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Abstract

A simple, easy-to-use, first-order model was elaborated to predict the methane production and the
release of ammoniacal nitrogen (N-NHz3) to the digestate in full-scale anaerobic digestion (AD)
processes. The study used long-term, semi-continuous AD tests, carried out with samples of primary
sludge (PS), raw waste activated sludge (WAS), WAS after a thermo-alkali pre-treatment (90°C, 90
min, 4 g NaOH/100 g TS) and mixed sludge (PS/treated WAS), to calibrate and validate the model.
The results of both the experimental activities and the phase of model tuning demonstrated that the
proposed model was capable to provide reliable information to completely characterize the AD
process, thus overcoming the limitations due to discontinuity of experimental tests. Furthermore, it
was demonstrated that low-temperature thermo-alkali pre-treatments could increase the values of the
model parameters, namely methane production after an infinite time (Bo, +70%) and hydrolysis
constant (k, +450%), and made them comparable to those obtained by the application of commercial,
high-energy demanding treatments (e.g. Cambi). Finally, the issue concerning the release of N-NH3
to digestate was deemed to be very worthy to being investigated because, after pre-treatments, the
cost for nitrogen removal in the water line, through the traditional processes of nitrification —

denitrification, could increase even by 140%.

Keywords: anaerobic digestion; ammonia; primary sludge; waste activated sludge; energy analysis;
hydrolysis rate

Highlights

e Traditional WWTPs must increase their capacity in recovering resources

e Hybrid pre-treatments increase both methane production and nitrogen release

e Nitrogen release must be controlled in the application of sludge pre-treatments

e Asimple, first-order model was validated to predict nitrogen release to the digestate

« Extra nitrogen in the water line due to pre-treatments raises treatments costs by 140%
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1. Introduction

According to the circular economy roadmap, wastewater treatment plants (WWTPSs) have to become
“ecologically sustainable” technological systems in the near future [1], that means more efficient, less
energy demanding and capable to support resource recovery [2]. At the same time, WWTPs must
remain effective in maintaining their fundamental task, i.e. to provide a constant and adequate water
pollution control, so as to protect human health and the environmental quality against conventional
and emerging contaminants. In the framework of the broad spectrum of strategies for resource and
energy recovery, anaerobic digestion (AD) processes, still frequently seen just as a profitable way to
stabilize sludge, will have to become a cornerstone. In fact, AD processes offer lots of advantages for
the transition of traditional WWTPs to water resource recovery facilities (WRRFs), such as: very high
energy efficiency [3], versatility in terms of feed [4], medium to high pathogens inactivation [5],
potentiality for nutrients (N, P and K) recovery [6] and for carbon-based building blocks production
through fermentation to VFAs [7], effectiveness in degrading compounds that are recalcitrant to
aerobic biodegradation [8].

The AD of primary and secondary sludge produced in a WWTP is a mature technology. However,
the energy recovery from secondary sludge (also known as waste activated sludge, WAS) still remains
at quite low values, at most up to 7% of the energy available in the wastewater [9]. Those low values
depend on the nature of WAS, in fact, the presence of protective extracellular polymeric substances
and the rigid structure of the microbial cell walls determine low hydrolysis rate and poor bio-methane
productivity [10]. In order to enhance the energy recovery, WAS pre-treatment technologies, such as
physical, thermal, and chemical treatments, or a combination of them, could be required before AD
[11].

In the direction of the fulfillment of the circular economy package’s objectives, the sludge line of
existing WWTPs must be revamped through the introduction of interventions aimed at improving the
efficiency of the AD process in each of its phases, from the thickening of sludge to the final treatment
of digestate. However, such interventions are expensive and can be justified only on the basis of
reliable results coming from extensive experimental campaigns [12]. The gap between the results
obtained at a lab or pilot scale and a WWTP running at the full scale can be filled with a modelling
approach, capable of describing the complexity of a system influenced by a number of operational
parameters [13]. Several mathematical models and, more recently, machine learning applications
have been developed, with the fundamental aim of understanding and optimizing the implementation
of AD processes, thus eventually achieving more efficient functioning in WWTPs [14]. Quantitative
models can support the designer not only in the reactor design and scale-up, but also in evaluating

energy balance and economic sustainability, through the assessment of the dynamic behavior of key-
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process variables in a wide range of experimental conditions [15]. In 2002 the IWA Task Group for
the Mathematical Modelling Processes published the Anaerobic Digestion Model No.1 (ADM1) [16].
ADM1 was aimed at providing a complete modelling of the fundamental AD mechanisms, through
the description of the dynamics of 24 species which are involved in 19 conversion processes of both
physico-chemical (namely disintegration-hydrolysis) and biological (namely acidogenesis,
acetogenesis and methanogenesis) nature. However, the complexity of ADML1 and the large number
of input parameters required by the model, such as COD fractionation or VFAs, the latter arising from
the process intermediate stages, which are not routinely measured in a WWTP, significantly reduces
its application [17]. If these measurements are not available, it is crucial to make significant reductions
to the model, which can make the validity of AD simulations questionable [18]. For example, Tolessa
et al. [19] had to resort to an extensive literature survey, combined with Monte Carlo analysis and a
Gaussian Mixture Model approach, to account for parameter variability, leading to a probabilistic
estimate of steady-state biogas production from agricultural residue substrates. Surrogate models,
containing a limited number of parameters, have been developed, calibrated and validated [20].
However, calibration and validation processes of such models have often been carried out by using
the results of BMP essays [21], which present evident differences with continuous, full-scale
processes, for what concerns, among others, the representativity of the tested substrate and the
evolution of the AD process. Other empirical models have been developed using a set of statistical
and mathematical techniques, known as response surface methodology (RSM), artificial neural
network (ANN) [22] or a combination of the two above-mentioned approaches [23]. Recently,
Parthiban et al. [24] developed a second order model where the output neurons were biogas and
biomethane, while the input neurons were thermophilic temperature, organic loading rate (OLR), pH,
agitation time, and hydraulic retention time (HRT). However, calibration and validation of RSM or
ANN models is based on the output of a large number of bench-scale tests and the mathematical form
of the obtained response variable does not have a direct relationship with the dynamics of an AD
process.

In this framework, in order to shorten the calculation procedure and make biogas production estimates
easier, a simple model for the description of the production of methane in time, B(t), was proposed
[25]. The model was based on a first-order Kinetic rate reaction, such as that shown in Equation (1)
B(t) = Bo (1-e) (1)

The model proved to be capable to adequately capture the overall performance of mesophilic and
thermophilic AD processes through the two parameters namely Bo and k. Bo was the specific methane
production after an infinite HRT, that is the theoretical amount of methane produced by the whole

amount of biodegradable VS in the substrate, and k was the hydrolysis constant. Differently from
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other experiences reported in literature (see, for example, the recent study of Tamang et al. [26]), that
used biochemical methane potential (BMP) tests to assess Bo and k parameters, in the above-
mentioned study the two model’s parameters were quantified by making use of long-term semi-
continuous AD tests. That kind of tests was deemed more reliable than BMP tests for model
calibration. The data obtained from the tests allowed the determination of the optimal sets of values
of the two parameters (Bo, K) by using the best fit algorithms as done by Wei et al. [27].

On the grounds of above, the present study contributes to the current literature by further validating
the already proposed model, in order to make it a simple, easy-to-use tool useful to provide
information concerning not only the bio-methane productivity of organic substrates, but also the
impact of the release of ammoniacal nitrogen (N-NHz3) following to the application of pre-treatments.
Specifically, the present study had a two-fold aim: firstly, to definitely verify the goodness of the
already proposed model through the digestion of pure and mixed sludge and, secondly, to assess if a
similar approach could be used to predict the release of (N-NHz3), from a substrate to the digestate,
during an AD process. For what concerns the first aim, long-term, semi-continuous AD tests were
carried out on samples of primary sludge (PS), raw WAS and WAS after a thermo-alkali pre-
treatment (90°C, 90 min, 4 g NaOH/100 g TS) with the aim of obtaining Bo and k for each substrate.
The model’s parameters were validated with an AD test involving a mixture of PS and treated WAS.
With reference to the second aim, it is well known that ammonia (NHz), which is produced during
the anaerobic degradation of nitrogenous organic matter (e.g. proteins, amino acids, urea and nucleic
acids), is a common inhibitor of AD processes [28]. Furthermore, sludge pre-treatments boost the
release of N-NHj3 to digestate, with possible technical and economic impacts onto the removal of
nitrogen from wastewater, when the liquid fraction of the digestate is recirculated back to the water
line. Except for the study of Alejo et al. [29], this topic has not been broadly addressed by the scientific
literature. The study wants to fill this gap, thus proposing a model for the quantification of the amount
of N-NHs released to the digestate and providing a rough, preliminary estimate of the costs that a

WWTP must bear to cope with the increase of nitrogen loads in the water line.

2. Materials and Methods

2.1 Substrates

Samples of primary sludge (PS) and waste activated sludge (WAS) were collected from the outlet of
the gravity pre-thickeners of the Castiglione Torinese WWTP (located 20 km from Turin, NW Italy)
once a week. The inoculum used for the start-up of the long-term AD tests, described in Section 2.2,

was obtained from one of the anaerobic digesters fed with WAS in the same WWTP.
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The Castiglione Torinese WWTP is one of the facilities run by SMAT (Societa Metropolitana Acque
Torino), the company that manages the integrated water service in the Metropolitan City of Turin.
The WWTP has a treatment load of approximately 2,000,000 population equivalent (p.e.). The AD
process is carried out in six digesters with average HRTs of 14.8 and 18.6 days for WAS and PS
respectively.

Details of the water and sludge line of the Castiglione Torinese WWTP were provided in a previous
paper [30]. Shortly, the WWTP has a standard configuration that includes the following treatment
phases: preliminary treatments (grating and sand/oil removal), primary settling, pre-denitrification,
biological oxidation with a solids retention time (SRT) of approx. 30-35 days, secondary settling and
final filtration on a dual media, sand — anthracite, bed.

A total of 2 plus 4 gravity pre-thickeners are used in the ordinary operation of the WWTP with the
aim of increasing the TS content of WAS and PS, respectively, before AD. WAS has a final TS
content, before AD, in the order of 3%, obtained with the addition of 0.5 g of a cationic polyelectrolyte
/100 g TS. PS and WAS account for 64% and 36%, by weight (b.w.), on a TS basis, of the overall
amount of sewage sludge produced in the WWTP.

After being screened using a 40-mesh sieve to remove large particles, the sludge samples were stored
in 10 L polypropylene tanks at 4 °C prior to AD tests. Table 1 shows the average characteristics of

the two substrates, namely PS and WAS, averaged over the duration of the AD tests.

Table 1. Average characteristics of the two substrates, PS and WAS, used in the tests

Primary sludge

Waste activated sludge

Total solids (TS, %) 2.56 3.05
Volatile solids (VS, %) 1.86 2.04
pH 6.11 7.20

Total and volatile solids were obtained as described in Section 2.3.
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2.2 Reactors set up and experimental tests

WAS was used in the AD tests as a raw or thermo-alkali pretreated substrate. The thermo-alkali pre-
treatment (4 g NaOH/100 g TS, 90°C, 90 min) was carried out in a batch reactor. The operating
conditions for pre-treatments were fixed on the basis of the results obtained in a previous work [31],
that compared the performance of thermal, alkali and thermo-alkali pre-treatments for the
enhancement of methane production from WAS. The reactor used for the pre-treatment had a working
volume of 35 L and was completely stirred with an electric propelled shaker. The heat was transferred
to the sludge through three electrical band resistances, placed on the lateral surface of the reactor,
with an electric power of 2.6 kW each. The temperature inside the reactor was controlled by an open
source single-board microcontroller (Arduino).

The digestion tests were performed with two apparatus. The first digester was a continuous stirred
reactor (CSR) with a total volume of 12 L (operating volume, 10 L), equipped with a water jacket,
for the temperature control, and gasometers and systems for on-line monitoring of the volume and
composition of the biogas (see details in [25]). Mixing inside the digester was obtained through biogas
recirculation for 15 min every hour.

The second digester was a CSR with a total volume of 300 L (operating volume, 240 L), equipped
with an 80 L gasometer and an electronic system for on-line monitoring of the biogas volume and
composition (see details in [32]). Mixing inside the digester was obtained through an alternate biogas
recirculation (15 min on/ 15 min off).

A total of four long-term, semi-continuous digestion tests were carried out. Details of the tests are
reported in Table 2. The substrate used in test n.4 was a mixture (50/50 by volume, b.v.) of PS and
thermo-alkali pre-treated WAS. In all tests the operations of substrate supply and digestate extraction
were carried out five days a week, from Monday to Friday.

Table 2. Details of the AD tests

nJrﬁSl;ter Substrate Reactor Terrr;;;eizrrs;ure Fg)T Duration (d) kg\S)SL/Eﬁ- q
1 PS CSR 10-L Mesophilic, 38°C 20 158 0.93+0.13
2a WAS CSR 240-L Mesophilic, 38°C 15 112 1.43+0.31
2b WAS CSR 240-L Mesophilic, 38°C 20 46 1.22+0.36
3a Treated WAS | CSR 240-L Mesophilic, 38°C 20 29 1.28+0.32
3b Treated WAS | CSR 240-L Mesophilic, 38°C 20 90 0.56+0.15
4 Mixed sludge | CSR 240-L Mesophilic, 38°C 20 108 1.03+0.08
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2.3 Analytical methods

Total and volatile solids (TS, VS) were determined according to the Standard Methods [33]. The total
volatile fatty acid (tVFA) concentration, as acetic acid (CH3COOH) equivalent, and the total
alkalinity (TA) were obtained by a potentiometric titration, according to the Nordmann method, by
using a SI Analytics automatic titrator. Specifically, a sample of 20 mL of digestate was titrated with
a 0.1 N sulfuric acid (H2SO4) solution up to pH 5.0, so as to calculate the TA value, expressed in
mg/L of calcium carbonate (CaCO3). Then the tVFA value was obtained after a second titration step
from pH 5.0 to pH 4.4.

The soluble COD (sCOD) and ammonium ion (NH4") were determined according to the Standard
Methods [33] on the liquid phase of the substrates (raw and pre-treated sludge) or digestate. The
liquid phase was obtained after an initial centrifugation at 15,000 rpm for 10 min and a subsequent
filtration of the supernatant on a 0.45 um nylon membrane filter, as recommended by Roeleveld and
van Loosdrecht [34].

The elemental composition analysis was carried out on samples of PS and WAS dried at 105 °C and
on the residual ashes after combustion at 600 °C. A Flash 2000 ThermoFisher Scientific CHNS
analyzer was used for the elemental analysis, assuming that the oxygen content of the substrate was
the complementary fraction towards C, H, N, S contents. The results of the elemental analysis were
used to calculate the theoretical COD and the theoretical methane production (Bih), according to the

Buswell model, of the two substrates.

2.4 The mathematical model to predict the methane production in an AD process

Interventions on the sludge line of existing WWTPs, such as the introduction of pre-treatments or
change of the digestion scheme, from one-stage to two-stage, can be justified only on the basis of
reliable results coming from extensive experimental campaigns. Mathematical models can help in
filling the gap between the results of tests carried out at a lab or pilot scale and the operation of the
WWTP at a full scale. In a previous work [25], a simple model was proposed and validated through
a series of AD tests carried out in mesophilic and thermophilic conditions. The above-mentioned
model was based on a first-order rate reaction, such as that shown in Equation (1), and contained two
parameters, namely the biochemical methane potential (Bo) and the hydrolysis rate (k). Bo is the
maximum amount of methane that a substrate can produce after an AD process of infinite duration;
k is the first-order kinetic constant that describes the velocity at which the substrate is made available
for the AD process.

B(t) = Bo (1-e™) (1)
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As it is well-known, an AD process consists of the four steps namely hydrolysis, acidogenesis,
acetogenesis and methanogenesis. Hydrolysis is the only step in which microorganisms are not
directly involved. In fact, that process is merely a surface phenomenon, in which particulate and
polymeric matters are degraded through the action of eso-enzymes. After hydrolysis, the produced
smaller molecules can cross the cell barriers and be used by microorganisms for the production of
intermediate and final AD products [35]. The hydrolysis phase is generally the rate-limiting step
during an AD process of particulate substrates [36]. WAS is a typical particulate and complex
substrate hard to biodegrade. If hydrolysis is assumed to be the limiting step of AD, and no other
inhibition phenomena occur, the methane production can be modelled through a first-order rate
reaction, such as that shown in Equation 1.

Equations 2-5 represent the complete set of equations necessary to describe an AD process ina CSR,
when hydrolysis is assumed to be the limiting step and the substrate is made of particulate matter.
B(t) = VS(t)-k-By-V (2a)

B(t) = VS,(t)-k-Y- By -V (2b)

AVSy() _ a(O)VSpin(t) _ a®VSy |
) - TP k- VS,(8) (3)

AVSnp(t) _ 4®)VSnpin(®) _ a®)VSnp (4)
dt 14 14

dANVS(t) _ q(t)-NVSi(t) _ q(t)-NVS (5)
ac v v

In Equation 2a the daily methane production, at the time t, B(t), is related with the amount of volatile
solids, VS, at the same time frame, the hydrolysis rate constant (k), the biochemical methane potential
(Bo) and the volume of the reactor (V). With reference to Equation 2a, it is important to keep in mind
that the substrate fed to the digester is made of volatile (VS) and non-volatile solids (NVS or fixed
solids) and that not all the VS are degradable in an AD process, even after an infinite time. Equations
(3-5) describes the mass balance of biodegradable VS (VSp), non-biodegradable VS (VSnb) and NVS
as a sum of (i) the input of fresh substrate, (ii) the output of the digested product and (iii) the
degradation term where applicable. The time-change of the three kind of solids is a function of both
volumetric flow rate (q) and volume (V).

On the basis of the elemental composition of the VS, it is possible to calculate the theoretical methane

production of the substrate, B, (see Equation 2b) by referring to Equation 6:

CODy 0.350 Nm3CH, 6)

Bup = VSin -
th m ys, kg COD
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Bo is always smaller than B, because not all the VSs are biodegradable (i.e presence of VVSny into the
substrate fed to digester) and, in minor measure, because of the anabolic activity of anaerobic
microorganisms. Furthermore, in a real case, the specific methane production (SMP) of a substrate is
smaller than Bo, because, as in Equation 7, both the hydrolysis process (the rate of which is quantified
by the kinetic constant, k) and the duration (HRT) of the AD process limit the methane production.
Equation 7 provides the solution at steady condition of Equation 2a.

1

SMP = By(t) = (1 - —1+k-HRT) By, (7)

The Y parameter, reported in Equation 2b, is the absolute biodegradation (or degradation extent), that
is the ratio between Bo and B, an intrinsic characteristic of the substrate. Because of the relationship
between Bo and VS, and between B and VS, Y can also be defined as the ratio between VS, and
total VS, as in Equation 8.

By _ VSp
Btn Vs

Y = 8)

The optimal set of Bo and k values, capable of describing the trend of the SMP observed in the
experimental tests carried out in a continuous mode, was obtained by minimizing the objective
function (J). Function J is the residual sum of squares (RSS) between the measured data and the data
predicted by the model, as stated in Batstone et al. [37]. If the RSS are normally distributed, a critical
value (Jerit), that defines the surface of the parameter uncertainty region, can be defined by using the
F distribution, as in Equation 9 [27].

Jerit = Imin (1 + - ’ Fa,p,Ndata—p) 9)

Nagta—P

where Nyata IS the number of measured data, p is the number of parameters, and Fo.p,Ndata—p IS the value
of the F distribution for a, p, and Naaw—p. An o Value of 0.05 was used to estimate the 95% confidence

regions.

2.5 The mathematical model to predict the ammonia release from the substrate to the digestate
A new first-order kinetic model was proposed with the aim to predict the amount of N-NHs3 released
to the digestate. During an AD process, nitrogen is released to the digestate, as a consequence of
hydrolytic processes, under the two forms of ammonia (NHs) and ammonium ion (NH4"), collectively
called ammonia nitrogen (AN). The relative abundance of each of the two forms is regulated by a pH
and temperature depending equilibrium (pKa = 9.25 at 25 °C, see Supplementary Materials, Section
1, SM1). The assessment of the N-NH3 amount into the digestate is of capital importance for two
main reasons. Firstly, concentrations of N-NH3 higher than 1800 — 2000 mg/L into the digesting

10
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material have an adverse effect on the activity of the acetoclastic methanogenic microorganisms, that
reduce the production of methane [38]. In the ADML the inhibition of methanogens due to free NH3
is modeled as a non-competitive inhibition process [16]. Details concerning the equation and the
default value of the inhibition parameter Kinnz are reported in SM2. Secondly, the liquid phase of the
digestate, after solid — liquid separation, is often recirculated back to the water line, with an evident
impact of the residual AN forms on the mass and energy balances of the biological processes, namely
nitrification and denitrification.

The release of AN (and, depending on the pH, of the N-NHs fraction) to the digestate is limited by
the hydrolysis process, that transforms the feedstock’s proteins, firstly, into amino-acids and, finally,
into AN and VFAs. The “perN-NH3s” parameter was introduced to indicate the ratio between the
maximum amount of N-NHjs that the AD substrate can potentially release to the digestate, and the
amount of VS fed to the digester. A correspondence can be identified between Bo, that is the
maximum amount of producible methane, and “perN-NH3”, that is the maximum amount of

releasable N-NHs. The model is described by Equation 10:

dN-NH3(t) _ 'N-NH3an)(t)  q-N-NH3(t)
dt v v

+perN — NH; - k-VS (10)

Where
N-NHsny, is the concentration (g/m®) of ammoniacal nitrogen into the substrate fed to the digester
N-NHjs is the concentration (g/m®) of ammoniacal nitrogen into the digesting material

The solution of Equation 10 at steady state (SS) is that described by Equation 11:

k-HRT
N — NH3(SS) = N — NHin) + perN — NHs - - VSy, (11)

All the mathematical models used to predict methane production (as in Section 2.4) and NH3 release
from the substrate, were implemented into the graphical programming environment Simulink-
Matlab® (Simulink 9.2, solver method ode23t).

2.6 Energy analysis of future scenarios

The values of Bo and k parameters, obtained from the model application (see Section 2.4), were used
to compare two possible future configurations of the WWTP sludge line (see Figure 1). The energy
balances reported in this section were written with reference to a WWTP’s configuration where the
produced biogas is combusted in combined heat and power (CHP) units with a thermal and electrical
efficiency of 42.4% and 41.9% respectively. However, it should be emphasized that, at the time the
experimentations were carried out, the produced biogas was burned in the CHP engines. Today, 2023,

11
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the biogas produced from the AD is sent to an upgrading and purification unit, which was designed

for biomethane generation.

One-stage AD

HRT =20 d

Two-stage AD

Waste 5
Activoted Mechanical Thermo-atkalt
prethickener Ureatment
Sludge

HRT =10 d

Primary Mechanical
Slrdge pre-thickener

Figure 1. One-stage and two-stage AD sludge treatment line configuration

In the first scenario, thermo-alkali pre-treatments (90°C, 90 min, 4 g NaOH/100 g TS) were
introduced for WAS and the AD process of PS and WAS was carried out in traditional one-stage
digesters. In the second scenario, other than the introduction of the thermo-alkali pre-treatment for
WAS, the AD process was carried out according to a two-stage scheme. The HRT of the modelled
digesters was assumed equal to 20 and 10+10 days for the first and second scenario, respectively. For
both scenarios, the thickening of PS and WAS was considered to be obtained with dynamic
thickeners, that would substitute the gravity thickeners presently used in the WWTP. The heat
recovered from the thermo-alkali pre-treated WAS was used to pre-heat the PS.

Equations 12 and 13 were used to calculate the SMP for the one-stage and two-stage process

respectively.

SMP=(1-——)B, (12)

1+k-HRT

12
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SMP =[1-— — B,  (3)

1+kHRT; 1+kHRT,

The heat amounts involved in the energy analysis of the two scenarios were calculated as in the
follow.

The overall amount of heat, recovered from the biogas combustion in the CHP units, was calculated
as in Equation 14

Q1 = (qps - %VSps - SMPps + quas - %VSwas - SMPyas) * LHVcys -1y (14)

where:

gps = volumetric flow rate of PS, m*/d

%V Sps = concentration of VS into the PS, kg VS/m? PS

SMPps = specific methane production of PS, Nm3 CHa/kg VS

qwas = volumetric flow rate of the WAS, m3/d;

%V Swas = concentration of VS into the WAS, kg VS/m® WAS

SMPwas = specific methane production of WAS, Nm?® CHa/kg VS

LHVcha = lower heating value of methane, 35.259 MJ/Nm?

N1 = efficiency of heat generation of the CHP unit

The generated heat can be used for the thermo-alkali pre-treatment of the WAS, as in Equation 15

QZ — qWAS'CZ'Z(Tp_Tl) (15)

where:

cp = specific heat capacity of sludge, kJ/m3-°C
Tp = temperature of the pre-treatment, °C

T1 = temperature of the environment, °C

n2 = efficiency of heat transfer from the CHP unit to the cold, raw WAS

The heat transferred to the WAS in the pre-treatment process could be efficiently used to support the
AD process, that is to heat the cold PS and compensate the heat losses across the walls and roof of
the digesters. The heat necessary to support the temperature-controlled AD process was calculated as
in Equation 16:

0; = (QPS+QWAS)'C:3'(T2—T1)+n'Qa (16)

where:
T, = temperature of the digestion process, 38°C
n = number of reactors

Qa = heat losses across the walls and roof of digester(s)

13
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ns = efficiency of the heat transfer from the pre-treated WAS to the cold PS;

The system is energy self-sustainable provided that (i) the heat generated from the biogas combustion
(Qu) is sufficient to support the pre-treatment of WAS and (ii) the heat recovered from the pre-treated
WAS (Q3) is sufficient to support the AD of PS and WAS (Qz). The combination of Equations (15)
and (16) allows to calculate the volumetric flow rate of PS that makes the AD process energy self-
sustainable Equation (17):

1

dps = m.{qWAS.[nTp +T,(1—n) _Tz] _n'Qa

Cp

} (17)

3. Results and Discussion

3.1 Validation of the mathematical model to predict the methane production in an AD process
Four long-term, semi-continuous tests were carried out with the aim of validating the mathematical
model proposed in Ruffino et al. [25] and recalled in Section 2.4 of this paper. From the data of
methane production recorded in the first three tests, that involved PS, raw WAS and pre-treated WAS,
the Bo and k parameters were obtained for each substrate. After the calibration phase, the couple of
parameters obtained for each substrate was validated by referring to the trend of VS into the digestate.
Finally, the model was completely validated by using the results of the fourth AD test, that was carried
out with the mixed sludge (PS — pre-treated WAS, 50/50 b.v.).

3.1.1 Tests and model calibration for the single substrates (PS, WAS, pre-treated WAS)

The raw formula of the VS of the two substrates (PS and WAS), the COD/VS ratio and the theoretical
biogas and methane production according to the Buswell equation were calculated from the results
of the elemental composition analysis (C, H, N and O content). The values of the above-mentioned
parameters are reported in Table 3. It can be seen that the theoretical methane production of the two
substrates, B, was equal to 0.62 and 0.52 Nm3/kg VS for PS and WAS, respectively.

Table 3. PS and WAS parameters obtained from the elemental composition analysis

PS WAS
VS raw formula C106H18.204.1N Ce.8H11.8032N
COD/VS (g O2/g VS) 1.76 1.49
Theoretical biogas production (Nm3/kg VS) 1.06 0.96
Theoretical methane production (Nm®/kg VS) 0.62 0.52

14
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Figure 2 shows the evolution of the SMP during the approx. 160-day lasting digestion test that
involved the PS. It can be seen that after approximately 35-40 days a steady value of SMP equal to
0.280 Nm®kg VS was reached. These findings confirmed the results obtained in a previous work
[39].
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Figure 2. Trend of the SMP for PS (test n.1)

Figure 3 shows the combination of the results obtained in the two tests involving raw and thermo-
alkali pre-treated WAS (test n. 2 and n.3, respectively). The whole study had been lasted for approx.
one year. Figure 3 shows that, after a start-up phase lasting approximately two months, the SMP of
the raw WAS reached the steady value of 0.110 Nm®kg VS (HRT = 15 days). That SMP value had
been maintained for approx. 200 days, with an only moderate change in SMP (+ 9%) due to the

increase in the HRT, from 15 to 20 days, that intervened after 169 days from the beginning of the

test.
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Figure 3. Trend of the SMP for raw and thermo-alkali pre-treated WAS (tests n.2 and 3)

As expected, the thermo-alkali pre-treatment (90°C, 90 min, 4 g NaOH/100 g TS) of the WAS

promoted the solubilization of particulate organic matters [40], thus determining an increase in the
15
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sCOD [10]. The observed disintegration rate was in the order of 40% (data not shown), in line with
the values found in the tests carried out at a smaller scale [31]. The pH of the WAS after the pre-

treatment was in the order of 8.5.

Figure 4 shows the detail of the results of the digestion test involving the thermo-alkali pre-treated
WAS (test n.3).
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Figure 4. Details of the digestion test (n.3) involving the thermo-alkali pre-treated WAS: trend of (a)
daily organic loading rate (OLR) (b) daily methane production and total acidity concentration; (c) N-
NHz and pH.

It can be seen from Figures 4a and 4b that the substrate fed at an OLR value of approx. 1.3 kg VS/m3d
(phase “a” of test n.3) determined an evident instability of the system already after 20 days from the
beginning of the test. The daily methane production dropped from 50-60 NL to less than 20 NL. The
instability was due to an increase of the concentration of N-NHs into the digestate, from 1000 mg/L
(the first day of the test) to 1500 mg/L (the 21% day, Figure 4c), that inhibited methanogens thus
determining a reduction in the methane production and an evident accumulation of acidic species
(total VFAS) as observed, for example, in Capson-Tojo et al. [41]. Figure 4a shows that the
concentration of total VFASs rose from approx. 400 mg acetic acid equivalent/L to values of more
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1000 mg acetic acid equivalent/L. Consequently, in order to avoid that the digestion process was
completely compromised, the OLR was decreased by 50%, by mixing the feedstock with an equal
volume of tap water (50:50 by volume). As it can be seen from Figure 3, the digestion process had
been carried out with the dilute feedstock for approx. 100 days, and it evidenced a SMP of 0.230
Nm3/kg VS, approx. 110% more than the value observed for the raw WAS.

As shown by the Figures provided in SM3, the daily production of methane of the three substrates
was heavily affected by the frequency of the digester feeding. In fact, it was not possible to keep the
HRT at a constant value, because the digester was fed only five days per week. Consequently, it was
verified whether, with the aid of the first order kinetic model described in Section 2.4, the raw data
collected from the experimentation could be used to provide a complete description of the AD
process, in terms of Bo and k. In fact, the raw data alone cannot be considered sufficient to quantify
the substrate production at a fixed HRT.

The data of methane production obtained from the long-term, semi continuous tests were fit with the
first order kinetic model described in Section 2.4. In the phase of model calibration, the optimal set
of Bo and k values were found by minimizing the objective function J. Details concerning the calculus
of the two parameters, namely the number of experimental data used for the model calibration and
the range of the values into which the optimal values of Bo and k were searched for are reported in
SM4. A very good agreement between the experimental and the calculated data was obtained, as
shown in Figure 5a, 5b and 5c for the PS, raw and pre-treated WAS.
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Figure 5. Daily and cumulative volumes of methane produced during the AD test involving the PS

(a, test n. 1), the raw WAS (b, test n. 2) and the pre-treated WAS (c, test n. 3)
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The model parameters that characterized the three substrates, PS, WAS and thermo-alkali treated
WAS, namely Bo, k and biodegradability () are reported in Table 4.

Table 4. Values of the Bo and k parameters and biodegradability (Y) for the three substrates, PS, WAS
and thermo-alkali treated WAS

Bo k Y
Substrate (Nm® CHa/kgVs) (1/d) %)
Primary sludge 0.300 + 0.000 0.520 + 0.040 490
Raw WAS 0.147 £ 0,000 0.085 * 0.000 28 + 0
Pre-treated WAS 0.250 + 0.000 0.465 * 0.020 28+ 0

It can be seen from the figures of Table 4 that, the SMP obtained in the experimental test for the PS,
equal to 0.280 Nm?®/kg VS, approached the value obtainable from an AD process of infinite duration,
being the difference between the experimental SMP and Bo of only 7%. The biodegradability was in
the order of 50%. The effect of the thermo-alkali pre-treatment on WAS was not only an increase in
the amount of biodegradable organic matter, from 28% to 48%, and, consequently, in the produced
methane (Bo, + 70%), but, above all, an increase in the rate at which the substrate was made available
for the digestion process (k, + 447%). An increase in the k allows the AD process to be performed
with shorter HRTs and, consequently, with smaller reactors [42]. It was evident that the thermo-alkali
pretreatment modified the behavior of the WAS in an AD process, thus making it quite similar to that
of PS, in terms of biodegradability and biogas potential production.

The results predicted by the model for the pre-treated WAS make the introduction of the thermo-
alkali pre-treatment in the sludge line of the Castiglione Torinese WWTP a promising and beneficial
option. Oosterhuis et al. [43] obtained similar results after the introduction of a pilot-scale Cambi
thermo-hydrolysis process, running at 165°C and 6 bars for 20 minutes, at the Hengelo WWTP (The
Netherlands). They observed an increase in the Y parameter from 26% to 42% after WAS pre-
treatment. In the present study, the pre-treatment carried out in less severe conditions (90°C, 30 min,
in the presence of NaOH) determined an increase in the substrate biodegradability (Y) from 28% to
48%. Gianico et al. [44] observed values of the maximum methane production parameter (Bo) of
0.154 Nm® CHa/kgVs, for raw WAS, and of 0.223 Nm® CHa/kgV'S for the WAS after a thermal lysis
process (134°C, 3 bars, 30 min). Gianico et al. [44] carried out the pre-treatment under conditions
that were milder than those of a typical thermo-hydrolysis process. It can be seen that the values by
Gianico et al. [44] were very similar to those found in this study. Recently, Guerrero Calderon et al.
[42] demonstrated that a free nitrous ammonia pre-treatment could increase the rate of hydrolysis (k)
of WAS from 22-33% to 54-66%, depending on the presence of primary treatments in the water line

of a WWTP. They observed k values of 0.20 d* for raw WAS and of 0.28 — 0.34 d! for treated WAS.
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The thermo-alkali pre-treatment carried out in this study seemed to have a larger /more intense impact
on the rate at which the organic substrate was made available for the AD process. He et al. [45] tested
a pre-treatment method based on the reflux of the digestion liquid back to the WAS digestion unit
(pH 9.5 for 24 h). The extent of the maximum methane production parameter (Bo) found by He et al.
[45] (282.5 mL/gVS) was quite close to that of this study (0.250 NmL/g VS). Finally, Kim et al. [46]
evaluated the potential of a series of lower (< 100°C) and higher (> 100°C) thermal pre-treatments
applied to samples of dewatered sludge collected from a municipal WWTP and a brewery WWTP in
Hongcheon, South Korea. The study demonstrated that thermal pre-treatments (mainly carried out at
high temperatures) had a very good capacity in improving the methane production of the substrate
(+81% with respect the control), but their potentiality was in general lower than that of the

combination of milder temperatures and alkali substances.

3.1.2 Model validation for the single substrates (PS, WAS, pre-treated WAS)

After the calibration, the model was validated for each of the three substrates by using the VS
remaining into the digestate after the digestion process. The phase of model validation made use of a
strong hypothesis, that is that the nature and composition of the biodegradable VS was the same of
non-biodegradable VS. Therefore, also the COD/VS ratio for both biodegradable and non-
biodegradable organic matter was the same. The model validation consisted in the comparison of the
daily amount of VS found in the digestate with the daily amount of VS predicted by the model. Figure
6 shows a very good agreement between the experimental and calculated data. The error values
between the sets of experimental and predicted data were equal to 7.3 %, 1.3% and 1.8% for PS, raw
WAS and thermo-alkali WAS respectively.
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Figure 6. Daily digestate VS concentrations and cumulative discharged VS during the semi-
continuous AD tests involving the PS (a, test n.1), raw WAS (b, tests n.2) and treated WAS (c, tests
n.3).

3.1.3 Model validation for the mixed sludge and assessment of WWTP’s new configurations

The model, calibrated and preliminary validated as described in Sections 3.1.1 and 3.1.2, was further
validated by using the results of the fourth AD test, carried out with the mixed sludge, 50/50 b.v. PS
and pre-treated WAS. Figure 7 shows the daily and cumulative volumes of methane produced during

the AD test.

Daily methane production Mixed Sludge . Experimental  Cumulative methane production - Mixed Sludge . Experimental
——————— Model ======- Model
80 4,500
&
70 4,000 o
o
. &
3,500
I = ‘ ; &
Noa R hog b ki &
o b " 0 \ " ‘.-, H 3000 P
1y N kg pl) l‘ P s g g0 ’ -
SO Wy Yy by g e gyt P, N e
IR A R N R A &
< I T I R R A A R A N B A <« e
Tl niaan iR T 2500 &
U4o|:'.}:,"|.' AR iy -I','ul-'l;:::m:: :"n”: @] &
e [ | LN I A A B | H (] HE g -
= [T R A T A AT VA R T AR = 2,000 £
R Bt R RIRHE R R A HE J»
0w A I I RO R AR TR L &
! " ] ] (] [} Zn
BRI IR R &
R AL N A #
20 Ve 'u' v s
(N} H [] \ 1,000 o
(N H ' =
\ 3
10
H 500 41-""-
&
0 0 &
0 10 20 30 40 50 60 70 8 90 100 110 0 10 20 30 40 50 6 70 8 90 100 110
Days Days

Figure 7. Daily and cumulative volumes of methane produced during the AD test involving the mixed

sludge (test n. 4)

Values of Bo and k found individually for the PS and the pre-treated WAS were used to predict the
methane production of a digester with an HRT of 20 days fed with the mixed sludge. The error values
of only 1.1% between the sets of experimental and predicted data, as in Figure 7, demonstrated that
the proposed model was robust and could be successfully used even to predict the production of
methane from an AD process where the feedstock was a mixture of substrates.

The model, with the key parameters Bo and k, obtained as described in Sections 3.1.1 and 3.1.2 and
listed in Table 4, was used to compare the two possible future configurations of the WWTP sludge
line described in Section 2.6. The two novel configurations include the introduction of the thermo-
alkali pre-treatment on WAS and a one-stage or two-stage digestion scheme.

The results of the calculations demonstrated that the introduction of the thermo-alkali pre-treatment

determined an increase in the methane production from the digestion of WAS of 144% and 167%,
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for the one-stage and two-stage plant’s configuration, respectively. Considering that WAS represents
only 36% of the TS fed to the WWTP digesters, the increase in the total methane production from the
AD process was of 25% and 34% for the one-stage and two-stage configuration respectively.

The data reported in Figure 8 were calculated by referring to the energy analysis carried out as
described in Section 2.6. Figure 8 shows the ranges of TS concentration in PS and WAS that make
the digestion processes carried out at the WWTP under one-stage (left) or two-stage (right) scheme
self-sustainable on a thermal point of view. The position and the amplitude of each zone depends on
the TS content of the two sludge and on the efficiency in heat transfer from the CHPs to the WAS.
As expected, low TS contents for both sludges, in the order of 4%, require a high heat transfer
efficiency. Conversely, high thickening performances, capable to produce substrates with a TS
content of 7% or more, can tolerate/admit lower heat transfer efficiencies.
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Figure 8. Ranges of TS concentration in PS and WAS that make the digestion processes carried out

at the WWTP under one-stage (left) or two-stage (right) scheme thermally self-sustainable

3.2 Effect of the thermo-alkali pre-treatments on the ammoniacal nitrogen release

3.2.1 Validation of the mathematical model to predict the N-NH3 release to the digestate

The concentration values of N-NHjs into the digestate, coming from the two long-term digestion tests
that involved the raw and pre-treated WAS, were used to calibrate the model presented in Section
2.5. The searched value for that model was the “perN-NH3” parameter, that depends on both the
composition of the substrate and the amount of VS fed to the digester. Details on the number of
experimental data used for the model calibration and the range of the values into which the optimal
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value of “perNH3” was searched for are reported in SM4. Table 5 lists the values found for the “perN-

NHs” parameter for the digestion tests involving either raw or pre-treated WAS.

Table 5. Parameters used to calibrate the model predicting the ammonia release to the digestate and

values of the “perNH3” parameter

Number of Range of “perN-NH3” “perN-NH3z”
experimental data (9 N-NH3/ g VSted) (9 N-NH3 / g VSteq)
WAS 5 0.0-0.1 (step 0.0005) 0.0475 £ 0.0025
Pre-treated WAS 16 0.0-0.1 (step 0.0005) 0.0655 + 0.0025

The thermo-alkali pre-treatment, carried out on WAS, determined not only an increase in the Bo and
k parameters, as reported in Section 3.1.1, but also in the capacity of the substrate to release N-NH3
to the digestate (see Table 5). In fact, the “perN-NH3” parameter increased from 4.75% to 6.55%
when the pre-treatment was applied. These findings are in line with the results of previous studies.
Chen et al. [7] evidenced an increase in TN, in the supernatant of a pre-treated WAS, from 40.50
mg/L to 112.27 mg/L, 143.84 mg/L, and 248.94 mg/L after alkali, microwave irradiation and
ultrasonication pre-treatment, respectively. Specifically, the addition of NaOH used in an alkali pre-
treatment could determine a reaction of saponification between the alkali agent and phospholipids,
that is the main component of cell membranes, thus disrupting the cell and determining the release of
intracellular constituents such as proteins [7].

The developed model, calibrated with the parameters Bo, k and “perN-NHz3” found in the experimental
tests, was used to predict (i) the production of methane (SMP, Nm®kg VS), (ii) the consumption of
biodegradable solids (VSeffiuent/VVSted) and (iii) the release of ammonia (“perN-NH3”
gNHseffluent/kg VSreq) in full-scale AD processes, involving raw or pre-treated WAS. The HRT
values considered in the AD processes were of 14.8 days, that is the value at which the digestion of
WAS in the Castiglione Torinese WWTP was carried out during the experimental period, and 20.0
days, that is the value used for the tests of this study. Table 6 details the results obtained from the

application of the model.
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Table 6. Results obtained from the application of the model predicting the methane production and

ammonia release to the digestate

One-stage AD Two-stage AD

Raw WAS | Raw WAS tWAS Raw WAS tWAS
HRT (d) 14.8 20.0 20.0 10+10 10+10
SMP (Nm?® CHa/kg VS) 0.083 0.093 0.225 0.104 0.242
V Seffiuent/V Sted 0.84 0.82 0.55 0.80 0.54
NV Seftiuent/ NV Sred 1.0 1.0 1.0 1.0 1.0
perN-NH3
(GN-NH4" /kg VSreq) 26.5 29.9 59.1 33.6 63.4

As it can be seen from the values of Table 6, the introduction of a thermo-alkali pre-treatment on the
WAS in the sludge line of the Castiglione Torinese WWTP, at the present HRT value (14.8 days),
could be of benefit for the methane production, that would increase by 175%. The results listed in
Table 6 show that a larger amount of VS was consumed, with a decrease in the residual VS content
of the digestate from 84% to 54% (two-stage AD scenario). It can also be seen that, especially for the
scenario that considers the implementation of the pre-treatments, the increase of HRT from 14.8 to
20.0 days had a very limited impact on the SMP and VS consumption.

Furthermore, according to the data of Table 6, it can be seen that the pre-treatment determined an
increase of the amount of N-NHjs released to the digestate of more than 100% (123% at an HRT of
20 days and 139% at the same value of HRT but with a two-stage AD). As a consequence of that, the
managers of the WWTP should carefully assess if the existing biological processes intended to
nitrogen removal in the water line can cope with the increase in the AN load due to the implementation
of pre-treatments in the sludge line. Otherwise, on-purpose made treatments for the reduction of the
nitrogen load, such as a side-stream Anammaox, should be considered.

It can be estimated that the electric energy necessary to remove the extra amount of AN, due to the
introduction of the pre-treatment, in the water line through a nitrification — denitrification process
increased from 129 kW to 254 kW, for the one-stage AD scenario (HRT = 20 days), and from 145
kW to 273 kW, for the two-stage AD scenario (HRT = 10+10 days). These values were obtained by
referring to the unit electric power demand for nitrogen removal in the water line, equal 4.0 kWh/kg
N, as reported in [47]. Whether it was possible to treat the AN in the liquid fraction of the digestate
with a dedicated, side stream process, such as an Anammox process, the electric energy demand for
the nitrogen removal would be in the order of 48 kW for the present situation, and of approx. 105-
114 kW considering a future introduction of thermo-alkali pre-treatments. At Castiglione Torinese
WWTP, SMAT recently introduced a DEMON process treating the reject water of sludge dewatering

after AD. The process, based on partial nitritation and anaerobic ammonium oxidation carried out by
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anammox bacteria, is particularly efficient in treating high nitrogen load streams and less energy

intensive than the traditional nitrification-denitrification scheme.

Conclusions
This study demonstrated that:

e first-order models could overcome the limitations due to discontinuity in experimentation and
provide reliable parameters (Bo, k, “perN-NHz3”) to describe the production of gas and the
release of ammonia to the digestate when changes are introduced in existing WWTPs;

e secondly, low-temperature thermo-alkali pre-treatments could achieve comparable results, in
terms of methane production (Bo) and velocity at which the substrate was made available for
AD process (k), of some commercial, high-energy demanding treatments (e.g. Cambi).
Specifically, the introduction of the thermo-alkali pre-treatment determined an increase in the
methane production from WAS of 144% and 167%, for a one-stage and a two-stage digestion
configuration respectively;

e finally, the issue concerning the ammonia release is very worthy to being investigated
because, after pre-treatment, the cost for nitrogen removal in the water line, through traditional

processes of nitrification — denitrification, could increase even by 139%.

Acknowledgements

This research was funded by SMAT, Societa Metropolitana Acque Torino.

The authors wish to thank Giovanna Zanetti for CHN analyses, and Eugenio Lorenzi for the support
in the experimental activity. The Environmental Chemistry and Biological Labs from DIATI,
Politecnico di Torino, are acknowledged for providing the instrumental resources for the study.

CRediT author statement

Giuseppe Campo: conceptualization, methodology, software, validation, formal analysis,
investigation, writing — original draft, writing — review & editing, visualization; Alberto Cerutti:
conceptualization, methodology, validation, investigation; Mariachiara Zanetti: conceptualization,
writing — review & editing, supervision, project administration, funding acquisition; Margherita De
Ceglia: investigation, resources, writing — review & editing; Gerardo Scibilia: conceptualization,
validation, resources, writing — review & editing, supervision, project administration; Barbara
Ruffino: conceptualization, methodology, validation, writing — original draft, writing — review &
editing, supervision, project administration.

26



651

652
653

654
655

656
657
658

659
660
661
662
663

664
665
666
667

668
669
670

671
672
673

674
675
676
677

678
679
680

681
682
683

684
685
686

687
688
689
690

691
692
693

References

1.

10.

11.

12.

13.

Neczaj E., Grosser A., 2018. Circular Economy in Wastewater Treatment Plant—Challenges
and Barriers. Proceedings, 2, 614, https://doi.org/10.3390/proceedings2110614

Sarpong G., Gude V.G., 2020. Near Future Energy Self-sufficient Wastewater Treatment
Schemes. Int J Environ Res, 14, 479-488, https://doi.org/10.1007/s41742-020-00262-5

Xu Y., Lu Y., Zheng L., Wang Z., Dai X., 2020. Perspective on enhancing the anaerobic
digestion of waste activated sludge. J. Hazard. Mater.,, 389, 121847,
https://doi.org/10.1016/j.jhazmat.2019.121847

Arhouna B., Villen-Guzmana M., EIMailb R., Gomez-Lahoza C., 2021. Anaerobic
codigestion with fruit and vegetable wastes: An opportunity to enhance the sustainability and
circular economy of the WWTP digesters, Chapter 4. In: Tyagi V., Aboudi K. Eds., Clean
Energy and Resources Recovery, Elsevier, pp. 103-132, ISBN 9780323852234,
https://doi.org/10.1016/B978-0-323-85223-4.00015-4.

Jiang Y., Xie S.H., Dennehy C., Lawlor P.G., Hu Z.H., Wu G.X., Zhan X.M., Gardiner G.E.,
2020. Inactivation of pathogens in anaerobic digestion systems for converting biowastes to
bioenergy: A review. Renew. Sust. Energ. Rev., 120, 109654,
https://doi.org/10.1016/j.rser.2019.109654

Martin-Hernandez E., Martin M., 2022. Anaerobic digestion and nutrient recovery, Chapter
6. In Martin M. Ed., Sustainable Design for Renewable Processes, Elsevier, 2022, pp. 239-
281, ISBN 9780128243244, https://doi.org/10.1016/B978-0-12-824324-4.00017-2

Chen J., Li J., Zhang X., Wu Z., 2020. Pretreatments for enhancing sewage sludge reduction
and reuse in lipid production. Biotechnol. Biofuels, 13, 204, https://doi.org/10.1186/s13068-
020-01844-3

Guo H., Yao H.Y., Huang Q.Q., Li T., Show D.Y., Ling M., Yan Y.G., Show K.Y ., Lee D.J.,
2023. Anaerobic-anoxic—oxic biological treatment of high-strength, highly recalcitrant
polyphenylene  sulfide  wastewater,  Bioresource  Technol, 371, 128640,
https://doi.org/10.1016/j.biortech.2023.128640

Wu S.L., Wei W., Ni B.J., 2021. Enhanced methane production from anaerobic digestion of
waste activated sludge through preliminary pretreatment using calcium hypochlorite. J.
Environ. Manage., 295, 113346. https://doi.org/10.1016/].jenvman.2021.113346

Zheng T., Zhang K., Chen X., Ma Y., Xiao B., Liu J., 2021. Effects of low- and high-
temperature thermal-alkaline pretreatments on anaerobic digestion of waste activated sludge.
Bioresour. Technol., 337, 125400. https://doi.org/10.1016/].biortech.2021.125400

Wang X., Jiang C., Wang H., Xu S., Zhuang X, 2023. Strategies for energy conversion from
sludge to methane through pretreatment coupled anaerobic digestion: Potential energy loss or
gain, J. Environ. Manag, 330, 117033, https://doi.org/10.1016/j.jenvman.2022.117033

Flores-Alsina X., Ramin E., Ikumi D., Harding T., Batstone D., Brouckaert C., Sotemann S.,
Gernaey K.V., 2021. Assessment of sludge management strategies in wastewater treatment
systems using a  plant-wide  approach,  Water  Res., 190, 116714,
https://doi.org/10.1016/j.watres.2020.116714

Liu J., Smith S.R., 2020. A multi-level biogas model to optimise the energy balance of full-
scale sewage sludge conventional and THP anaerobic digestion. Renew. Energy, 159, 756-
766. https://doi.org/10.1016/j.renene.2020.06.029

27


https://doi.org/10.3390/proceedings2110614
https://doi.org/10.1007/s41742-020-00262-5
https://doi.org/10.1016/j.jhazmat.2019.121847
https://doi.org/10.1016/j.rser.2019.109654
https://doi.org/10.1186/s13068-020-01844-3
https://doi.org/10.1186/s13068-020-01844-3
https://doi.org/10.1016/j.biortech.2023.128640
https://doi.org/10.1016/j.jenvman.2021.113346
https://doi.org/10.1016/j.biortech.2021.125400
https://doi.org/10.1016/j.jenvman.2022.117033
https://doi.org/10.1016/j.watres.2020.116714

694
695
696

697
698
699
700

701
702
703

704
705
706
707

708
709
710

711
712
713
714

715
716
717
718

719
720
721

722
723
724
725

726
727
728

729
730
731

732
733
734
735

736
737
738
739

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Tsui T.H., van Loosdrecht M.C.M., Dai Y., Tong Y.W., 2023. Machine learning and circular
bioeconomy: Building new resource efficiency from diverse waste streams, Bioresource
Technol, 369, 128445, https://doi.org/10.1016/].biortech.2022.128445

Arroyo C.B., Mendez-Acosta H.O., Garcia-Sandoval J.P., Leal-Ascencio T., Hernandez-
Martinez E., 2023. A simple unstructured kinetic model for anaerobic treatment of a class of
agro-industrial waste. J Chem Technol Biotechnol. 98, 257-268,
https://doi.org/10.1002/jctb.7242

Batstone D.J., Vavilin V.A., Keller J., Angelidaki I., Kalyuzhnyi S.V., Pavlostathis S.G.,
Rozzi A., Sanders W.T.M., Siegrist H., Vavilin V.A., 2002. The IWA anaerobic digestion
model no 1 (ADM1). Water Sci. Technol. 45, 65 LP-73

Ge Y., Tao J., Wang Z., Chen C., Mu L., Ruan H., Rodriguez Yon Y., Su H., Yan B., Chen
G., 2023. Modification of anaerobic digestion model No.1 with Machine learning models
towards applicable and accurate simulation of biomass anaerobic digestion, Chemical
Engineering Journal, 454 (3), 140369, https://doi.org/10.1016/j.cej.2022.140369

Bechara R., 2022. Improvements to the ADM1 based Process Simulation Model: Reaction
segregation, parameter estimation and process optimization, Heliyon, 8 (12), e11793,
https://doi.org/10.1016/j.heliyon.2022.e11793.

Tolessa A., Goosen N.J., Louw T.M., 2023. Probabilistic simulation of biogas production
from anaerobic co-digestion using Anaerobic Digestion Model No. 1: A case study on
agricultural residue, Biochemical Engineering Journal, 192, 108810,
https://doi.org/10.1016/j.bej.2023.108810

Ohale P.E., Ejimofor M.l., Onu C.E., Abonyi M., Ohale N.J., 2023. Development of a
surrogate model for the simulation of anaerobic co-digestion of pineapple peel waste and
slaughterhouse wastewater: Appraisal of experimental and kinetic modeling, Environmental
Advances, 11, 100340, https://doi.org/10.1016/j.envadv.2022.100340

Henrotin A., Hantson A.L., Dewasme L., 2023. Dynamic modeling and parameter estimation

of biomethane production from microalgae co-digestion. Bioprocess and Biosystems
Engineering, 46, 129-146. https://doi.org/10.1007/s00449-022-02818-5

Abdel daiem M.M., Hatata A., Said N., 2022. Modeling and optimization of semi-continuous
anaerobic co-digestion of activated sludge and wheat straw using Nonlinear Autoregressive
Exogenous neural network and seagull algorithm, Energy, 241, 122939,
https://doi.org/10.1016/j.energy.2021.122939

Gupta S., Patel P., Mondal P, 2022. Biofuels production from pine needles via pyrolysis:
Process parameters modeling and optimization through combined RSM and ANN based
approach, Fuel, 310, Part A, 122230, https://doi.org/10.1016/j.fuel.2021.122230.

Parthiban A., Sathish S., Suthan R., Sathish T., Rajasimman M., Vijayan V., Jayaprabakar J.,
2023. Modelling and optimization of thermophilic anaerobic digestion using biowaste,
Environmental Research, 220, 115075, https://doi.org/10.1016/j.envres.2022.115075.

Ruffino B., Cerutti A., Campo G., Scibilia G., Lorenzi E., Zanetti M., 2020b. Thermophilic
vs. mesophilic anaerobic digestion of waste activated sludge: Modelling and energy balance
for its applicability at a full scale WWTP. Renew Energy 156, 235-248.
https://doi.org/10.1016/j.renene.2020.04.068

Tamang P., Tyagi V.K., Gunjyal N., Rahmani A.M., Singh R., Kumar P., Ahmed B., Tyagi
P., Banu R., Varjani S., Kazmi A.A., 2023. Free nitrous acid (FNA) pretreatment enhances
biomethanation of lignocellulosic agro-waste (wheat straw), Energy, 264, 126249,
https://doi.org/10.1016/j.energy.2022.126249

28


https://doi.org/10.1016/j.biortech.2022.128445
https://doi.org/10.1002/jctb.7242
https://doi.org/10.1016/j.cej.2022.140369
https://doi.org/10.1016/j.heliyon.2022.e11793
https://doi.org/10.1016/j.bej.2023.108810
https://doi.org/10.1016/j.envadv.2022.100340
https://doi.org/10.1007/s00449-022-02818-5
https://doi.org/10.1016/j.energy.2021.122939
https://doi.org/10.1016/j.fuel.2021.122230
https://doi.org/10.1016/j.envres.2022.115075
https://doi.org/10.1016/j.renene.2020.04.068
https://doi.org/10.1016/j.energy.2022.126249

740
741
742

743
744
745

746
747
748
749

750
751
752
753

754
755
756
757

758
759
760

761
762
763

764
765

766
767
768
769

770
771
772
773

774
775

776
777

778
779
780
781

782
783

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wei W., Zhou X., Wang D., Sun J., Wang Q., 2017. Free ammonia pre-treatment of secondary
sludge significantly increases anaerobic methane production. Water Res., 118, 12-19.
http://dx.doi.org/10.1016/j.watres.2017.04.015

Astals S., Peces M., Batstone D.J., Jensen P.D., Tait S., 2018. Characterising and modelling
free ammonia and ammonium inhibition in anaerobic systems. Water Res., 143, 127-135.
https://doi.org/10.1016/j.watres.2018.06.021

Alejo L., Atkinson J., Guzman-Fierro V., Roeckel M., 2018. Effluent composition prediction
of a two-stage anaerobic digestion process: machine learning and stoichiometry techniques
Environmental Science and Pollution Research 25, 21149-21163
https://doi.org/10.1007/s11356-018-2224-7

Borzooei S., Campo G., Cerutti A., Meucci L., Panepinto P., Ravina M., Riggio V., Ruffino
B., Scibilia G., Zanetti M.C. 2020. Feasibility analysis for reduction of carbon footprint in a
wastewater treatment plant. J. Clean. Prod., 271, 122526
https://doi.org/10.1016/j.jclepro.2020.122526

Ruffino B., Campo G., Cerutti A., Zanetti M.C., Lorenzi E., Scibilia G., Genon G., 2016.
Preliminary Technical and Economic Analysis of Alkali and Low Temperature Thermo-alkali
Pretreatments for the Anaerobic Digestion of Waste Activated Sludge. Waste Biomass Valor.
7,667-675. DOI 10.1007/s12649-016-9537-X

Fiore S., Ruffino B., Campo G., Roati C., Zanetti M.C., 2016. Scale-up evaluation of the
anaerobic digestion of food-processing industrial wastes. Renew Energ, 96, 949-959,
https://doi.org/10.1016/j.biortech.2015.02.021

APHA, AWWA, WEF, 2012. Standard Methods for the Examination of Water and
Wastewater, 22st ed., Washington: American Public Health Association, ISBN 978-087553-
013-0

Roeleveld P.J., van Loosdrecht M.C., 2002. Experience with guidelines for wastewater
characterisation in The Netherlands. Water Sci. Technol., 45 (6), 77-87.

van Lier J.B., Mahmoud N., Zeeman G., 2008. Anaerobic wastewater treatment. In: Biological
Wastewater Treatment. Principles modeling and Design. Chapter 16, Henze M., van
Loosdrecht M.C.M., Ekama G.A., Brdjanovic D. eds. ISBN: 9781843391883. IWA
Published London UK

Zhen G., Lu X., Kato H., Zhao Y., Li Y.Y., 2017. Overview of pretreatment strategies for
enhancing sewage sludge disintegration and subsequent anaerobic digestion: current
advances, full-scale application and future perspectives. Renew. Sust. Energ. Rev., 69, 559—
577. https://doi.org/10.1016/j.rser.2016.11.187

Batstone D.J., Pind, P.F., Angelidaki I., 2003. Kinetics of Thermophilic, Anaerobic Oxidation
of Straight and Branched Chain Butyrate and Valerate. Biotechnol Bioeng 84 (2), 195-204

Yenigln O., Demirel B., 2013. Ammonia inhibition in anaerobic digestion: A review. Process
Biochem., 48, 5-6, 901-911, https://doi.org/10.1016/j.prochio.2013.04.012

Ruffino B., Campo G., Cerutti A., Scibilia G., Lorenzi E., Zanetti M.C. 2020a. Comparative
analysis between a conventional and a temperature-phased anaerobic digestion system:
Monitoring of the process, resources transformation and energy balance. Energy Convers.
Manag. 223, 113463. https://doi.org/10.1016/j.enconman.2020.113463

Pilli, S., More, T., Yan, S., Tyagi, R.D., Surampalli, R.Y., 2015. Anaerobic digestion of
thermal pre-treated sludge at different solids concentrations: computation of mass energy

29


https://doi.org/10.1007/s11356-018-2224-7
https://doi.org/10.1016/j.jclepro.2020.122526
https://doi.org/10.1016/j.rser.2016.11.187
https://doi.org/10.1016/j.procbio.2013.04.012
https://doi.org/10.1016/j.enconman.2020.113463

784
785

786
787
788

789
790
791
792

793
794
795

796
797
798
799

800
801
802
803

804
805
806
807

808
809
810
811
812
813
814

41.

42.

43.

44,

45.

46.

47.

balance and greenhouse gas emissions. J. Environ. Manag. 157, 250-261.
https://doi.org/10.1016/j.jenvman.2015.04.023

Capson-Tojo G., Moscoviz R., Astals S., Robles A., Steyer J.P., 2020. Unraveling the
literature chaos around free ammonia inhibition in anaerobic digestion. Renew. Sust. Energ.
Rev. 117, 109487, https://doi.org/10.1016/j.rser.2019.109487

Guerrero Calderon A., Duan H., Seo K.Y., Macintosh C., Astals S., Li K., Wan J., Li H.,
Maulani N., Lim Z.K., Yuan Z., Hu S., 2021. The origin of waste activated sludge affects the
enhancement of anaerobic digestion by free nitrous acid pre-treatment. Sci Total Environ.,
795, 148831, https://doi.org/10.1016/j.scitotenv.2021.148831

Oosterhuis M., Ringoot D., Hendriks A., Roeleveld P., 2014. Thermal hydrolysis of waste
activated sludge at Hengelo Wastewater Treatment Plant, The Netherlands. Water. Sci.
Technol., 70, 1-7. https://doi.org/10.2166/wst.2014.107

Gianico A., Braguglia C.M., Cesarini R., Mininni G., 2013. Reduced temperature hydrolysis
at 134°C before thermophilic anaerobic digestion of waste activated sludge at increasing
organic load. Bioresource Technol., 143, 96-103,
http://dx.doi.org/10.1016/j.biortech.2013.05.069

He D., Xiao J., Wang D., Liu X., Fu Q., Li Y., Du M., Yang Q., Liu Y., Wang Q., Ni B.J,,
Song K., Cai Z., Ye J., Yu H., 2021. Digestion liquid based alkaline pretreatment of waste
activated sludge promotes methane production from anaerobic digestion, Water Res., 199,
117198, https://doi.org/10.1016/j.watres.2021.117198

Kim G.B., Cayetano R.D.A., Park J., Jo Y., Jeong S.Y., Lee M.Y., Pandey A., Kim S.H.,
2022. Impact of thermal pretreatment on anaerobic digestion of dewatered sludge from
municipal and industrial wastewaters and its economic feasibility. Energy, 254-B, 124345,
https://doi.org/10.1016/j.energy.2022.124345

Novarino D., Moderna C., 2021. Depurazione SMAT, Castiglione Torinese - Po Sangone:
Ottimizzazione performance depurative ed energetiche di un sistema impiantistico complesso.
Proceedings of “Il servizio pubblico della distribuzione in relazione ai cambiamenti”,
Codegno (TV), Italy, 22-23/09/2021, in Italian, available at:
https://www.slideshare.net/serviziarete/depuratore-smat-castiglione-torinese-po-sangone-
ottimizzazione-performance-depurative-ed-energetiche-di-un-sistema-impiantistico-
complesso, last accessed Oct 26, 2022

30


https://doi.org/10.1016/j.scitotenv.2021.148831
https://doi.org/10.1016/j.watres.2021.117198
https://doi.org/10.1016/j.energy.2022.124345
https://www.slideshare.net/serviziarete/depuratore-smat-castiglione-torinese-po-sangone-ottimizzazione-performance-depurative-ed-energetiche-di-un-sistema-impiantistico-complesso
https://www.slideshare.net/serviziarete/depuratore-smat-castiglione-torinese-po-sangone-ottimizzazione-performance-depurative-ed-energetiche-di-un-sistema-impiantistico-complesso
https://www.slideshare.net/serviziarete/depuratore-smat-castiglione-torinese-po-sangone-ottimizzazione-performance-depurative-ed-energetiche-di-un-sistema-impiantistico-complesso

