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Highlights

e A comparison between mesophilic and thermophilic digestion was carried out

e A first-order rate reaction was used to model experimental data, Bo and k were obtained
e The model was calibrated on one scale (44 L) and validated on a larger scale (240 L)

e A thermophilic process can successfully substitute a pre-treatment of mechanical nature

e Heat exchange practices allow to work with low TS content and save natural gas



Abstract

Sewage sludge produced in WWTPs are currently digested in mesophilic anaerobic digestion (AD)
processes with the aim of recovering heat and electricity. However, often, the low biodegradability of
waste activated sludge (WAS) limits the complete thermal self-sustainability of the process. This study
presents the results of AD tests carried out on WAS in semi-continuous reactors (44 L and 240 L) in
mesophilic (38 °C) and thermophilic (55 °C) thermal regimes. The hydraulic retention time (HRT) was
20 days and the organic loading rate (OLR) of 1 kg VS/m*-d in all tests. The tests returned a specific
methane production (SMP) of 0.120 Nm?3/kg VS added for the mesophilic process (240 L reactor) and
SMPs of 0.188 and 0.176 Nm®/kg V'S added for the tests carried out under the thermophilic regime in 44
L and 240 L, respectively. Experimental data were modelled with a first-order rate reaction, where By,
that is the SMP after an infinite HRT, and k, the hydrolysis constant, were the key parameters. Bo and k
were found equal to 0.147 Nm®/kg VS and 0.08 d* respectively, for the mesophilic process, and to 0.218
Nm3kg VS and 0.350 d* for the thermophilic process. For the thermophilic process, the model was
calibrated with the data from the 44 L reactor and validated with those from the 240 L reactor. An error
of only 1% resulted. Finally, it was demonstrated that a full-scale digestion scheme, where primary and
secondary sludge were digested separately, in mesophilic and thermophilic conditions respectively, and
the heat of the digestates was used to heat the cold sludge, allowed to carry out the process with a

complete thermal self-sustainability already at a sludge TS content of 3%.
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1. Introduction

In the view of a transition from the traditional concept of wastewater treatment plant (\WWTP) to a water
resource recovery facility (WRRF), anaerobic digestion (AD) of sewage sludge generated in the WWTP
plays a crucial role. In fact, AD is a technology that offers several advantages, including the stabilization
of biodegradable fractions, the reduction of greenhouse gas emissions associated with sludge landfilling,
and the production of renewable energy in the form of heat and electricity. Finally, digested sludge can
become a valuable agricultural soil conditioner and a source of slow-release nutrients and microelements
[1, 2].

However, the low biodegradability of waste activated sludge (WAS) is a strong limitation to the
conversion of volatile solids (VSs) to methane [3]. In fact, most of the biodegradable substrate is either
enclosed inside the microbial cell wall or enmeshed in an extracellular polymeric matrix [4, 5]. Pre-
treatments of several types (mechanical, thermal, chemical or a combination of them) are recognized to
be useful to overcome this limitation [6]. Also increases in the temperature of the digestion process,
shifting the thermal regime from mesophilic to thermophilic conditions, have been demonstrated to be
capable of enhancing metabolism kinetics and the degradation rates of sewage sludge [7]. That means
that more biogas could be obtained faster. Thermophilic digestion can therefore be a good choice for
reducing VSs and deactivating pathogens in the treatment of WAS and organic waste [8]. However, the
high rate of hydrolysis and acidification, that leads to the accumulation of VFAs, can inhibit the activity
of methanogens and potentially decreases the biogas production. Thermophilic conditions enhance
growth of hydrolytic and fermentative bacteria that have faster metabolic rates than methanogenic
archaea. As a result, their metabolic byproducts, such as VFA and CO., are produced at higher rates than
acetic acid, which is the main precursor for methane production [9]. The supplement of microelements
(for example, Ca, Fe, Ni, and Co) can be of help to ensure the effective removal of VFAs, and specifically

of propionate, in a thermophilic digester [10-12]. Another solution to prevent the inhibition from VFA
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accumulation can be the combination of a thermophilic reactor with a traditional mesophilic reactor in a
two-stage system. The first thermopbhilic (or hyper-thermophilic), low HRT stage is used to solubilized
the substrates aiming at a more efficient and non-inhibited methane generation in the second reactor [13,
14]. This configuration is of particular interest especially for substrates with low biodegradability, such
as WAS, fat, oil and grease [15, 16] or agricultural/food waste products containing relevant amount of
cellulose [17].

Other limitations of thermophilic AD processes have been identified in low stability, susceptibility to the
environmental conditions, accumulation of ammonia (NHz) that, together with VFAS, especially at high
feeding rate [18], potentially leads to the formation of intermediate, nitrogen-containing, refractory
compounds (such as pyrazines, [19]) and quality of the final effluent. From an energy point of view, a
thermophilic AD process requires more heat to sustain the process compared to mesophilic conditions.
Although the major part of the heating requirements consists of sludge heating, accounting twice those
of mesophilic digestion, the increased biogas production can provide the surplus energy needed [20, 21].
Recently, to overcome this problem, Zhang and coauthors [22] suggested to equip the thermophilic
anaerobic reactor with a solar pond, so as to provide the energy necessary to maintain the digester
temperature.

The substitution of a traditional mesophilic process for WAS digestion with a thermophilic one in the
sludge line of a full scale WWTP requires careful considerations regarding, on the one hand, the kinetics
and long-term stability of the process and, on the other hand, its thermal self-sustainability. Results
obtained from digestion tests at a lab or pilot scale can be profitably used for upscaling the process only
if physical, chemical and biochemical phenomena which take place in the AD process are well
understood. With this aim, over the past years, several models have been developed. One of the most
complete model is IWA Anaerobic Digestion Model n.1, shortly ADM1, developed by the IWA research

group at the beginning of the 2000’s [23]. This model includes a series of physical — chemical and
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biochemical dynamic state variables and requires a huge analytical effort to collect all the parameters
necessary to the implementation in its complete form. However, for design purposes, that is the
estimation of digester volume, biogas production, degradation rate or feed flow rate, simpler models can
be very useful [8]. Specifically, if hydrolysis is assumed to be the limiting step of the whole AD process,
and in the absence of an initial lag phase, the methane production in a reactor with a given HRT can be
described with a very simple first order kinetic model as in Equation (1)

B(t) = Bo (1-e™) (1)

where Bo is the specific methane production after an infinite HRT (that is the theoretical amount of
methane produced by the whole biodegradable VS in the substrate) and k is the hydrolysis constant [24,
25]. The kinetic parameters were determined based on the methane production of the semi-continuous
reactor, which is more reliable than the BMP tests for this purpose. Data obtained from the tests allowed
the determination of the optimal sets of the two parameter values by using best fit algorithms.

This study compares the results of two thermophilic digestion tests carried out on WAS in two semi-
continuous reactors with different volumes (44 and 240 liters) with those of a mesophilic test (240 L) on
the same substrate. Experimental data of methane production and residual VS after digestion were both
used to obtain the key parameters of the first-order kinetic rate reaction model, that is Bo, and k. These
results were used to evaluate how the substitution of the present mesophilic digestion process of WAS
with a thermophilic one can affect the energy performances of the sludge line of a full scale (2 million

equivalent inhabitants) WWTP.



2. Materials and Methods

2.1 Reactor set up and operations

This study presents three tests, all involved the WAS samples described in Section 2.2. One test was
carried out in a CSTR digester with a working volume of 240 liters operating in mesophilic (38 °C)
conditions (HRT = 20 days). The other two tests were carried out in two CSTRs with working volumes
of 44 and 240 liters respectively. Both reactors have operated in thermophilic conditions (55 °C) with a
HRT of 20 days.

The two reactors were made of a stainless steel tank where the heat was provided through a coil wrapped
around each tank. The mixing inside the two reactors was guaranteed through biogas recirculation for 15
min every hour. The two reactors were equipped with gasometers and systems for on-line monitoring of
biogas volume and composition.

Fresh substrate was fed five times per week, from Monday to Friday, and digestate was extracted with
the same frequency. In all the tests the organic loading rate (OLR) was in the order of 1-1.1 g VS/L-d.
The biogas production and composition (CH4, CO2, Oz, others) were recorded every working day, from
Monday to Friday for the whole duration of the test. The volume of methane was determined by
multiplying the volume of biogas by the percentage of methane in the biogas and calculated at normal
pressure and temperature conditions (273.15 K and 101.325 kPa). The biogas composition in terms of
CHa, CO., O2 was obtained by flushing 500 mL of the collected biogas through a biogas analyzer (Biogas

Check, Geotechnical Instruments Ltd).

2.2 Substrate and inoculum
For this study samples of WAS were weekly collected from the outlet of the two gravity pre-thickeners
used in the WWTP located in Castiglione Torinese (20 km from Turin, NW lItaly). The Castiglione

Torinese plant is one of the WWTPs managed by SMAT (Societa Metropolitana Acque Torino), the
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company that manages the integrated water service in the Metropolitan City of Turin. Details of the water
and sludge line of the WWTP were provided in a previous paper [26]. The WWTP has a standard
configuration including the following treatment phases: preliminary treatments (grating and sand/oil
removal), primary settling, pre-denitrification, biological oxidation with a sludge retention time (SRT)
of ca. 25 days, secondary settling and final filtration on a gravel and anthracite bed.

The WWTP has a treatment load of approximately 2,000,000 population equivalent (p.e.) and generates
4320 kg TS/h of sludge (before AD). Primary sludge represents 64% by weight (b.w.), on a TS basis, of
the overall sludge amount produced in the wastewater treatment lines. The mass flow rate of WAS is
1555 kg TS/h, with an average total solid (TS) content of 0.8%. Pre-thickeners located in the sludge line
of the WWTP increase the TS content of the WAS from 0.8% to approximately 2—3%.

Inoculum was collected from the ACEA plant, a facility located in the Turin surroundings where the
organic fraction of municipal solid waste is treated by using a thermophilic digestion process. The use of
a thermophilic digestate to inoculate thermophilic reactors was justified because thermophilic digestate
provides a faster start-up to thermophilic reactors, along with a more stable operation since it avoids a
rapid temperature change from mesophilic to thermophilic regime that may bring about a population shift
if the groups are not compatible, especially a decrease in thermophilic methanogens, crucial to digestion

stability [27].

2.3 Analytical methods

Total and volatile solids were determined according to Standard Methods [28]. The VFA/TA (FOS/TAC,
in the German technical literature) parameter is the ratio between VFA, which stands for volatile fatty
acids, expressed in equivalent milligrams of acetic acid per liter, and TA, which stands for Total
Alkalinity, expressed in mg equivalent of calcium carbonate per liter. The VFA/TA ratio is an easy-to-

do and reliable measure of the risk of acidification of a biogas plant. It was obtained by a potentiometric
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titration, according to the Nordmann method [29], by using a SI Analytics automatic titrator. Specifically,
a sample of 20 mL of fermentation substrate is titrated by 0.1 N of sulfuric acid solution (H2SO4) up to
pH 5.0 to calculate the TA value, expressed in mg/L of calcium carbonate (CaCO3). Then the VFA value
is obtained after a second titration step between pH 5.0 and pH 4.4. It is expressed in mg/L of acetic acid

(CHsCOOH).

2.4 Modeling

The phases of development, calibration and validation of a model are useful to predict the performances
of a digester when boundary conditions are made to change. Boundary conditions are, for example, the
HRT or the number of stages through which the process is carried out. A model is also a supporting tool
when data obtained from a lab or pilot scale test must be scaled up to a full scale plant, for the estimation
of digester volume, biogas production, degradation rate or feed flow rate.

Batch (BMP tests) and semi-continuous digestion tests are commonly employed to assess the methane
production of a substrate. However, the results of those tests depend on several parameters, namely: the
activity and origin of the inoculum, temperature, digestion time, ratio between inoculum substrate and
hydrolysis coefficient. Consequently, to make possible the comparison between two substrates or two
digestion modes in terms of methane production, it is necessary to identify some parameters capable to
fully and uniquely describe the digestion process [24, 30].

In AD processes of particulate/complex substrates, such as WAS, where the disintegration-hydrolysis
phase can be assumed as the rate-limiting step of the overall process [31], the evolution of the methane
production from an AD process, B(t), can be modelled according to a first-order reaction rate, as in
Equation 1, here recalled.

B(t) = Bo (1-e%) (1)



In Equation 1 B(t) is the evolution of the methane production in time, Bo is the biochemical methane
potential, that is the maximum amount of methane that a substrate can produce after an infinite time of
AD, and k is the hydrolysis rate constant, that is a first order kinetic constant able to model the
disintegration process. In this case, Bo and k are capable of completely describing the AD process.

In this work the parameters Bo and k for a WAS substrate digested under thermophilic conditions (55
°C) were obtained from the fitting of the experimental data that resulted from the test carried out in the
44 L digester. Subsequently, the reliability of the above mentioned parameters was verified by using the
data obtained from the test carried out in the 240 L digester with the same substrate.

Equations 2 and 3 describe the evolution of the biodegradable VS (VSp) and the specific methane

production (Bqg) during a digestion process, respectively.

AVSy(£) _ q(6) - VSpin(®)  4(0) - VS,

" - — k- VS, (0)
)

B;(t) = VS,(t)-k-By-V

©)

Specifically, Equation 2 describes the mass balance of biodegradable VS (VSp) as a sum of input of fresh
substrate, output of the digested product and degradation term. In Equation 2, V is the volume of the
digester, q(t) is substrate flow rate, VSpin and VSy are the amount of biodegradable VSs in the fresh
substrate and in the digested product, respectively. Equation 3 puts in relation the daily methane
production, at time t, Bq(t), with the amount of VS at the same time frame, the hydrolysis rate (k), the
biochemical methane potential (Bo) and the volume of the reactor (V). Equations 2 and 3 contain the two

parameters (Bo, K) that are determined with the calibration phase.
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Even if the two Equations 2, 3 contain two variables on the whole, the optimal set of Bo and k values was
obtained by minimizing the objective function (J), that is the residual sum of squares (RSS) between the
measured data and model predicted data, as defined in Batstone and coauthors [32]. If the residuals are
normally distributed, a critical value (Jcrit) that defines the surface of the parameter uncertainty region

can be defined using the F distribution, as in Equation 4 [32, 33].

p

P e )
,p,Ndata—p
Ndata -D

Jerit = Jmin (1 +

(4)

where Jerit is the critical value, Ngata is the number of measured data points, p is the number of parameters,
and Fa,pNdata —p 1S the value of the F distribution for o, p, and Ngata—p. A value of o = 0.05 was used to
estimate the 95% confidence regions.

It is important to keep in mind that one part of the solids fed to the digester are of volatile nature and the
other part is made of fixed solids. The elemental composition of the VS can be assessed through an
elemental analysis (C, H, N, O) and, starting from this composition, the theoretical methane production
of the substrate, B, can be calculated by referring to the Buswell and Neave formula, as in Equation 5

COD;, Nm3CH,
——".0.350 ————
VSin kg COD

Bip = VSin -
(5)

Bth is the amount of methane that would be produced if all the VSs were biodegradable and the digestion
process was fully completed (i.e. had an infinite length). However, not all the VSs of real substrates are
biodegradable. Only biodegradable solids contribute to the biogas / methane production. For this reason,
the maximum methane production, Bo, of a given substrate can be defined. Bo is the specific amount of

methane (Nm®/kg VS) that can be extracted from an organic substrate after a digestion of infinite length

in time and, because of the presence of the non-biodegradable VS (VSn), it is smaller than Bi. In a real
11



case, the SMP is smaller than Bo, because, as in Equation 6, the hydrolysis process (the rate of which is

quantified by the kinetic constant, k) and the actual duration of the digestion (HRT) limit the methane

production.
Ba(t) = (1 ‘m) Bo
6)

The parameter Y is the absolute biodegradation (or degradation extent), an intrinsic characteristic of the
substrate, and it is the ratio between Bo and Bin. Because of the relation between Bo and VS, and B, and

VS, Y can also be defined as the ratio between the biodegradable VS, VS, and the total VS.

Bo _ VSb

Y = =
Btn VStot

(7)

(8)

The daily production of methane, Bq(t), as reported in Equation (1) can be modified with the introduction
of the degradation extent (or absolute biodegradability, Y). In order to predict the daily VVSp concentration
VSp(t) in the digestate, as well as the daily methane production, Equations 2 and Equation 3 must be

modified with the introduction of the degradation extent (or absolute biodegradability, Y) as following:

dvs Y VSiorin VS
»(®) _a(®) | (t)_q(t)V ) s

dt |4

(9)
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avVSny (t) _ q(t)-(1— Y)- VStot,in () _ q(t) - VSnp
dt 4 4

(10)

VS(t) = VS, (t) + VSnb(t)
(11)

By(t) = VS(t) -k Y- By -V

(12)

3. Results and Discussion

3.1 Mesophilic digestion

The digestion test of WAS carried out in mesophilic condition (38 °C) in the 240 L digester lasted
approximately four months. This test was part of another experimentation that involved the verification
of the efficiency of pre-treatments at a pilot scale. The results of this test are briefly reported in this paper
only for sake of comparison with the results obtained in the tests carried out in thermophilic conditions
(55 °C) (see Sections 3.2 and 3.3). The WAS samples used for the test had an average TS and VS content
of 3.05% and 2.04% respectively.

As it can be seen from Figure 1, after a start-up phase, the daily methane production settled on values in
the order of 0.020 — 0.025 Nm?®/d. Because the digester was continuously fed with a sludge with a VS
content in the order of 2%, a SMP of approximately 0.120 Nm®/kg VS fed resulted upon reaching the
steady state. This result was in good agreement with the findings from other studies: for example, Coelho
and coauthors [27] obtained a SMP of 0.101 Nm®/kg VS in a continuous reactor, with HRT = 20 days,

digesting WAS samples collected in a conventional activated sludge plant with a SRT of 5 days.
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Figure 1. Daily methane production (dots) and results of the modelling (solid curve) for a WAS digested

in mesophilic conditions (38 °C) in the 240 L reactor (HRT = 20 days)

However, it can be seen from Figure 1 that the daily production of biogas and methane was heavily
affected by the frequency of digester feeding. In fact, the digester was fed only five days per week and
the feeding was in any case suspended in the case of days off. For this reason, it was not possible to keep
the HRT at a constant value. Consequently, it was verified if, with the aid of a model, the raw data
collected from the experimentation could be used to provide a complete description, in term of maximum
methane production and hydrolysis rate constant, of the AD process, because the raw data alone were
not sufficient to quantify the substrate production at a fixed HRT (equal to 20 days, in the case of this
experimentation). Moreover, with the only raw outcome of the test it was not possible to predict the
substrate production at different HRT values or in situations where more than one reactor was used for
the digestion process (for example two reactors working with HRT = 10 days each). A well calibrated
and validated model can overcome this limitation. The model presented in Section 2.4 was used to fit the
data coming from the experimentation carried out in mesophilic conditions. One of the aims of this study
was indeed to demonstrate that the model, reported in Eq. 1 and currently employed to interpret
experimental data from batch tests (BMP tests), could be successfully used to predict the evolution of an
AD process carried out in a semi-continuous mode and under non-steady state conditions. If the two
following conditions apply, that is that hydrolysis is the limiting phase of the whole AD process and the
substrate’s biodegradability is constant in time, the model allows to estimate Bo and k parameters even
from data obtained from semi-continuous, non-stationary tests.

It is well known that for particulate substrates, hydrolysis is inevitably the first phase of the AD process.
Hydrolysis is the only phase of the whole AD process not directly mediated by the activity of the trophic

chain of the microorganisms involved in the biochemical transformation process of the substrate into
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biogas. Hydrolysis is a superficial phenomenon that transforms the particulate substrate into small
molecules that can cross the cell walls of microorganisms. This phenomenon has traditionally been
modeled according to a first order kinetics, as in Eq. 1, and it is not a function of the concentration of
microorganisms present into the digester [23, 32, 34-35].

The minimization of the objective function, J, presented in Section 2.4, returned Bo and k values equal
to 0.147 Nm3kg VS and 0.08 d respectively. It can be seen from Figure 2 that the single points
representing the cumulative methane production recorded during the test were very well fitted by the

model.

Figure 2. Cumulative methane production (dots) and results of the modelling (solid curve) for a WAS

digested in mesophilic (38 °C) conditions in the 240 L reactor (HRT = 20 days)

Furthermore, Figure 1 shows that the model was able to adequately predict not only the phase of the
process at steady-state, but also the start-up phase of the digester and the daily fluctuations. The values
of the two model parameters Bo and k were in good agreement with the figures found by Wei and
coauthors [33] from BMP batch tests. They modelled their data with the same model used in this work
and obtained values of Bo and k of 0.160 Nm?®/ kg VS and 0.22 d!, respectively, for a secondary sludge

with a SRT of 15 days.
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3.2 Thermophilic digestion in the 44 L reactor (phase 1): model calibration

The 44 L digester was fed 29 times, for a period of approximately two months (57 days), with a WAS
with average TS and VS content of 3.2% and 2.2% respectively. The ratio between VS and TS in the
sludge samples decreased from 69.7% to 65.4% from the beginning to the end of the test, because of the
increase of the air and water temperatures, from the spring to the summer season, in the activated sludge
basins of the water line. This temperature increase accelerated the rates of the biological reactions into
the activated sludge basin and, consequently, decreased the VS content of the secondary sludge.

Figure 3 shows the evolution of the SMP from the 44 L reactor. It can be seen that, after a non-stationary
phase approximately 25 days long, the average SMP was of 0.188+0.01 Nm?/kg VS fed. This value was
57% higher than that obtained in mesophilic conditions in the 240 L reactor. The VS reduction was of
36%. These results show that, in the case of WAS, the temperature of the reactor positively affected the
digestion of WAS. Conversely, the methane production of some other substrates (i.e. microalgae) seemed
to be negatively affected by the temperature increase [7]. However, the same authors, observed an
increment in the biogas production of 25.5%, on a sample of WAS, moving from mesophilic to

thermophilic conditions [7].

Figure 3. Evolution of the SMP from the 44 L and 240 L reactors, thermophilic conditions (55 °C), HRT

= 20 days

In the most recent years several authors carried out semi-continuous tests in thermophilic conditions on
WAS using different HRTs. For example, Leite and coauthors [2] obtained a SMP of 0.130 Nm?%kg VS
fed and a VS reduction of 34% in a single-stage digester working with a HRT of 20 days, an OLR of 2.2
kg VS/ m3.d and WAS samples with a SRT of 15 days. In a subsequent test with a different WAS, Leite

and coauthors [9] obtained a higher SMP (0.154 Nm®/kg VS fed with a HRT = 13 d, OLR = 1.3 kg VS/
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m?.d). Braguglia and coauthors [36] obtained a very similar value, 0.160 Nm®kg, working with a HRT
=15 d and an OLR of 1.0 kg VS/ m3.d. The SMP obtained in the present test was considerably higher
than those reported in the above mentioned studies.

Notwithstanding the thermophilic regime, the system maintained a good stability for all the duration of
the test. Li and coauthors [37] observed that a low feeding frequency, like that applied in this study, with
the two days break due to the week-end, could cause a heavy loading shock during the short feeding
period, leading to fast acidification, especially under thermophilic conditions. Growth of hydrolytic and
fermentative bacteria is enhanced under thermophilic conditions and they generate faster metabolic rates
than methanogenic archaea. As a result, their metabolic byproducts, such as VFA and COz, could be
produced at higher rates than acetic acid, which is the main precursor for methane production, thus
making the system unstable [9]. This drawback was not observed in this test, in fact the pH value of the
digestate and, consequently, of the digester content assuming this perfectly mixed, was at an
approximately constant value of 7.74 £ 0.11. The VFA parameter increased, from the beginning to the
end of the test, from approximately 360 to 580 mg equivalent CHsCOOH/I, but it was however well
balanced by a corresponding increase in the TA parameter, from approximately 3000 to 3700 mg
equivalent CaCOs/l, that kept the VFA/TA ratio to values in the range 0.13-0.15 (data not shown). The
substrate fed to the digester was not conditioned with any buffering substance.

The evolution of the residual VS into the digestate for all the duration of the test is shown in Figure 4.

Figure 4. Evolution of the residual VS into the digestate, 44 L reactor, thermophilic conditions, HRT =

20 days, experimental data (dots) and model (solid curve)

The residual VS was the sum of the non-biodegradable VS and the biodegradable VS that were not

consumed during the digestion. It could be seen that the concentration of the residual VS into the digester
17



increased from 9 kg VS/m?, at the beginning of the test, to approximately 12 kg VS/m? at the end of the
test. Even if the test had reached a stable condition for what concerns the methane production, the
continuous increase in the residual TS into the digestate could be attributed to the non-constant
characteristics of the fed sludge. In fact, the concentration of VS into the WAS fed to the reactor increased
from 9 kg VS/m?® at the beginning of the test to values of 18 kg VS/m? at the end of the test (data not
shown). As pointed out in Section 3.1, the model used in this study was able to predict the temporal
development of an AD process even under non-steady state conditions or non-constant substrate feeding.
The key parameters of the model (Bo, Kk, YY) were obtained by minimizing the objective function J, as
defined in Section 2.4, that is the RSS between the set of experimental data and the theoretical curve of
both methane production and VS into the digestate. The best fit parameters resulted Bo = 0.218 Nm3/kg
VS, k=0.380 d? and Y = 0.42. Only few papers report these model parameters. Gianico and coauthors
[1] obtained a Bo value of 154 Nm®/kg VS testing a WAS sample collected directly from the oxidation

tank operating at an average sludge age of 20 d.

3.3 Thermophilic digestion in the 240 L reactor (phase 2): model validation

The 240 L reactor was fed with 35 aliquots of secondary sludge during a period of approximately two
months. The sludge had average TS and VS contents of 2.7% and 2.0%, respectively. In this case the
ratio VS/TS was almost constant for all the duration of the test and equal to 72%.

As it can be seen from Figure 3, also in this test stable conditions were reached after approximately 25-
30 days. At the steady state, the SMP was of 0.176 (+ 0.003) Nm®kg VS fed. As expected, even in this
case the sludge digested in thermophilic conditions produced more methane than the sludge digested in
mesophilic conditions and the increment was of 47%. Furthermore, the obtained result in terms of SMP

was in good agreement with the one obtained at a lower scale (44 L) test.
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Even the digestion performed in the 240 L was stable, with a pH of 7.98 + 0.25, and constant VFA and
TA values at 367 + 32 mg equivalent CH3COOH/I and 3511 £ 202 mg equivalent CaCOxs/l respectively,
as shown in Figure 5. Consequently, the VFA/TA ratio for all the duration of the test was stable at 0.10

+ 0.01.

Figure 5. Evolution of the VFA and TA parameters into the digestate from the 240 L reactor, thermophilic

conditions (55 °C), HRT = 20 days

The key parameters of the model (Bo, k) obtained from the test in the 44 L digester were used to predict
the SMP of this larger (240 L) digester. Figure 6 reports the cumulative methane production over the
whole period of the experimentation. It can be seen that there was a good agreement between the
experimental data and those predicted by the model with the parameters obtained in the previous

experimentation (44 L). The error was of less than 1% on the cumulative production.

Figure 6. Cumulative methane production (dots) and results of the modelling (solid curve) for a WAS

digested in thermophilic conditions (55 °C) in the 240 L reactor (HRT = 20 days)

The modelization was accurate enough to predict the daily methane production not only at steady-state
but also during the start-up phase of the digester, as it can be seen from Figure 7. Furthermore, it can be
underlined that the agreement between the experimental data and the model was very good even if in this
second test (240 L) the VS/TS ratio of the substrate was higher than that of the WAS used in the 44 L
test. Similarly to the outcome found by Montecchio and coauthors [38], the reason for the large short
term variations in methane production shown in Figure 7 consisted in the peculiarity of the feeding

operations; the reactor was fed daily for 5 days consecutively followed by 2 days’ interruption over the
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weekend. This resulted in a rise in methane production during the first 5 days followed by the drop at the

week end.

Figure 7. Daily methane production (dots) and results of the modelling (solid curve) for a secondary

sludge digested in thermophilic conditions in the 240 L reactor (HRT = 20 days)

This study demonstrated that the transition from a mesophilic to a thermophilic thermal regime enhanced
the overall efficiency of the digestion process, through the improvement of the two key parameters of
the model, namely Bo and k. In fact, the production of methane at infinite time, Bo, that is an indication
of the extent of the degradability fraction, increased from 0.147 Nm®/kg VS in the mesophilic regime to
0.218 Nm®/kg VS in the thermophilic regime (+ 48%). The hydrolysis coefficient, k, experienced an
increase of approximately 350%, going from 0.085 d* to 0.380 d*. The value of k is indicative of how
fast the digestion process proceeds and previous studies demonstrated that it was sensitive to temperature,
probably because of the emergence of true thermophiles at temperature of digestion higher than 50°C
[39]. The increase in the digestion rate rather than in the degradability fraction observed in a thermophilic
process was similar to the effects of mechanical pre-treatments, e.g. sonication [40, 41]. Conversely, high
impact methods, such as thermal hydrolysis, provided substantial increases of rate and extent at the same
time [42]. The combination of a slightly increase in the degradability of the substrate (+48%) and a very
strong increase in the rate of the digestion processes (+ 350%) allowed to calculate an increase in the
SMP of WAS, at a HRT = 20 days, from 0.093 to 0.193 Nm?kg VS fed (+ 108%), moving from
mesophilic to thermophilic conditions. It was interesting to underline that, with a HRT = 20 days, the
amount of gas extracted from the substrate in mesophilic condition was 63% of the maximum producible
amount (Bo), while a thermophilic process with the same HRT allowed to reach a production of 88% of

the theoretical value.
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The next Section (3.4) of the paper provides an assessment of the improvements given to the sludge line
of a full scale WWTP (2M e.i.) after the substitution of the traditional mesophilic digestion of WAS with

a thermophilic process.

3.4 Application of the results to a full scale WWTP

At the moment primary and secondary sludge produced in the SMAT Castiglione Torinese WWTP are
digested in separated mesophilic rectors with an HRT in the order of 17 days. As reported in a previous
work [43], each of the six Castiglione Torinese WWTP digesters has an overall volume of 12,000 m?,
with a working capacity in the order of 80% and a consequent working volume of 9,600 m3. SMAT
digesters treat a total amount of sludge of 4320 kg TS/h, where primary sludge is 64% (on a TS weight
basis). A detailed analysis of the present management mode of the WWTP sludge line is provided in
Ruffino et al [44].

The main characteristics of the two sludges used for the energy assessment carried out in this study are

reported in Table 1.

Table 1. Main characteristics of primary and secondary sludge digested in the WWTP sludge line

Primary sludge Secondary sludge

Volumetric flow rate, m/h 92.1 51.8
Average TS content, % 3.0 3.0
Average VS/TS ratio 0.72 0.69
Sludge temperature, °C 15 15
Digester temperature, °C 38 38

SMP, Nm®/kg VS 0.280 0.090
HRT, d 17, single stage 17, single stage

This analysis proposes three future scenarios where the thermophilic digestion of secondary sludge was
introduced to substitute the present mesophilic process. In those future scenarios primary and secondary

sludge were digested in separated reactors with different thermal regimes. The HRT of both (mesophilic
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and thermophilic) digestion processes was fixed to 17 days. However, because in a thermophilic regime
all metabolism Kinetics are enhanced and degradation rates are increased, as demonstrated in this study,
the digester dimensions could be reduced for a given load and may support the use of low HRTs (below
the typical values of 15-20 days for a mesophilic thermal regime) [45]. Therefore, thermophilic AD
demands lower capital and installation costs [9, 20]. However, this potential benefit was not taken into
account in the assessments carried out in this study.

A scheme of the three scenarios is provided in Figure 8.

Figure 8. Scheme of the three future scenarios where the present mesophilic process was substituted with
the thermophilic digestion of secondary sludge (Scenario 1. No heat recovery; Scenario 2. One heat

recovery process; Scenario 3. Two heat recovery processes)

The three scenarios differenced for the hypotheses made concerning the recovery and mutual exchange
of heat. As it can be seen from Figure 8, in Scenario 1 both primary and secondary sludge were heated
from the ambient temperature (15 °C) to the digestion temperature (38 °C and 55 °C, respectively) by
using the heat recovered from the biogas combustion in combined heat and power (CHP) units, as shown
in Equation 13.

Qss°c + Qs5°c = Qap (13)

Where Qszs c is the amount of heat necessary to heat the primary sludge from 15 °C to 38 °C, Qss-cis the
amount of heat necessary to heat the secondary sludge from 15 °C to 55 °C and Qap is the heat obtained
from the biogas generated in the AD process.

In the case of an extra heat necessity, because the biogas produced from the AD of the two sludges was
not sufficient to provide the heat for sludge heating and the compensation of digester losses, that extra

heat could be obtained from a boiler fed with natural gas. However, it has to be underlined that the
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thermal power necessary to sustain the AD process under mesophilic conditions (or, in the future, in a
mesophilic / thermophilic condition) is presently ensured not only by the thermal production of the CHP
units but also by the heat recovery from two drying sludge units located in the sludge line. At present,
the two heat inputs from CHP units and dryers are in some cases not sufficient to sustain the mesophilic
digestion, especially in the coldest months. For this reason, some heat from a boiler fueled by natural gas
is used. The heat recovered from the dryers was not taken into consideration for the purpose of this work,
because the boundaries of the analyzed system included only the pre-thickeners, the anaerobic digesters
and the CHP units. For this study, the efficiency of heat transfer between the CHP unit (or the boiler) and
the cold sludge was hypothesized equal to 50%, 70% and 100%.

In Scenario 2 the cold primary sludge received heat from the thermophilic digestate (Dss -c), S0 as its
temperature was increased from 15 °C to 38 °C (Qass°c), as in Equation 14.

Q38°c = Dssoc & Qs5°c = Qap (14)

Conversely, as in Scenario 1, the temperature of secondary sludge was increased from 15 °C to 55 °C
(Qss °c) (thermophilic conditions) thanks to the heat produced from the CHP unit or the boiler (Qab). In
Scenario 2 only the heat from the hottest digestate was recovered.

Finally, in Scenario 3 two heat recovery processes were considered (Figure 8). Firstly, the heat from the
thermophilic digestate (Dss -c) was used to heat the cold secondary sludge (Qss -c). Secondly, the heat
from the mesophilic digestate (Dss °c) was used to heat the cold primary sludge (Qzs -c). For both heating
processes of cold primary and secondary sludge the missing heat was provided by the CHP (Qap) and, if
that was not sufficient, by the boiler fed with natural gas, as described by Equation 15.

Qss5°c = Dssc + Qap & Qszgec = Dsgec + Qap (15)

In the last two Scenarios, for the energy analysis, the three values of exchange efficiencies between the
digestate and the cold sludge of 50%, 70% and 100% were considered. Furthermore, to complete the

energy analysis, the sludge specific heat was assumed of 4186 kJ/m*K, the lower heating value of
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methane of 35,880 kJ/Nm?3 and the indicative heat lost from the digesters walls and roofs was estimated
equal to 158,500 kJ/h.

Figure 9 shows the results of the energy analysis carried out on the present sludge management mode
and on a future situation where the mesophilic digestion of secondary sludge was substituted with a
thermophilic process. In both cases, as in the present WWTP conditions, the heating of cold sludge and
the compensation of heat losses through digesters’ walls and roofs was obtained with the heat provided
by the CHP unit and the boiler. As already seen in a previous work [44], TS contents of 4.7%, 6.7% and
9.4% in both primary and secondary sludges, for energy exchange efficiencies of 100%, 70% and 50%
respectively, were necessary to make the energy balance of the whole set of digesters neutral, that is the
heat coming from the biogas combustion was sufficient to heat both sludge volumetric flow rates and
compensate the heat losses through the walls and roofs of the digesters. When the mesophilic digestion
of the secondary sludge was substituted with a thermophilic process, the TS contents of both sludges that
made the energy balance neutral were of 4.9%, 7.0% and 9.8%. This result proved that, in the absence
of a heat recovery option, the increase in the methane productivity of the secondary sludge digested in a
thermophilic regime, was not sufficient to balance the extra amount of heat required to heat the sludge

from 15 °C to 55 °C.

Figure 9. Results of the energy analysis carried out on the present sludge management mode and on a
future situation where the mesophilic digestion of secondary sludge was substituted with a thermophilic

process (Scenario 1)

Partial or complete heat recovery practices allowed a significant improvement in the sludge management
mode. From Figure 10 it can be seen that a single heat recovery step, that is the heat exchange between

the hot thermophilic digestate (55 °C) and the cold primary sludge (15 °C), allowed to completely avoid
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the need of the auxiliary fuel (natural gas) already with the present sludge TS content obtained with the
thickeners available in the WWTP. This result was achievable provided that the heat exchange efficiency
between hot and cold substrate was of 100%. In the case the heat exchange efficiency was only of 70%
or 50% the TS content of both primary and secondary sludges necessary to make the overall energy

balance neutral was of 4.8% and 7.6% respectively.

Figure 10. Results of the energy analysis carried out on a future situation where the mesophilic digestion

of secondary sludge was substituted with a thermophilic process (Scenario 2 and Scenario 3)

Finally, when a complete heat recovery was applied, as in Scenario 3, the neutrality of the heat balance
with the present TS content of sludge was obtained already with heat exchange efficiencies of 70%.
Conversely, lower heat exchange efficiency (i.e. 50%) required a thickening of both primary and
secondary sludge to TS values of 5.2%.

Following the same approach, it was possible to calculate the volumetric flow rates of natural gas saved
after the introduction of practices of heat exchange between hot digestates and cold sludge. These results

are shown in Figure 11.

Figure 11. Volumetric flow rates of natural gas (methane) saved after the introduction of practices of

heat exchange between hot digestates and cold sludge (one, 1R, and two, 2R, heat recovery processes)

For example, it can be seen from Figure 11 that a heat transfer/exchange efficiency of 100%, in the
presence of a single heat recovery step, required volumetric flow rates of natural gas of 197 and 67 Nm?®/h
in the presence of sludge TS content of 3% and 4% respectively. As said previously TS contents of at

least 5% made the heat balance neutral without the need of external fuel. Conversely, a double heat
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recovery step allowed to avoid the need of extra fuel (natural gas) at the sludge thickening degrees (TS

= 3%) presently obtained in the WWTP with gravity thickeners.

Conclusions

The results obtained in this study allowed to come to three main conclusions. First of all, the transition
from a mesophilic to a thermophilic thermal regime enhanced the overall efficiency of the digestion
process without losing stability. An increase in the SMP of WAS equal to 108%, that is from 0.093 to
0.193 Nm®/kg VS fed, at HRT equal to 20 days, was calculated. After the increase of the digestion
temperature, the two key parameters, namely Bo and Kk, used to describe the digestion process, increased
by 48% (from 0.147 Nm?3kg V'S fed in the mesophilic regime to 0.218 Nm?3kg VS fed in the thermophilic
regime) and 350% (from 0.085 d* to 0.350 d) respectively, similarly to the effects of mechanical pre-
treatments, e.g. sonication.

Secondly, even a simple model, like the one used in this study, that describes the digestion process with
a first order rate reaction, proved to be very useful for design purposes, that is the estimation of digester
volume, biogas production, degradation rate or feed flow rate, when boundary conditions changes. The
two parameters, Bo and k, obtained from the experimentation carried out in the 44 L digester, were able
to predict the SMP of WAS from a larger scale digester (240 liters) with an error of only 1%.

Finally, the application of mass and heat balances to the sludge line of the full scale WWTP allowed to
assess that the substitution of the present mesophilic digestion of WAS with a thermophilic process could
be self-sustainable, from an energy point of view, at sludge TS contents of approximately 5%, when a
heat exchange with an efficiency of 70% was applied between hot digestates and cold sludge. The
combination of the thermophilic digestion process of WAS and an efficient heat exchange allowed to
save volumes of natural gas of 100 — 200 Nm?®/h, depending on the scheme of heat recovery between

digestate and raw sludge, otherwise necessary to guarantee the process temperature into the digesters.
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Figure 1. Daily methane production (dots) and results of the modelling (solid curve) for a WAS digested
in mesophilic conditions (38 °C) in the 240 L reactor (HRT = 20 days)
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Figure 2. Cumulative methane production (dots) and results of the modelling (solid curve) for a WAS
digested in mesophilic (38 °C) conditions in the 240 L reactor (HRT = 20 days)
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Figure 3. Evolution of the SMP from the 44 L and 240 L reactors, thermophilic conditions (55 °C), HRT
=20 days
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Figure 4. Evolution of the residual VS into the digestate, 44 L reactor, thermophilic conditions, HRT =

20 days, experimental data (dots) and model (solid curve)
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Figure 5. Evolution of the VFA and TA parameters into the digestate from the 240 L reactor, thermophilic

conditions (55 °C), HRT = 20 days
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Figure 6. Cumulative methane production (dots) and results of the modelling (solid curve) for a WAS
digested in thermophilic conditions (55 °C) in the 240 L reactor (HRT = 20 days)
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Figure 7. Daily methane production (dots) and results of the modelling (solid curve) for a secondary

sludge digested in thermophilic conditions in the 240 L reactor (HRT = 20 days)
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Figure 8. Scheme of the three future scenarios where the present mesophilic process was substituted
with the thermophilic digestion of secondary sludge (Scenario 1. No heat recovery; Scenario 2. One
heat recovery process; Scenario 3. Two heat recovery processes)
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Figure 9. Results of the energy analysis carried out on the present sludge management mode and on a
future situation where the mesophilic digestion of secondary sludge was substituted with a thermophilic
process (Scenario 1)
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Figure 10. Results of the energy analysis carried out on a future situation where the mesophilic digestion

of secondary sludge was substituted with a thermophilic process (Scenario 2 and Scenario 3)
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Figure 11. Volumetric flow rates of natural gas (methane) saved after the introduction of practices of

heat exchange between hot digestates and cold sludge (one, 1R, and two, 2R, heat recovery processes)
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