly.
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Once these parameters are known, the test can be repeated at high glucose concentrations as

COD so as to be able to estimate the parameters of the inhibition process.

- A further modification to the experimental plan aimednaproving the simulation of the
BMP tests is the degassing phase. The sampled digestate could be stored at room temperature
and only degassed one week before the test. In this way a more uniform inoculum could be

obtained for all tests.

- The model used ithis work does not foresee the VFA inhibitikimeticson methanogenic
biomassConsequentlya future development could beintegrae this process to simulate the

failure of the pilotplant following yogurt ovetoading.

- Alkalinity simulations highlighted kack of alkalinity contribution associated with the yogurt
dosage, which howevawas not measured analytically. Therefore, it is possible to further
improve theyogurt analytical planby measuring othelonic componentavhich coull be

ammonium organic acids or phosphate salts

- Testing higher yogurt loadi.e.to achieve an increase of + 40% in terms of SV fed compared

to monadigestion) could provide a further validation of the model

- During the experimentationunreliable dat were obtained ofiogas compositionTo
overcome this issue, moseitable gas sampling bahave to be used arahalyzeshave to be

carried ouimmediately after sampling.

- It is possible to further improve the predictive capabilities of the model by implementing an
automatedterative procedure for parametric identification.
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APPENDIX A

APPENDIX A

All the biochemical rate coefficients and the kinetic rate equations for soluble and particulate
components of the ADM1 model are shown in the Petersen matrix (Tdbéad A3).

Table A1 summarizes theamenclatureand units useuh the ADM1 and in the current work.

Table Al - Nomenclature and units used

C; carbon content of component / kmoleC-kgCOD-!

i component index

/ inhibition function

Ji process index

Kng,i acid-base rate constant for component i M-1.d-1

Ko first order decay rate for biomass death d-!

k,a gas-liquid transfer coefficient d-!

K specific Monod maximum uptake rate kgCOD-m=3_S-kgCOD-m~=3_X-d-!
K, acid-base equilibrium constant M (kmole:m™3)

K, Henry's law coefficient M.bar!

K inhibition constant nominally kgCOD-m~3
Kg Monod half saturation constant kgCOD-m™3

N; nitrogen content of component / kmoleN-kg COD
Piis pressure of gas bar

pﬁ -log;,[Sy,]

PKa —log;olKa]

q flow m?3

S, soluble component i (dynamic or algebraic variable)  nominally kgCOD-m=3
S inhibitory component nominally kgCOD-m™
t time d

T temperature K

4 volume m3

X particulate component / kgCOD-m™3

Yodisiiie yield of biomass on substrate kgCOD_XkgCOD_S
Vs rate coefficients for component / on process j nominally kgCOD-:m=3
foroduct substrate  Yi€ld (catabohsm'only) of product on substrate kgCOD-kgCOD-"

p; rate for process j kgCOD.m™3

The inhibitionfunctions in the Petersen matrix are as follows:

nono
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pE M 0VLQI Q
O -pv
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Table A2 -Bi ochemi cal rigt e nado d@ fhfei &ii enm)tfar solulste aomponentg @=ll2)i ons ( }

Component — i 1 2 3 4 5 6 7 8 9 10 1 12 Rate(pj, kg COD.m3.d")
Process | Sa Sa St Sia Spy r 3 Sa Spa Sem Sic Siy s,

1 Disintegration fyxc kg X,

2 Hydrolysis carbohydrates 1 khyd chXch

3 Hydrolysis of proteins 1

4 Hydrolysis of ipids Mg ks tg,yd,X’

5  Uptake of sugars -1 (Y s (Y foos (1fes (1) fos "_49;_240""5 =(Y) Noae knsw = o K Ko g Xl
Uptake of amino acids -1 -Vodhaaa (Wadfaa (-Vadna (Vadfoan (1Yadfiga —,114;,_24(:"’& N (Y 0) Ny kmmﬁxaalu
Uptake of LCFA 21 (14007  (1-%,)0.3 AL knsa e Xl
Uptake of valerate -1 (1-Y,)0.54 (1-Y 031 (1-Y,)0.15 =Y. Nose kmﬁ&mf
Uptake of butyrate -1 (1-Y,)08 (1-Y,)0.2 (Y Noso bt e Xy bt

M = CI /i
Uptake of propionate -1 (1-¥,) 0.57 (1-Y,,) 043 -~ 192:41 24 vito Vo) Mo Kme Kss“"% Yook,
o Civin - .
Uptake of acetate 1 i=t Zﬂ u (Vac) Noao = Ks +s.c A=t
- Cv )
Uptake of hydrogen -1 2) " '921,'_24 Viie (KN, Kmp2 Ko+Sy Xnaly
Decay of Xsu kdec,Xqusu
Decayof X | K gec XaaXaa
Decay of Xfa kdec,XfaXfa
Decay of X 4 K doc Xc X o
Decay of X 10 kdec)(prox 10
Decay of X, K dec XacXac
Decay of X;, Koo xn?ra
8
8 8 & = b5y w c’%
° = = o 8 2 s o =
Se 5 © & = L& =N = 5 5 €D & o = Trr
4 E 8% =& B% EE 8t 2% 5% 8% 5T €t 8t S srE
g 5 g0 E2a 2a g4 Y= %A i) 2 A 20 2= A s 222
2Q o O S Q £0 20 %o < Q 80 80O g2 g =20 = E 5 E
c O €O 20 s O s O s O s O - Q = 0 ,_g a_g =S T
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Table A3-Bi ochemi cal rate coefficients (38i,]) and=18Mp Kkinetic

Component— i 13 14 15 16 17 18 19 20 21 22 23 24 Rate (pj, kg COD.m3.d"")
Process | X, X X X;i Xy Xaa Xia Xy Xoro Xac X2 X,
1 Disintegr.ation -1 feiis hogs fixc hixe kX
2 Hydrolysis carbohydrates -1 Kiyd cnh
3 Hydrolysis of proteins -1 Koy pr
4 Hydrolysis of lipids - hyd, 6 Yi
S
5  Uptake of sugars Ko TT-SX"I‘
Uptake of amino acids Y Kenaa KO% Xl
S a3
§
Uptake of LCFA Yo Kna m Xial2
S, 1
Uptake of valerate YcA koot RS X m’
S 1
Uptake of butyrate Yc4 Koot reve X mf
10 Uptake of propionate 'snp.KsLSPXW':
s ¥ o
11 Uptake of acetate Yoo Kone K—szXx’a
S a0
§
12 Uptake of hydrogen Yo mh2 ﬁxnzll
13 Decayof X, 1 K e xsuXsu
14 Decayof X, 1 Kgec xaaXaa
15 Decayof X;, 1 Kec XiaXia
16 Decayof X4 1 KaecxotXca
17  Decayof X, o 1 kdec,Xpr 10
18  Decay of )Cc 1 -1 Kiec XacKac
19 Decayof X, 1 -1 e Xh2%h
[4 © 2
3 E 3 o 5 3
o [ e s L Lo B - - oz e o S o 2
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APPENDIX B

List of all the parameters that have been assumed as defauR&®sen and Jeppsson, 2006

TableB.4 ADM1 stoichiometric parameter values (on the left of the table) and biochemical

parameter values (on the right)

Parameter Value Unit Parameter Value Unit
N_Xc 0,02 kmoh/kgcop | kdec_h2 0,02 d?

C aa 0,03 kmol/kgcop | kdec_Xaa 0,02 d?

C_ac 0,0313 kmol/kgcop | kdec_Xac 0,02 d?
C_biom 0,0313 kmol/kgcoo | kdec_Xc4 0,02 d?

C _bu 0,025 kmol/kgcoo | kdec_Xfa 0,02 d?

C_ch 0,0313 kmol/kgcop | kdec_Xpro 0,02 d?

C _ch4 1/64 kmol/kgcoo | kdec_Xsu 0,02 d?

C fa 0,0217 kmol/kgcop | kdis 0,5 d?

C_li 0,022 kmol/kgcoo | khyd_ch 10 d?

C_pr 0,03 kmol/kgcop | khyd_li 10 d?

C_pro 0,0268 kmoldkgcoo | khyd_pr 10 d?

C_ sl 0,03 kmol/kgeon | KI_h2_c4 1E05 dt

C_su 0,0313 kmoldkgcoo | KI_h2_fa 5E06 kgCOD/r
C va 0,024 kmol/kgcoo | KI_h2_pro 3,5E06 kgCOD/m
C_Xc 0,0279 kmolo/kgeoo | KI_nh3 0,0018 M

C Xi 0,03 kmoldkgcop | km_aa 50 d?

f ac_aa 0,4 - km_ac 8 d?

f ac_su 0,41 - km_c4 20 d?



APPENDIX B

Parameter Value Unit Parameter Value Unit

f bu_aa 0,26 - km_fa 6 d?

f bu_su 0,13 - km_h2 35 dt

f fa_li 0,95 - km_pro 13 d?

f h2 aa 0,06 - km_su 30 d?

f h2_su 0,19 - Ks_aa 0,3 kgCOD/m
f pro_aa 0,05 - Ks_ac 0,15 kgCOD/m
f pro_su 0,27 - Ks c4 0,2 M

f va_aa 0,23 - Ks_fa 0,4 kgCOD/m
N_aa 0,007 kmol/kgcoo | Ks_h2 7E06 kgCOD/m
N_biom 0,08/14 kmoh/kgcoo | Ks_IN 1E04 M

N_I 0,06/14 kmok/kgcoo | Ks_pro 0,1 kgCOD/m
Y aa 0,08 - Ks_su 0,5 kgCOD/m
Y_ac 0,05 - pH LL aa 4 -

Y c4 0,06 - pH_LL ac 6 -

Y fa 0,06 - pH LL h2 |5 -

Y _h2 0,06 - pH UL aa 5,5 -

Y_pro 0,04 - pH_UL_ac 7 -

Y su 0,1 - pH UL h2 6 -



TableB5ADM1physi ochemi cal parameter values; Van

been applied if required

Parameter Value Unit
R 0,08314 bar M1 K
T 308 K
Ka_ac 10" (4,76) M
Ka_bu 10" (-4,82) M
o Xt op p
Ka_co2 P m Ag E}m T(_(A) lIJ_Y M
o LPpWOY P

Ka_IN P nd AQDmT(_Q)lIJ_Y M
Ka_pro 10" (-4,88) M
Ka_va 10" (-4,86) M
kKAB_co2 1E14 M1d?

; preTm p . bar'
KH_ch4 i T pOA @ Dmn; WY Miq bar

. Wt
KH_co2 nmo A @ E)L PR E Miq bar?

Yzpmmtg wP”yY

- Tpym p _ 1
KH_h2 XhllJQ T :ﬁ\ %] Dm T w l]J"Y Mllq bar
kLa 200 d?

VLWTTP P
Kw Ao T o T &Y M
P_atm 1,0313 bar
p_h20 T[ﬁtopaéﬂ‘a)cwﬂp— P bar
- C WYy
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APPENDIX C

The following tables show thenalyses results for the characterization of sludge, yogurt,

digestate and degassed digestate.



TableC.1 - Analyses results for sludge characterization

VALUE Standard
PARAMETER UNIT 08/10/2020 | 22/10/2020 | 05/11/2020 | 19/11/2020 | 03/12/2020 | 30/12/2020 | 03/02/2021 | 24/02/2021 | 18/03/2021 | 22/04/2021 AVerage | joviation
TOTAL FRACTION
pH - 6.61 6.06 6.33 5.90 6.15 5.95 5.81 6 6.57 5.46 6.08 0.35
Alkalinity mgCaCegL 1238 1789 1933 1823 1898 2078 1407 1376 1870 1234 1665 316
TS gTS/kgFM 18.3 30.8 34.4 30.8 32.8 314 24.7 28.5 27.9 29.6 28.9 4.6
VS gVS/kgFM 141 24.2 26.7 24.4 26.1 25.1 19.2 22.2 21.8 22.8 22.7 3.7
Total COD gCOD/kg 21.8 35.7 39.0 37.0 41.2 32.6 30.6 31.3 33.1 33.6 5.7
Total TKN oN/kg 1.03 151 2.04 1.53 0.51
Total Carbohydrates gGlu/L 5.68 10.9 11.6 8.63 8.60 8.44 6.42 8.29 131 8.17 8.98 2.27
Total Proteins gBSA/L 4.03 9.35 9.53 9.57 10.69 9.93 7.54 9.12 8.02 7.76 8.55 1.88
BMP Total NmLCH4/gVS 354 380 366 380 358 398 381 440 410 410 388 27
PARTICULATE FRACTHANALYSIS PERFORMED ON THE SOLID SEPARATED AFTER CENTRUFUGATION
BMP Particulate NmLCH4/gVs, 337 401 383 398 410 392 362 403 382 382 385 22
Particulate Lipids g/kgVs,p 132 159 148 131 132 130 119 124 115 127 132 13
Particulate Lipids a/kgVs 127 154 142 128 127 124 113 120 112 121 127 13
TS- particulate fraction gTS,p/kgFM,p 110 114 117 115 106 108 114 116 117 110 113 4
VS- particulate fraction gVS,p/kgFM,p 84 91 92 93 85 88 91 92 92 85 89 3
SOLUBLE FRACTIONNALYSIS PERFORMED ON THE LIQUID SEPARATED AFTER CENTRUFUGATION

VFA: acetic acid mg/L 393 747 581 929 809 829 761 923 514 999 748 196
VFA: propionic acid mg/L 100 209 211 318 244 310 263 351 165 319 249 79
VFA: isebutyric acid mg/L 24 35 38 42 28 35 22 64 38 44 37 12
VFA: butyric acid mg/L 25 76 88 151 102 108 136 138 49 132 101 41
VFA: isevaleric acid mg/L 23 0 37 42 22 34 16 41 25 14 26 13
VFA: valeric acid mg/L 0 17 30 51 34 44 0 44 19 35 27 18
TS- soluble fraction gTS,s/lkgFM,s 1.3 1.9 2.8 1.8 3.0 2.8 2.2 1.9 1.6 2.3 2.2 0.5
VS- soluble fraction gVsS,s/ikgFM,s 0.6 0.9 1.6 0.8 1.9 1.7 1.2 1.0 0.8 1.3 1.2 0.4
Soluble Carbohydrates | mgGlu/L 46.1 54.3 193 171 206 103 59 66 60 61 102 63
Soluble Proteins mgBSA/L 148 121 545 699 720 630 152 225 201 234 367 248
Soluble Lipids g/kgVs,s 60 49 44 57 40 42 46 47 52 43 48 7
Soluble Lipids a/kgVvs 2.28 1.34 1.86 1.36 2.05 2.02 2.28 1.65 1.45 1.88 1.82 0.35
Soluble TKN mgN/L 105 110 191 210 193 185 166 46
Soluble COD gCoOD/L 1.35 1.80 3.22 3.91 1.80 4.06 2.55 2.11 1.62 2.02 2.44 0.96
Ammoniacal Nitrogen mgN/L 8.9 49.2 42.4 126 93.2 104 88.2 116 96.6 62.5 79 37




Table C2 - Data analysi®f sludgeanalytical measurements

PARAMETER UNIT VALUE Average | Standard
08/10/2020 | 22/10/2020 | 05/11/2020 | 19/11/2020 | 03/12/2020 | 30/12/2020 | 03/02/2021 | 24/02/2021 | 18/03/2021 | 22/04/2021 deviation

Total Carbohydrates gCOD/L 6.07 11.70 12.40 9.23 9.20 9.03 6.87 8.87 13.97 8.74 9.61 2.43
Total Proteins gCOD/L 6.34 14.7 15.0 15.1 16.8 15.6 11.9 14.3 12.6 12.2 13.4 3.0
Total Lipids gCOD/L 5.31 11.00 11.17 9.22 9.79 9.25 6.49 7.88 7.19 8.18 8.55 1.90
Carbohydrates/CODtot | - 33% 30% 31% 26% 25% 25% 26% 27% 40% 28% 29% 5%
Proteins/CODtot - 34% 38% 37% 42% 45% 44% 44% 43% 36% 39% 40% 4%
Lipids/CODtot - 29% 28% 28% 26% 26% 26% 24% 24% 21% 26% 26% 2%
TVEA gCOD/L 0.71 1.35 1.31 2.01 1.58 1.46 1.53 2.06 1.05 1.97 1.50 0.43
COD total calculated gCOD/L 18.5 38.8 39.9 35.6 375 35.4 26.8 33.2 34.9 31.2 33.2 6.4
COD/IVS gCOD/gV§ 1.54 1.47 1.46 1.52 1.58 1.30 1.59 1.41 1.44 1.48 0.09
VS/TS gVS/gTS 0.77 0.79 0.78 0.79 0.79 0.80 0.78 0.78 0.78 0.77 0.78 0.01
N/COD gN/gCOD 0.0004 0.0014 0.0011 0.0034 0.0023 0.0032 0.0029 0.0037 0.0029 0.00 0.00
CODsol/COD - 0.06 0.05 0.08 0.11 0.04 0.12 0.08 0.07 0.05 0.07 0.03
VFA/CODsol - 0.52 0.75 0.41 0.51 0.88 0.36 0.60 0.97 0.64 0.98 0.66 0.22




Table C3 - ADML1 sludge characterization

PARAMETER| UNIT VALUE Media | \i;‘fion
08/10/2020 | 22/10/2020 | 05/11/2020 | 19/11/2020 | 03/12/2020 | 30/12/2020 | 03/02/2021 | 24/02/2021 | 18/03/2021 | 22/04/2021

S _su_in gCODIL 0.05 0.06 0.21 0.18 0.22 0.11 0.06 0.07 0.06 0.07 0.11 0.07
S aa_in gCODIL 0.23 0.19 0.86 1.22 1.25 1.00 0.24 0.36 0.32 0.37 0.60 0.43
S fa_in gCODIL 0.09 0.09 0.15 0.09 0.09 0.15 0.13 0.11 0.09 0.12 0.11 0.02
S va_in gCODIL 0.05 0.03 0.14 0.19 0.11 0.16 0.03 0.17 0.09 0.10 0.11 0.06
S bu_in gCODIL 0.09 0.20 0.23 0.35 0.24 0.26 0.29 0.37 0.16 0.32 0.25 0.09
S_pro_in gCODIL 0.15 0.32 0.32 0.48 0.37 0.47 0.40 0.53 0.25 0.48 0.38 0.12
S ac_in gCODIL 0.42 0.80 0.62 0.99 0.86 0.88 0.81 0.98 0.55 1.07 0.80 0.21
S h2_in gCOD/L | 1.00E08 | 1.00E08 | 1.00E08 | 1.00E08 | 1.00E08 | 1.00E08 | 1.00E08 | 1.00E08 | 1.00E08 | 1.00E08 0.00 0.00
S _ch4_in gCOD/L | 1.00E05 | 1.00E05 | 1.00E05 | 1.00E05 | 1.00E05 | 1.00E05 | 1.00E05| 1.00E05| 1.00E05 | 1.00E05 0.00 0.00
S ic_in M 2.40E02 | 5.41E02 | 4.70E02 | 5.30E02 | 4.77E02 | 7.21E02 | 4.67E02 | 1.68E02 | 3.88E02 | 4.20E02 0.04 0.02
S_in_in M 6.36E04 | 3.51E03 | 3.03E03 | 9.00E03 | 6.66E03 | 7.40E03 | 6.30E03 | 8.31E03 | 6.90E03 | 4.46E03 0.01 0.00
S.iin gCODIL 4.69 2.02 2.11 3.36 4.58 0.87 0.00 0.00 0.00 0.00 176 1.90
S _cat_in M 0.044| 0052| 0056| 0.047| 0.052| 0.054| 0048 0039 0.054| 0.040 0.05 0.01
S an_in M 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.00
X_c_in gCODIL 2.85 3.71 3.74 3.36 3.20 3.27 2.48 3.06 3.33 2.86 3.19 0.39
X_ch_in gCODIL 3.74 7.85 8.43 6.33 6.68 7.00 5.15 7.04 9.70 7.12 6.90 165
X_pr_in gCODIL 4.68 9.87 9.85 10.84| 12.93| 1156 8.87 11.28 8.64 9.80 9.83 223
X_li_in gCODIL 0.74 7.38 7.66 6.40 4.28 7.16 4.83 6.24 4.97 6.63 5.63 2.06
X_su_in gCODIL 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
X_aa_in gCODIL 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
X_fa_in gCODIL 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
X_c4_in gCODIL 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
X_pro_in gCODI/L 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
X_ac_in gCODIL 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
X_h2_in gCODI/L 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
X_i_in gCODIL 11.76 6.28 5.62 3.29 0.35 2.83 3.48 2.98 6.67 2.18 454 3.20
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Table C4 - Analyses results for yogurt characterization

VALUE Standard
PARAMETER UNIT Average o
03/02/2021 | 24/02/2021 | 18/03/2021 deviation

VS- particulate fraction Ovs,dkgrm,p 134 140 148 141 7
TS particulate fraction ors.4Kgrm.p 152 152 173 159 12
Lipids from label g/L 15.6 13.8 28.6 19.3 8.1
Charb measured g/L 135 160 157 151 13
Proteins measured g/L 40.5 52.3 46.8 46.5 5.9
BMPpart NmlcudgVSp| 718 805 762 762 a4

Table C5 - Data analysi®f yogurtanalytical measurements

PARAMETER UNIT VALUE Average | Standard
03/02/2021 | 24/02/2021 | 18/03/2021 deviation
VSITS gVvS/gTS 0.88 0.92 0.86 0.88 0.03
Total Carbohydrates | gCOD/L 145 171 168 161 14
Total Proteins gCOD/L 63.9 82.6 73.9 735 93
Total Lipids gCOD/L 45.2 39.9 83.0 56.0 23.5
COD total calculated gCOD/L 257 296 328 294 36
Carbohydrates/CODto| - 56% 58% 51% 0.55 0.03
Proteins/CODtot - 25% 28% 23% 0.25 0.03
Lipids/CODtot - 18% 13% 25% 0.19 0.06
COD/VS gCOD/gVsS 1.92 2.11 2.22 2.08 0.15




Table C6 - ADM1 yogurtcharacterization

VALUE Standard
PARAMETER UNIT Average | . .otion
03/02/2021 | 24/02/2021 | 18/03/2021

S su_in gCOD/L 0 0 0
0.00 0.00
S_aa_in gCOD/L 63.9 82.6 73.9 73.5 9.3
S_fa_in gCOD/L 0 0 0 0.00 0.00
S va_in gCOD/L 0 0 0 0.00 0.00
S bu_in gCOD/L 0 0 0 0.00 0.00
S _pro_in gCOD/L 0 0 0 0.00 0.00
S ac in gCOD/L 0 0 0 0.00 0.00
S_h2_in gCOD/L 0 0 0 0.00 0.00
S_ch4_in gCOD/L 0 0 0 0.00 0.00
S ic_in M 0 0 0 0.00 0.00
S_in_in M 0 0 0 0.00 0.00
S_iin gCOD/L 0 0 0 0.00 0.00
S_cat_in M 0.0199 0.0199 0.0199 0.02 0.00
S_an_in M 0.020 0.020 0.020 0.02 0.00
X_c_in gCOD/L 0 0 0 0.00 0.00
X _ch_in gCOD/L 145 171 168 161 14
X_pr_in gCOD/L 0 0 0 0.00 0.00
X_li_in gCOD/L 45.2 39.9 83.0 56.0 23.5
X_su_in gCOD/L 0 0 0 0.00 0.00
X aa_in gCOD/L 0 0 0 0.00 0.00
X _fa_in gCOD/L 0 0 0 0.00 0.00

X_c4_in gCOD/L 0 0 0
0.00 0.00
X_pro_in gCOD/L 0 0 0 0.00 0.00
X ac_in gCOD/L 0 0 0 0.00 0.00
X_h2_in gCOD/L 0 0 0 0.00 0.00
X_i_in gCOD/L 0 0 0 0.00 0.00
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Table C7 - Analyses results for digestate characterization

VALUE Standard
PARAMETER UNIT 08/10/2020 | 22/10/2020 | 05/11/2020 | 19/11/2020 | 03/12/2020 | 30/12/2020 | 03/02/2021 | 24/02/2021 | 18/03/2021 | 22/04/2021 Average | yeviation
TOTAL FRACTION
pH - 7.13 7.11 7.09 7.29 7.3 7.24 7.44 7.49 7.7 7.3 7.31 0.19
Alkalinity mgCaCelL 3615 3162 3604 4413 4802 4880 4901 5323 5755 4381 4484 819
TS gTS/kgFM 22.1 17.7 21.3 221 211 21.7 19.1 21.1 25.2 191 21.1 2.1
VS gVS/kgFM 13.3 10.8 13.6 14.2 13.8 14.7 12.8 14.3 15.9 12.7 13.6 1.4
Total COD gCOD/kg 6.10 9.6 17.2 11.4 15.1 15.6 14.6 16.2 16.5 13.6 3.7
Total TKN gN/kg 1.13 1.13 1.33 1.63 1.30 0.23
Total Carbohydrates gGlu/L 2.00 2.51 2.52 3.75 3.88 3.97 3.17 2.79 3.69 2.94 3.12 0.68
Total Proteins gBSA/L 4.50 9.17 6.64 8.90 11.64 11.28 9.33 7.88 11.05 8.54 8.89 2.20
Total Lipids g/L 0.22 0.32 0.57 0.46 0.20 0.65 0.40 0.19
Residual BMP NmLCH4/gVS 71.4 96.5 96.5 96.5 60.5 86.3 67.7 74.1 71.0 71.0 79.2 13.6
PARTICULATE FRACTH@GNALYSIS PERFORMED ON THE SOLID SEPARATED AFTER CENTRUFUGATION
Particulate lipids g/kgVs,p 18 33 47 37 16 53 33.7 15.0
Particulate lipids g/kgVs 16 30 42 33 14 44 29.7 12.5
TS particulate fraction gTS,p/kgFM,p 104 96 99 92 89 92 85 88 83 96 92.4 6.6
VS- particulate fraction gVS,p/kgFM,p 63 59 63 60 59 63 58 60 54 64 60.3 3.0
SOLUBLE FRACTIONNALYSIS PERFORMED ON THE LIQUID SEPARATED AFTER CENTRUFUGATION

VFA: acetic acid mg/L 106 53 85 56 63 69 42 28 28 55 58.4 24.2
VFA: propionic acid mg/L 0 0 0 0 0 0 0 0 0 0 0.00 0.00
VFA: isebutyric acid mg/L 12 0 0 0 0 0 0 0 0 10 2.20 4.65
VFA: butyric acid mg/L 0 0 0 0 0 0 0 0 0 0 0.00 0.00
VFA: isevaleric acid mg/L 0 0 0 0 0 0 0 0 0 0 0.00 0.00
VFA: valeric acid mg/L 0 0 0 0 0 0 0 0 0 0 0.00 0.00
TS- soluble fraction gTS,s/kgFM,s 2.9 2.4 3.4 3.6 3.0 4.9 3.8 3.8 3.5 3.1 3.44 0.68
VS- soluble fraction gVS,s/kgFM,s 15 1.2 1.9 2.0 1.6 3.0 2.1 2.1 1.9 1.7 1.91 0.47
Soluble Carbohydrates | mgGlu/L 143 127 154 228 183 327 235 241 228 228 209 59
Soluble Proteins mgBSA/L 858 556 902 1085 794 2066 1315 1565 1190 1190 1152 431
Soluble TKN mgN/L 568 570 620 750 829 975 719 163
Soluble COD gCOD/L 2.46 2.08 251 3.22 2.08 411 3.58 3.10 3.52 2.27 2.89 0.71
Ammonium mgN/L 451 398 452 600 743 774 856 960 1008 670 691 216
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Table C8 - Data analysi®f digestateanalytical measurements

PARAMETER UNIT VALUE Average | \i;‘fion
08/10/2020 | 22/10/2020 | 05/11/2020 | 19/11/2020 | 03/12/2020 | 30/12/2020 | 03/02/2021 | 24/02/2021 | 18/03/2021 | 22/04/2021

TotalCarbohydrates | gCODIL 2.14 2.68 2.70 4.01 4.15 4.24 3.39 2.99 3.95 3.14 3.34 0.73
Total Proteins gCODIL 7.1 145 10.5 14.1 18.4 17.8 14.7 12.4 175 135 141 35
Total Lipids gCODIL 0.63 0.94 1.64 1.35 0.57 1.90 117 0.55
Carbohydrates/CODto| - 0.22 0.15 0.18 0.21 0.18 0.18 0.18 0.02
Proteins/CODtot - 0.72 0.80 0.71 0.72 0.80 0.74 0.75 0.04
Lipids/CODtot - 0.06 0.05 0.11 0.07 0.02 0.08 0.07 0.03
VSITS gVSIgTS 0.60 0.61 0.63 0.64 0.66 0.68 0.67 0.67 0.63 0.66 0.65 0.03
TVFA mgCODIL 134 57 90 60 67 73 45 29 29 78 66.27|  30.96
Eﬂ[ﬁ,fftvap'ﬁs gCODIL 10.0 18.2 14.9 195 23.2 24.0 16.30 26
CODNVS gCOD/gVS 0.46 0.89 1.27 0.80 1.09 1.06 1.14 1.14 1.04 0.99 0.24
COCxalculated/VS gCOD/gVsS 0.74 1.68 1.09 1.37 1.67 1.63 1.36 0.38
N/COD gN/gCoD 0.05 0.02 0.03 0.03 0.03 0.03 0.03 0.01
CODsol/COD - 0.21 0.11 0.17 0.16 0.09 0.17 0.15 0.04
VFA/CODsol - 0.06 0.03 0.04 0.02 0.03 0.02 0.01 0.01 0.01 0.03 0.03 0.02
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Table C9 - Analyses results for degassed digestate characterization

PARAMETER UNIT VALUE Average | Sandard
08/10/2020 | 22/10/2020 | 05/11/2020 | 19/11/2020 | 03/12/2020 | 30/12/2020 | 03/02/2021 | 24/02/2021 | 18/03/2021 | 22/04/2021
TOTAL FRACTION
pH - 7.58 7.58 7.59 7.3 7.36 8.02 7.97 7.96 8.04 8.15 7.76 0.31
TS gTS/kgFM 21.8 17.1 18.3 204 18.9 19.5 18.8 17.7 25.2 20.2 19.8 23
VS gVS/kgFM 12.8 10.0 11.1 12.4 11.4 11.8 11.6 11.0 15.9 12.9 12.1 1.6
Total Carbohydrates | gGlu/L 1.58 1.95 1.65 2.56 2.74 1.48 1.19 2.65 3.07 2.10 0.67
Total Proteins gBSA/L 4.00 6.87 4.12 8.62 10.75 3.23 3.98 9.53 9.97 6.79 3.00
Total Lipids g/L 0.15 0.25 0.40 0.58 0.40 0.38 0.36 0.15
PARTICULATE FRACTH@GNALYSIS PERFORMED ON THE SOLID SEPARATED AFTER CENTRUFUGATION
Particulate lipids a/kgVs,p 23 26 38 49 37 34 34 9
Particulate lipids g/kgVvs 12 25 36 a7 35 32 31 12
fTri fi’g:'cu'ate gTS.plkgFM,d 96 93 93 o1 86 84 86 75 83 83 . 3
X:(;t?:r:t":”'ate gVSplkgFM,j 57 56 57 56 53 52 54 47 54 53 y X
SOLUBLE FRACTIONNALYSIS PERFORMED ON THE LIQUID SEPARATED AFTER CENTRUFUGATION

TS- soluble fraction gTS,s/kgFM,s 1.6 1.8 1.7 1.5 1.5 1.5 1.5 2.0 35 2.8 1.95 0.68
VS- soluble fraction | gVS,s/kgFM,s 0.8 0.6 0.7 0.7 0.7 0.8 0.9 1.1 1.9 1.7 0.99 0.45
Soluble lipids ag/kgVs,s 6.6 6.6
Soluble lipids g/kgVvs 3.2 3.2
Ammonium mgN/L 474 497 452 526 600 510 595 680 896 705 593 136
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APPENDIX D

The graphs of the BMP tests carried out are shiovihis appendixFor some tests, problems
were found with one of the duplicates thereforetii@se graphs the standard deviation is not
reported but only the value of the corrected test.
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APPENDIX D

FigureD.2 - Methane production dflank BMPtest 05/11/2020)
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FigureD.4 - Methane production dilank BMP test 03/122020)

17



20

Methane production [NmLCH4/gVs,I]

10

0 5 10 15 20
Time [d]

FigureD.5 - Methane production dflank BMPtest 30/12/2020)
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FigureD.6 - Methane production dilank BMPtest 04/02/2021).
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APPENDIX D

FigureD.7 - Methane production dflank BMPtest 5/02/2021).
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FigureD.8 - Methane production aludgeBMP test (22/10/2020)
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