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ABSTRACT

Improving the efficiency of anaerobic digestion (AD) of sewage sludge (SS) is a critical step toward the
achievement of energy neutrality in wastewater treatment plants (WWTPs), as required by the European Green
Deal. This study used a comparative techno-economic assessment (TEA) to evaluate the feasibility of producing
biomethane, at a WWTP, through upgrading biogas with a double-stage permeation membrane plant. The biogas
was originally generated from the AD of a mixture of primary sludge (PS) and either raw or pre-treated waste
activated sludge (WAS), where biological or thermo-alkali pre-treatments were applied to increase the WAS
intrinsic low degradability.

The TEA was supported by the results of pilot-scale tests, carried out on WAS, which mimicked (i) a traditional
mesophilic AD process; (ii) a two-stage AD process, where a temperature-phased anaerobic digestion (TPAD, 3
days, 55 °C + 20 days, 38 °C) was performed to biologically pre-treat WAS; (iii) a traditional mesophilic AD
process preceded by a thermo-alkali (4 g NaOH/100 g TS, 90 °C, 90 min) pre-treatment.

The TEA was carried out in two phases. In the first, the minimum size of the WWTP capable of making the
costs necessary for the implementation of the biogas upgrading plant equal to the revenues coming from selling
biomethane (at 62 €/MWh) in 10 years was calculated in the absence of pre-treatments. It resulted of 500,000
equivalent inhabitants (e.i.). In the second phase, for the WWTP size found previously, the effect of either
biological or thermo-alkali pre-treatments on the economic balance was evaluated, that is the gain (or the loss)
associated to the selling of biomethane, compared to the reference price of 62 €/MWh. It was found that the
TPAD increased the biogas productivity by only 23.6%, too little to compensate the amount of heat necessary for
the pre-treatment and the purchase cost of the additional reactor. Conversely, the thermo-alkali pre-treatment,
which enhanced the WAS biogas productivity by 110%, increased the biomethane revenues by approx. 10
€/MWh, compared to the scenario without pre-treatments. This study offers useful data to WWTP managers who
want to introduce WAS pre-treatments, combined with interventions for biogas upgrading, in a new or existing
sludge line of a WWTP.

1. Introduction

above-mentioned amount of SS, which includes primary (PS) and sec-
ondary sludge (or waste activated sludge, WAS), if adequately valorized

Anaerobic digestion (AD) is largely used to stabilize sewage sludge
(SS) and recover energy in the form of biogas or biomethane from it
(Arias et al., 2021; Capodaglio and Callegari, 2023). The annual gen-
eration of SS from wastewater treatment plants (WWTPs) in Italy
amounts to 3.2-10° t on a wet basis (ISPRA Report, 2022), corresponding
to a per-capita production of approx. 10 kg dry solid (d.s.)/p.c. per year
(Campo et al., 2021), in line with the values found in other European
countries (Bianchini et al., 2016; Gianico et al., 2021). The
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through AD, could provide approx. 0.5-0.7% of the national demand of
methane. Methane from renewable sources plays a crucial role in the
decarbonization of energy sources. The biomethane from the so-called
“biogas road” (that is obtained from the biogas from AD) has a Tech-
nology Readiness Level that already reached a value equivalent to the
market availability (Ardolino et al., 2021). Biomethane is a fully sub-
stitutive of natural gas of fossil origin and can be used as energy carrier
or transportation fuel. Furthermore, it was recently stated (January
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2024) that all WWTPs, with a treatment capacity superior to 10,000
population equivalent (p.e.), must adopt the most suitable technologies
and processes to achieve energy neutrality at a national level by 2045, in
compliance with the European Green Deal requirements (European
Parliament, 2024). In this framework, the application of strategies to
increase the biogas productivity of SS is of capital importance.

PS has a good biological degradability, but WAS has an inferior de-
gradability because of its peculiar origin and composition. In fact, WAS
organic matter can be found mostly within microbial cells and organized
in a network of extracellular polymeric substances, which limits its
availability to AD (Liu et al., 2022; Chen et al., 2023). Consequently,
highly efficient and environmentally friendly pre-treatment methods
(mechanical, thermal, chemical, biological or a combination thereof)
have been developed to accelerate WAS hydrolysis, making AD of such a
substrate more productive in shorter times (Mitraka et al., 2022). Some
pre-treatment techniques, such as thermal and chemical, have received a
broad attention in recent years, whilst others, such as biological, have
been less investigated (Mitraka et al., 2024; Zhou et al., 2024).

The peculiarity of biological hydrolysis (BH) is to divide the phases
of AD into two reactors, namely acidogenic (AR) and methanogenic
(MR) reactor, so as to offer ideal conditions for microorganisms (Tang
et al., 2023). In fact, acid- and methane-forming microorganisms are
quite different in terms of physiology, nutritional needs, growth kinetics
and sensitivity to environmental conditions (Yang et al., 2023). A
two-stage AD is a quite old concept, which was elaborated at the
beginning of the twentieth century with the aim of obtaining the hy-
drolysis of suspended solids before entering the main biological reactor
in the wastewater treatment train (Qin et al., 2017). More recently, the
concept got evolved and started being used to digest substrates in two
stages, where, because of phase separation, volatile fatty acids (VFAs)
are produced in the first stage, while the conversion of VFAs to biogas
takes place in the second stage. Quite often, the two reactors work at a
different temperature, for that reason, this process is also known as
temperature-phased anaerobic digestion (TPAD, Qin et al.,, 2017).
Temperature and HRT of the AR have been identified as the most critical
parameters which dictate sludge solubilization, production of VFAs,
microbial community structure and quality of the digestate (Yu et al.,
2013; Hameed et al., 2019). There is now a good consensus that a 55 °C
BH followed by a mesophilic digestion (35 °C-42 °C) is the optimal
temperature combination in terms of methane yield (Wang et al., 2022),
while the AR HRT is generally set at 3-5 days. Mehari and Chang (2022)
demonstrated that AR HRT could be shortened by using a fraction of
treated sludge mixed with untreated sludge.

The most recent studies tested TPAD as a possible solution to
improve the degradation and biogas productivity of some difficult waste
products, such as, for example, greasy sludge coming from the canned
tuna industry (Sani et al., 2022a) or waste cooking oil (Yan et al., 2021).
The above-mentioned substrates were digested together with WAS or SS,
respectively, in order to guarantee an appropriate nutrient balance.
Other mixtures of substrates were on-purposely prepared to produce
synergistic effects in TPAD systems, as in Lovato et al. (2020), who
blended glycerin with whey to boost the buffering capacity of the sys-
tem. Most of the studies that are currently available in the literature
have found average increases in biogas yield of up to 30%, when
employing a two-stage system as opposed to a single-stage system
(Rajendran et al., 2020; Sillero et al., 2024).

The above-mentioned figure, concerning the increase in biogas
productivity, alone is, however, insufficient to prove the technical and
financial viability of BH. Information on that is still lacking in the cur-
rent literature, particularly if BH was applied as a pre-treatment of pure
WAS in a comprehensive, full-scale train for SS valorization, as that
which can be found in a real WWTP. The said treatment train included
AD and the subsequent upgrading of the generated biogas to bio-
methane, to be used as a natural gas substitute. In this framework, two
aspects must be carefully considered: (i) single-stage systems might be
energetically more favorable than two-stage systems, due to the
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increased energy demand of the latter process; (ii) it could be a trade-off
in terms of excess energy produced vs. the cost of placing a second
digester.

Techno-economic assessments (TEAs) of two-stage AD are rare in the
literature, and the relating findings are sometimes inconsistent. That
makes to give an unambiguous feedback on the financial viability of
biological (or other kinds of) pre-treatments applied to WAS difficult,
especially when the WWTP includes a section for biogas upgrading. For
example, Lovato et al. (2020) demonstrated that, for a mixture of whey
and glycerin, a single-stage system could reach a higher energetic yield
than a two-stage system (12.0 vs. 7.0 MJ/kg COD removed). Sillero et al.
(2023) found that a TPAD system digesting a mixture of SS, wine vinasse
and poultry manure produced 47% and 23% more methane than a
single-stage thermophilic or mesophilic system, respectively. They
supplemented their study with a profitability analysis, which revealed
that the TPAD process presented the highest net present value (5,090,
111 USD) and the lowest payback period (PBP, 4.24 years) among the
analyzed scenarios. A similar finding was obtained by Sani et al.
(2022b), who demonstrated that the TPAD of a mixture of WAS and
greasy sludge was economically feasible, by calculating economic pa-
rameters such as the net present value (NPV), the internal rate of return
(IRR) and the PBP. Conversely, Rajendran et al. (2020) found a 3%
CAPEX excess in comparing a single and two-stage digester, thus
concluding that performing BH was not an economically attractive
option.

Commercial upscaling of TPAD for the BH of WAS in full-scale
WWTPs requires high investments and, consequently, a clear feedback
regarding the financial success of the intervention. In this sense, this
paper wants to contribute to fill the lack of information existing in the
literature and provide useful data to WWTP managers who want to
introduce WAS pre-treatments, in the form of BH, combined with
components for biogas upgrading, in a new or existing sludge line of a
WWTP.

A comparative TEA, which was carried out in two phases, was used
for this purpose. At first, the minimum size of the WWTP capable of
making the costs necessary for the implementation of the biogas
upgrading plant equal to the revenues coming from selling biomethane
in 10 years, in absence of application of pre-treatments, was calculated.
The price of biomethane was fixed at 62 €/MWh, in agreement with the
in-force Italian Decree on biomethane, January 13, 2023, n.23. In the
second phase, for the WWTP size found previously, the effect of either
biological or more traditional thermo-alkali pre-treatments on the eco-
nomic balance was evaluated, that is the gain (or the loss) associated to
the selling of biomethane, in relation to the reference price of 62
€/MWh. The TEA was supported by the results of pilot-scale tests which
provided the values of production of biomethane from raw or pre-
treated WAS. To the best of our knowledge, this paper is one of the
rare examples of a comprehensive TEA applied to a plant for upgrading
biogas to biomethane, after the use of BH for the pre-treatment of WAS
as a single substrate prior to AD.

2. Materials and methods
2.1. Substrate and inoculum

All tests performed in this study employed the WAS obtained from
the outlet of the gravity pre-thickeners in the availability of the Casti-
glione Torinese WWTP (located 20 km far from Turin, NW Italy). The
Societa Metropolitana Acque Torino (SMAT S.p.A.) operates this WWTP,
which is the largest WWTP in Italy, with a treatment capacity of approx.
2 million p.e. Details of the water and sludge line of the Castiglione
Torinese WWTP were provided in a previous paper (Borzooei et al.,
2020). Shortly, the WWTP has a standard configuration that includes the
following treatment phases: preliminary treatments (screening and
sand/oil removal), primary settling, pre-denitrification, biological
oxidation, secondary settling and final filtration on a dual media, sand —
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anthracite, bed.

The WAS was collected and characterized once a week, and stored in
a refrigerator at 4 °C until use. The WAS had an average TS content of
3.43 £+ 0.65% and a VS/TS ratio of 0.741 + 0.036, higher than that
observed in the same substrate used in a previous study (Campo et al.,
2023a), probably because the biological oxidation section had been
operating with a shorter solid retention time (SRT). The inoculum used
for the start-up of the digesters was obtained from the digesters of the
same WWTP.

2.2. Reactor set-up and experimental tests

The study made use of three pilot-scale tests to obtain reliable values
of biomethane productivity from the WAS to be used in the TEA (see
Section 2.5). The tests compared the performance of biological and
thermo-alkali pre-treatments to a reference system, that did not use pre-
treatments. All digestion tests were carried out in the mesophilic range
(37-38 °C) and in a semi-continuous mode, meaning that the digesters
were fed and discharged once a day, five days a week.

Test n.1 was the control test. The WAS was digested in a reactor with
a total volume of 300 L (working volume, 240 L), equipped with an 80 L
gasometer and an electronic system for on-line monitoring of the biogas
volume and composition. A detailed description of the system is pro-
vided in Fiore et al. (2016). The test had an HRT of 20 days with an OLR
of 1.27 + 0.28 kg VS/d-m>, as shown in Fig. 1, and lasted approx. 110
days.

In test n.2 the WAS received the biological pre-treatment in a 12-L
(working volume, 9 L) continuous stirred reactor (CSR), which was
operated at 55 °C with an HRT of 3 days. The digestion of the pre-treated
WAS was carried out in a similar reactor (CSR, working volume 10 L),
with an HRT of 20 days. The OLR of the first reactor (namely the AR) was
maintained at values of around 9-10 kg VS/m>.d (specifically, 9.86 +
3.43 kg VS/m®.d), as it can be seen from Fig. S1 (Supplementary Ma-
terials). Anomalies in the fed amount could be observed before the
weekend, when the digester received a double dose of the substrate and
the fed volume was increased from 3 to 6 L. The OLR in the second
reactor (namely the MR) was at approx. 1 kg VS/m>-d (0.98 + 0.19 kg
VvS/m3.d, Fig. S1). Test n.2 lasted approx. 110 days.

Test n.3 involved the digestion of the WAS after a thermo-alkali pre-
treatment. The operating conditions for the thermo-alkali pre-treatment,
that is 4 g NaOH/100 g TS, 90 °C, 90 min, were fixed following the
results of a previous work (Ruffino et al., 2016). The batch reactor used
for the WAS pre-treatment had a working volume of 35 L and was
completely stirred with an electric propelled shaker. The heat was
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Fig. 1. Specific methane production (SMP, left axis) and organic loading rate
(OLR, right axis) of the one-stage mesophilic reactor (test n.1).
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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 test
of the thermo-alkali pre-treated WAS was carried out in the same reactor
of test n.1. It lasted 90 days, with an HRT of 20 days and an OLR of 0.56
+ 0.15 kg VS/m>.d. Details of test n.3 are provided in a previous paper
(Campo et al., 2023a).

2.3. Analytical methods

TS, VS and pH were determined according to the Standard Methods
(APHA, AWWA, WEF, 2012).

The ratio between total VFAs (tVFAs, expressed in equivalent milli-
grams of acetic acid, CH3COOH per liter) and total alkalinity (TA,
expressed in equivalent milligrams of calcium carbonate, CaCO3 per
liter), known as FOS/TAC ratio in the German technical literature, was
obtained by a potentiometric titration. The analysis was conducted ac-
cording to the Nordmann method, by using a SI Analytics automatic
titrator. Specifically, a sample of 20 mL of digestate is titrated by 0.1 N of
sulfuric acid solution (H2SO4) up to pH 5.0 to calculate the TA value.
Subsequently, the VFA value is obtained after a second titration between
pH 5.0 and pH 4.4.

Soluble COD, sCOD, is the fraction of COD separated after an initial
centrifugation at 15,000 rpm for 10 min and a subsequent filtration of
the supernatant on a 0.45 pm nylon membrane filter, as recommended
by Roeleveld and van Loosdrecht (2002). The sCOD was determined
with an analytical kit and a dedicated sprectrophotometer (Lovibond).
The elemental composition analysis of the WAS was obtained with a
Flash 2000 ThermoFisher Scientific CHNS analyzer on samples dried at
105 °C and on the residual ashes after combustion at 600 °C.

Spectroquant ammonium test 0.010-3.00 mg/L Merck kits were used
for estimating ammonia nitrogen concentration in the digestate samples
after filtration on a 0.45 pm nylon membrane filter. The detection was
carried out as per the manufacuturer’s instruction using an UV-31 Scan
Onda spectrophotometer.

2.4. Calculations

The capacity of both biological and thermo-alkali pre-treatments to
determine COD solubilization was quantified by using the COD solubi-
lization ratio (Sarwar et al., 2018), which was calculated as in Equation
1

sCODy — sCOD;
f

OD solubilizati tio=-—————2%
COD solubilization ratio 1COD; —sCOD;

®

where sCOD¢ and sCOD; were the concentrations of soluble COD after
and before the pre-treatment respectively, and tCOD; was the concen-
tration of the total COD before the pre-treatment. For instance, the
difference between tCOD; and sCOD;, before the pre-treatment, was the
concentration of particulate COD (pCODj).

Because of the peculiarity of the biological pre-treatment, in which
most of the solubilized COD is made available for the reactions occurring
in the MR, but a small amount of it is converted to methane already in
the AR, the capacity of the hydrolytic/fermentative process in COD
solubilization was also quantified by means of a parameter named extent
of solubilization (Ge et al., 2011; Ruffino et al., 2020).

The extent of solubilization was calculated as in Equation 2

COD¢yy + sCOD; — sCOD;
tCOD; — sCOD;

@

Extent of solubilization =

where CODcy4 was the methane production as mg COD from the AR; the
other terms of the equation (namely sCODy, sCOD; and tCOD;) have been
already described (see Equation (1)).
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2.5. Techno-economic assessment

The TEA was carried out with two aims. First (Phase 1), determining
the WWTP’s treatment capacity for which the fixed and operational
costs of either a new entire sludge line or only the components necessary
for converting biogas to biomethane equaled the revenues from selling
the biomethane at the price of 62 €/MWh, that is the incentive fixed by
the Italian Decree on biomethane, January 13, 2023, n.23. In this base
scenario (Scenario 0) the two sludges (PS and WAS) generated in the
WWTP were digested as they are in a traditional, one-stage mesophilic
reactor (see Fig. 2). Second (Phase 2), calculating the extra-revenues
coming from the extra-amount of biomethane obtained after the

SCENARIO 0
one-stage mesophilic
digestion, raw sludge

Journal of Environmental Management 370 (2024) 122780

application of either biological (Scenario 1) or thermo-alkali pre-treat-
ments (Scenario 2) to the WAS in a WWTP with the treatment capacity
obtained in Phase 1. It was hypothesized that the two kinds of pre-
treatments were operated under the conditions tested in Section 2.2
and the specific methane production (SMP) was that obtained from the
tests.

As Fig. 2 shows, the section of biogas management and upgrading
included (i) a gasometer for temporary storage of the biogas, (ii) a boiler
for the production of the heat necessary to support the AD process, (iii)
an absorption tower with demister for the removal of H,S and water, (iv)
a double-stage membrane plant for CO, separation and (v) a regenera-
tive oxidizer to burn the methane contained into the first-stage

7 L
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mesophilic digester gaso
meter
PS+WAS water
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regenerative
oxidizer
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Fig. 2. Scheme of the three scenarios for pre-treatment (where applicable), anaerobic digestion, depollution and upgrading of the biogas.
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permeate. According to this scheme, the biogas produced from the AD
was split into two aliquots: (i) one was burned in the boiler, to obtain the
heat necessary for the pre-treatment and/or the AD process; (ii) the
other was subjected to the processes of depollution and upgrading, to
produce biomethane to be used as a natural gas substitute. The technical
assessment included the heat balance, related to the thermal sustain-
ability of the entire AD process, and the design of the key components
required for AD and biogas depollution and upgrading, which are
illustrated in Fig. 2.

For the TEA, the specific production of SS, that included PS and WAS,
was fixed at 10 kg d.s./p.c.ey, the value obtained in a survey carried out
in 2020 (Campo et al., 2021), which was demonstrated to be in line with
the values found in European WWTPs (Bianchini et al., 2016; Gianico
et al., 2021). The partition between PS and WAS was hypothesized to be
65:35 (as d.s.) and the VS/TS ratios 0.75 and 0.70 for PS and WAS
respectively, that is the average values observed in the Castiglione
Torinese WWTP (Campo et al., 2023a). The SMP values of the two
sludges were fixed at 0.280 Nm3/kg VS added for PS (as in Campo et al.,
2023a) and 0.158 Nms/kg VS added for raw WAS (this study).

Regarding the execution of the heat balance related to the thermal
sustainability of the AD process, both positive and negative items were
considered. The positive items included (i) the heat produced by burning
the biogas in a boiler (1 = 95%) and (ii) the heat recovered by mixing the
WAS coming from the pre-treatments (with an outlet temperature of
55 °C or 90 °C, depending on the type of applied pre-treatment) with the
raw PS at ambient temperature. The efficiency of heat transfer between
hot and cold sludge was supposed to be 50% in the case of the biological
pre-treatment, and 80% in the case of thermo-alkali-pretreatment,
depending of the temperature gap. The negative items included (i) the
heat necessary to heat the sludge entering the AD process (Scenario 0) or
the pre-treatment reactor (Scenario 1 and Scenario 2), and (ii) the heat
necessary to compensate the heat losses through the walls and the roof
of the digesters. The heat transfer coefficient (U) was assumed 0.8 W/
m?°C and the surface area of the AD reactor walls was calculated from
the digester working volume incremented by 20%, considering a radius
to height ratio of 1:1, as in Passos and Ferrer (2015).

To ensure that the biogas depollution section could handle even
peaks of biogas output, a safety factor of 1.5 was applied for its design.
Removal of water and HsS was obtained with an absorption tower and a
condensation unit, as in Campo et al. (2023b). Upgrading biogas to
biomethane was obtained with a membrane plant with a double-stage
permeation, with second-stage permeate recycling and single-stage
compression, as in Valenti et al. (2016). Membrane material was cellu-
lose acetate, while module was spiral-wound. The surface of the mem-
brane was calculated by considering a specific area of 1.2 m? h/Nm®
biomethane as in Valenti et al. (2016) for double-stage permeation with
second-stage permeate recycling. The purity of the recovered bio-
methane was set at 97% v/v. Because it was not possible to recover
100% methane, the methane contained into the first-stage permeate was
burned into a regenerative oxidizer. The size of the compressor neces-
sary to feed the membrane plant was calculated as in Equation (3), by
considering an outlet pressure of 25 kPa and an efficiency of 75%.

k-1
_keZeRT[(Py\ &
P*ﬁ{(ﬁ) *I}Qm ®

k, gas isoentropic coefficient, 1.3 for biogas

Z, gas compressibility factor, 1

R, gas constant, 8.314/MW, MW, molecular weight
T, gas temperature, 303 K

P,, pressure inlet compressor, 1 kPa

P,, pressure outlet compressor, 25 kPa

Qm, compressor throughput, kg/s

The economic analysis was carried out by using the Discounted Cash
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Flow (DCF) method, which is based on three variables: (i) opportunity
cost of capital, (ii) lifetime of the project and (ii) cash inflows (It) and
outflows (Ot) (Ferella et al., 2019). The first variable measures the re-
turn coming from an alternative similar project that has the same risk
level and it was assumed equal to 6%. The second variable is a function
of the nature of the project and it was set equal to 10 years. Cash inflows
and outflows are related to the selling price of biomethane and the ex-
penses required to put up the process (energy necessary for the pieces of
equipment and components, sodium hydroxide for the thermo-alkali
pre-treatment), respectively. Cash inflows and outflows actualized
over the lifetime of the project must compensate the initial investment,
reported in Equation (4) as the Net Present Value (NPV) of the project.

-0y
NPV = ;7(1 i (€))

Table 1 lists all the plant’s components along with the cost function
that was used to determine each one’s pricing and actualized using the
exchange ratio (ER). ER values reported in Table 1 were calculated as
the ratio between the present (June 2023) chemical engineering plant
cost index (CEPCI, 803.3) and the CEPCI at the reference year (Maxwell,
2020). In order to incorporate indirect expenses (such as design, engi-
neering, and construction), as well as costs associated with electrical
facilities and installation, in the total investment costs (TIC), the overall
costs of the equipment were increased by 25%.

The energy demand of the digesters, boiler and regenerative oxidizer
was calculated by multiplying their specific electricity consumption,
that is per unit of equivalent inhabitant (e.i.), obtained from Campo
et al. (2023b), for the number of e.i. of the WWTP. The operating cost of
the membrane was fixed to 30 €/m2~y, as in Valenti et al. (2016). For
Scenario 2, which includes the thermo-alkali pre-treatment, the pur-
chase cost of sodium hydroxide was fixed equal to 0.30 €/kg (Price
Index, 2024).

3. Results and discussion
3.1. Effects of the pre-treatments on COD solubilization

This section describes the capacity of pre-treatments (biological,
thermo-alkali) to solubilize COD in the WAS. The concentration of sCOD
in the raw substrate, which was directly fed to the digester of test n.1,
was of very limited extent, ranging approximately from 50 to 150 mg/L.
That corresponded to a virtual COD solubilization ratio of only
0.2-0.4%, as shown in Fig. S2. Those values were calculated by imposing
the sCOD; equal to zero and the sCOD¢ equal to the concentrations of
sCOD found in the raw samples. The value of tCOD was obtained from
the results of the elemental analysis of the WAS, which provided a
tCOD/VS ratio equal to 1.3 g tCOD/g VS.

The concentration of sCOD in the biologically treated WAS, coming
out from the AR of test n.2, was quite variable, with an average value of
5350 (+£1550) mg/L. That determined an observed COD solubilization
ratio, due to the BH, of 15.4 + 4.4%, as shown in Fig. 3a. The solubili-
zation capacity of the biological pre-treatment increased to 22.6%
(£4.6%), if the contribution of the sCOD to the methane generation was
included, as in the calculation of the extent of solubilization. However,
the balance between the sCOD remaining in the WAS after pre-treatment
and the methane-equivalent COD in the biogas generated in the AR,
demonstrated that amounts of sCOD from 20% to 50% were transformed
into methane. That occurrence highlighted that the status of phase
separation between the two reactors was not completely achieved. In
fact, the SMP observed in this study at steady state (see Section 3.2), that
is after 70 days of operation, was of 0.033 (+0.001) Nm>/kg VS added,
approx. three times higher than the value observed in the same appa-
ratus performing biological pre-treatments onto PS at the same oper-
ating conditions (Ruffino et al., 2020). However, the amount of sCOD
consumed in the generation of methane observed in this study was in
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Table 1
List of the components of the plant and tools used for plant cost evaluation.
Component Cost function ($) Capacity unit Year CEPCI ER Reference
Pre-treatment tank Vor \ %8 m? 2016 541.7 1.48 ) ) .
575622 Mirmasoumi et al. (2018)
3000
Main digester Vap \ %8 m® 2016 541.7 1.48 _ _
840222 o D Mirmasoumi et al. (2018)
3000
AR digester Var \°8 m® 2016 541.7 1.48 _ _
840222 o Mirmasoumi et al. (2018)
3000
Boiler for heat ti 1 kw 2012 584.6 1.37
otier for heat generation 112° 180 e Ppyijer Petrollese and Cocco (2020)
Gasometer 1 m® 2012 584.6 1.37 )
112° 40 ® Voasometer Sanaye and Yazdani (2022)
Absorption t for HoS 1 1 3 2011 585.7 1.37
sorption tower for Hzs remova 112° 15974.13 ¢ (Qbiogaso'asss) m/h Sanaye and Yazdani (2022)
Demist 0.01 t desulfurizati 2011 585.7 1.37
emister © cost desu aton $ Sanaye and Yazdani (2022)
Regenerative oxidizer 2.664 10 + 13.98 & Qpiogas scfm 1999 3906 206 Sorrels (2017)
Membrane 165 A m? 2015 556.8 1.44 Valenti et al. (2016)
Compressor 1000 P kw 2015 556.8 1.44 Valenti et al. (2016)

(scfm, standard cubic foot per minute, 1 scfm = 1.699 m3/h).
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Fig. 3. (a) Trend of the COD solubilization ratio (sCOD/tCOD) and solubili-
zation extent (SE) due to the BH and (b) specific methane production in the AR,
MR (apparent MR) and MR considering the VS consumed in the AR (real MR).

line with the value, in the order of 40%, found by Ge et al. (2011) in a
similar test involving WAS (2-day biological pre-treatment, 50 °C).
Not surprisingly, the thermo-chemical pre-treatment (4 g NaOH/
100 g TS, 90 °C, 90 min) had a very positive effect on the solubilization
of the COD in the substrate fed to the digester of test n. 3. The sCOD
content in the thickened WAS samples (2.5% VS b.w.) increased from

approx. 100 mg/L, in the raw substrate, to values in the 10,000-15,000
mg/L range, in the treated WAS. The observed COD solubilization ratio
was consequently in the order of 40% (data not shown), approx. three
times higher than that obtained with the biological pre-treatment. It was
of the same extent of the values found in the tests carried out at a smaller
scale on WAS samples coming from the same WWTP (Ruffino et al.,
2016).

3.2. Process stability, VS reduction and methane production

The digestion test used as a control (test n.1, T = 38 °C, HRT = 20
days, untreated WAS), after a phase of start-up, which lasted approx. 30
days, has run steadily. For the whole duration of the test the FOS/TAC
value was at nearly constant values, in the range of 0.1-0.2 (average
0.15), indicating a stable AD process (data not shown). Monitoring of the
ratio between tVFAs and TA (FOS/TAC ratio) is a field-available method
to measure the risk of acidification of the digester in a quick and reliable
way and can help maintaining the operational stability of the process
(Pfeiffer et al., 2020). The observed tVFAs/TA ratio was in the expected
range for digestion processes involving SS (Kwon et al., 2023). The
concentration of ammonia nitrogen in the liquid phase of the digestate
was at the constant value of approx. 1000 mg/L for all the duration of
the test (Fig. S3) and did not determine evident phenomena of
inhibition.

The digestion process developed in test n.1 reached a SMP of 0.158
+ 0.004 Nm®/kg VS after around 3 HRTs. Such a value was steadily
maintained until the end of the test, as shown in Fig. 1. The VS content
was used as an indicator of the amount of organic matter contained into
the sludge. The values of the daily monitored VS content in the fed
substrate and in the digestate are shown in Fig. S2. The balance between
them reveals that the digestion process was capable of reducing the VS
content of the WAS by 34%.

The time course of the ratio between tVFAs and TA in the AR and MR
of test n.2 is shown in Fig. S4. It can be seen that the FOS/TAC ratio in
the AR was quite variable, from 0.5 to 1.5, with tVFAs concentrations
which were approx. four times more than the values found in the MR
(average values of 2750 mg equivalent acetic acid/L vs. 670 mg
equivalent acetic acid/L, data not shown). The biological pre-treatment
carried out in the AR converts biodegradable COD to VFAs through the
processes of hydrolysis and fermentation (Ge et al., 2011). The products
of hydrolysis are typically sugars, long chain fatty acids and amino acids,
which are subsequently transformed into VFAs and CO; through
fermentation. FOS/TAC values with a similar extent and trend were
observed in the study of Sani et al., 2022b, where in the second phase of
the test the AR was fed with a mixture of concentrated WAS (TS approx.
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3%) and greasy sludge coming from a canned tuna industry. Notwith-
standing the variable trend of the FOS/TAC ratio, the digestion process
in the AR was characterized by a stable operation for all the duration of
the test. In the MR the FOS/TAC ratio stabilized at a quite constant ratio
of 0.17, indicating a stable AD process. The MR could be fed with
pre-treated, acidic substrate without showing signs of inhibition. The
trend of the concentration of ammonia nitrogen in the liquid phase of
the digestate coming from the AR and MR is reported in Fig. S3. It was,
on average, approx. of the same order (1300 mg/L) in the two digesters,
with a slightly rising trend in the MR.

The production of methane in the AR increased from approx. 0.015
Nm®/kg VS added, in the first 30 days of the test, to the stable value of
0.033 =+ 0.001 Nm3/kg VS added, in the last 30 days, as shown in
Fig. 3b. To this SMP corresponded a VS consumption in the order of
10%, associated to both the CO, generated in the fermentation process
and the production of methane which occurred in the AR, as discussed in
Section 3.1. The SMP of the main digester (MR), after 70 days of oper-
ation, was relatively stable at the value of 0.182 Nm°/kg VS added
(Fig. 3b). This SMP values has to be considered as an “apparent” value,
because a portion equal to approx. 10% of the VS introduced in the
digestion apparatus (including the two reactors) was already consumed
in the AR. Consequently, the effective methane yield of the MR, referred
to the initial organic matter content of the substrate production, had to
be corrected in 0.163 Nm>/kg VS added (see Fig. 3b, MR real), according
to Equation 5

B =By(1-p) ®)

where B' is the overall methane yield (NLCH4/kg VS added), By is the
methane yield of the sludge after the pre-fermentation (NLCH4/kg VS
added), and p is the VS consumption from the first to the second reactor
(g VS final/g VS initial), as in Peces et al. (2016). In the case in which it
was possible to recover also the methane produced in the first stage, the
overall methane yield would be equal to 0.196 Nm®/kg VS added, that is
only 24% more than the value observed in test n.1 (control). That in-
crease was comparable to the value obtained by Sillero et al. (2023),
who observed an increase in the methane production of 30% between a
mesophilic reactor (HRT = 15 days) and a TPAD both digesting a
mixture made of SS, wine vinasse and poultry manure.

The VS at the outlet of the MR had also a steady concentration, thus
demonstrating that the process had been correctly operated and the
digester was well mixed. The observed VS reduction in the MR was in the
order of 39%, in line with the observed production of biogas. Both SMP
and VS reduction observed at the pilot-scale TPAD used in this study
were in line with the values found by Zhao et al. (2022), who monitored
a full-scale plant operating according to a TSBP (Temperature Staging
and Biological Phasing) technology, that is a TPAD with a reduced
temperature (45 °C) in the thermophilic phase, for over one year.

As reported in Section 3.1, the thermo-chemical pre-treatment (4 g
NaOH/100 g TS, 90 °C, 90 min) had a positive effect, first, on the
amount of soluble COD in the substrate fed to the digester and, conse-
quently, on the productivity of the AD process. The pH of the WAS after
the pre-treatment was in the order of 8.5. The SMP observed in test n.3
was of 0.332 Nms/kg VS, approx. 110% more than the control (test n.1).
The VS reduction was close to 70%. However, a steady development of
the process was possible only working with an OLR of 0.56 + 0.15 kg
VS/m3.d, which was approximately one half of the value used for test
n.1. That was because the thermo-alkali pre-treatment determined the
release of ammonia (NH3-N), other than of soluble COD, as extensively
discussed in a previous paper (Campo et al., 2023b). Ammonia pro-
gressively accumulated into the reactor and inhibited the methanogens,
thus determining a reduction in the methane production and an evident
accumulation of acidic compounds (Astals et al., 2018).
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3.3. Techno-economic assessment

3.3.1. Phase 1 — WWTP size assessment with no pre-treatment application

In the first part of Phase 1 of the TEA, preliminary calculations were
carried out to evaluate the economic sustainability of building a new
sludge line, that included the AD section and all the components
necessary for biogas upgrading. Calculations were carried out with
reference to a WWTP with two different treatment capacities, that is
100,000 e.i. and 1M e.i. A detail of the cost items found for the two cases
is reported in Table 2.

The overall purchase cost, which included the main digester and the
pieces of equipment necessary to thermally support the AD process and
to upgrade the biogas to biomethane, was of 1.2 M€ and 4.9 M€ for the
WWTP sizes of 100,000 e.i. and 1M e.i., respectively. Table 2 shows that
the digester (or group of digesters) and the regenerative oxidizer, which
is required for the destruction of the first-stage permeate, accounted for
the majority of the total equipment purchase cost. Specifically, the
sludge line of the 100,000 e.i. WWTP required a digestion volume of
1370 m®, which produced 738.5 Nm®/d of biogas, of which 37.5% was
necessary to support the AD process and the remaining 62.5% could be
upgraded to biomethane. The required digester had a corresponding cost
of approx. 600 k€ (Table 2). The thermal oxidizer had a cost of the same
order, that is around 500 k€. The digester and the thermal oxidizer
accounted for 50% and 42% respectively of the overall equipment
purchase cost.

For a WWTP with a capacity of 1M e.i., the volume of the digester
was ten times more, with a corresponding cost of approx. 3.8 ME€. In this
case, the amount of biogas which could be upgraded to biomethane was
65.3%, only 4.5% more than in the previous case. The increase in the
WWTP size minimally affected the cost of the thermal oxidizer, that
remained at 500 k€. In the overall, the cost of the pieces of equipment
necessary for the sludge line of a 1M e.i. WWTP was of 4.9 ME, being the
contribute of the digester in the order of 78%. Anaerobic digesters are a
critical item in the economic assessment of the project, as highlighted in
previous studies (Tolessa et al., 2022). Sillero et al. (2023) managed to
keep the costs of the digester at quite low values (50 k€ for a reactor of
approx. 2000 m>, corresponding to 150,000 e.i. in this study) by using a
covered lagoon digester, which, however, was deemed not suitable for
the present case.

In order to balance such high costs for digesters, it is necessary to
either extend the time horizon of the project (for example to 20 years or
more) or to consider a higher selling price for biomethane. With refer-
ence to a 1M e.i. WWTP, the adoption of a biomethane selling price of 62
€/MWh could recover only 57% of the initial investment made for the
pieces of equipment of the sludge line after 20 years. The initial in-
vestment could be recovered after 10 years provided that the bio-
methane is sold at around 100 €/MWh. However, a more complete
evaluation should include other factors, that is, for example, the reve-
nues coming from the fees applied to citizens to benefit of the integrated
water service (water supply and wastewater management and
treatment).

Table 2
Cost items of the pieces of equipment composing the sludge line for WWTPs with
a treatment capacity of 100,000 and 1,000,000 e.i.

WWTP 100,000 e.i.
Purchase cost (€)

WWTP 1,000,000 e.i.
Purchase cost (€)

Pieces of equipment

Main digester(s) 605,013 3,817,377
Boiler for heat generation 14,992 102,961
Gasometer 10,296 138,631
Absorption tower for H,S removal 60,990 140,466
Demister 610 1405
Regenerative oxidizer 498,242 499,908
Membrane 11,960 124,992
Compressor 7521 78,600
TPC 1,209,625 4,904,339
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On the basis of the results of above, it was decided to limit the TEA to
the works necessary to upgrade the flow rate of biogas, which exceeded
the part necessary for the thermal support of the AD process, to bio-
methane. Consequently, the digester(s), the gasometer and the boiler for
thermal energy production were excluded from the assessment in Sce-
nario 0. The cost differences of these pieces of equipment with respect to
Scenario 0 were however considered for the TEA carried out in Scenario
1 and 2 (see Section 3.3.2).

As shown in Fig. 4, the price of biomethane capable of recovering the
initial investment after 10 years at the opportunity cost of capital stated
in Section 2.5 (6%) ranged from 220 €/MWh, for a WWTP with a
treatment capacity of 50,000 e.i., to 48.5 €/MWh, for a WWTP of 2M e.i.
In this range of WWTP sizes, the amount of biogas which could be
recovered in the form of biomethane was from 61% to 65%. The break-
even point, that is biomethane selling price at 62 €/MWh, was obtained
for a WWTP size of approx. 500,000 e.i. (see Fig. 4). The detailed results
of the assessment concerning the sizing of the pieces of equipment and
cost evaluation are reported in Tables S1 and S2, respectively. They
revealed that the weight of the cost of each piece of equipment was quite
different considering WWTPs with different sizes (see Fig. 5). For
example, the purchase cost of the regenerative thermal oxidizer was
almost independent on the size of the WWTP, increasing by less than 1%
from 50,000-2M e.i. (see Fig. S5). It accounted for about 90% of the
whole purchase cost of equipment in medium-small WWTPs (50,000 e.
i.), but it reduced to less than 50% in large WWTPs (2 M e.i.). In general,
the weight of the remaining pieces of equipment (namely the absorption
tower for HyS removal, compressor, and membrane) rose with the size of
the WWTP. The cost weight of the absorption tower remained consistent
at roughly 16% for WWTP treatment capacities of more than 750,000 e.
i.

3.3.2. Phase 2 - effect of the introduction of biological or thermo-alkali pre-
treatments

In Phase 2 of the TEA, for the WWTP size found in Section 3.3.1, that
is 500,000 e.i., the effect of the introduction of either biological (Sce-
nario 1) or thermo-alkali (Scenario 2) pre-treatments on the economic
balance was evaluated. That means the gain (or the loss) associated to
the selling of biomethane, with respect to the reference price of 62
€/MWh. The detailed results of the assessment, that is the biogas and
biomethane flows circulating in the plant and the sizing of the pieces of
equipment can be seen in Table 3.

The introduction of the biological pre-treatment determined an in-
crease in the biogas production of only 4% compared to the base sce-
nario, due to the increase in the WAS SMP from 0.158 Nm®3/kg VS to
0.196 Nm®/kg VS. The contribution of the WAS in the methane
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Fig. 4. Price of biomethane capable of recovering the initial investment after
10 years as a function of the WWTP treatment capacity.
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produced by the digested sludge increased from 22.1%, in Scenario
0 (the complementary amount of methane, that is 77.9% was produced
by PS), to 26.0%, in Scenario 1. However, the minimal rise in the biogas
production was not able to assure the sustainability of the intervention,
that is the introduction of biological pre-treatments. In fact, the bio-
methane price capable of recovering the initial investment after 10 years
increased from 62.4 €/MWh (Scenario 0) to 68.1 €/MWh (Scenario 1). A
portion of the increase in biogas production in Scenario 1 was utilized to
offset the system’s higher heat demand (411.8% compared to Scenario
0), as a result of the introduction of a process that operated at a tem-
perature (55 °C) above the mesophilic range. The moderate temperature
difference between the sludge exiting the AR and the mesophilic con-
ditions of the main reactor allowed a heat exchange between hot and
cold (primary) sludge of limited efficiency (50%, as fixed in Section 2.5).
The remaining portion of the increase in biogas generation could actu-
ally determine a negligible increase in the biomethane production
(+1.76% compared to Scenario 0). However, the requirement of an
additional reactor, with a volume of 360 m3, and a small enlargement of
both gasometer and boiler, to support the biological pre-treatment, the
higher production of biogas and the higher heat demand of the system,
was the principal cause of the increase of the break-even biomethane
price.

The introduction of the thermo-alkali pre-treatment determined an
increase in biogas production of 22.8%, which raised from 3693 Nm®/
d in Scenario 0 to 4535 Nm®/d in Scenario 2 (see Table 3). The contri-
bution of the WAS to the methane production was 37.3% (compared to
26.0% of Scenario 1). The thermo-alkali pre-treatment determined a
higher amount of biogas which could be upgraded to biomethane (from
2390 Nm?®/d of Scenario 0 to 3100 Nm>/d of this Scenario), but also an
increase in both investment costs and operating costs. For these reasons,
the increase in the profit coming from the selling of biomethane was of
approx. 10 €/MWh.

A detail of the cost items for the three scenarios is reported in
Table S3. Fig. 6 shows the relative weight of the cost of the pieces of
equipment composing the plant for biogas upgrade in the three sce-
narios. It can be seen from Fig. 6 that, for Scenario 0, the overall cost for
equipment purchase was of approx. 710 k€, 70% of which was for the
regenerative thermal oxidizer. On the grounds of the hypothesis made
before (see Section 3.3.1) no costs for the digester and biogas temporary
storage and burning were considered. In Scenario 1 the overall cost for
equipment purchase rose to approx. 930 k€ (+31% compared to Sce-
nario 0). The magnitude of the regenerative thermal oxidizer decreased
from 70% to 54%, however, more than 22% of the overall purchase cost
was due to the first-stage (BH) reactor. Finally, in the case of thermo-
alkali pre-treatment application, the overall purchase cost was of
approx. 787 k€, 63% of which for the regenerative thermal oxidizer and
10% for the membrane.

4. Conclusions

This study used pilot-scale tests to provide reliable SMP values of raw
and either biologically or thermo-alkali pre-treated WAS for a compar-
ative TEA. The TEA was aimed at evaluating the viability of producing
biomethane at a WWTP, through upgrading biogas with a double-stage
permeation membrane plant.

The results of the TEA demonstrated that a WWTP size of at least
500,000 e.i. was necessary to recover the initial investment made for the
installation of the biogas upgrading plant after 10 years, when the bio-
methane was sold at 62 €/MWh, that is the price fixed by the in-force
Italian decree on biomethane.

The results of the pilot-scale tests highlighted a clear superiority of
the thermo-alkali pre-treatment over the BH, being the first able to in-
crease the WAS productivity by 110% with respect to the control (un-
treated WAS), compared to only +23.6% obtained with the TPAD
scheme. However, the extra biogas production obtained with the BH was
of too limited extent to compensate both the higher amount of heat
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demister was negligible for all WWTP sizes.

Table 3
Biogas, biomethane and permeate flows and sizing of the pieces of equipment for
a WWTP with a treatment capacity of 500,000 e.i.

Scenario Scenario 1 Scenario 2
0 (BH) (TAH)
Biogas flow rate (Nm>/d) 3693 3856 4535
Volume of the digester(s) (m®) 6849 360 + 6849 18 + 6849
Heat necessary for the AD process 30,378 33,964 34,766
mJ/d)
Boiler power (kWt) 351.6 393.1 402.4
Biogas to be upgraded, peak value 3585 3648 4650
Nm®/d)
Biomethane (97% purity, peak 2162 2200 2805
value) (Nm®/d)
Permeate to be oxidized, peak 1423 1448 1846
value (Nm®/d)
Membrane area (m?) 105 107 136
Compressor size (kW) 29.7 30.2 38.5
Scenario 0 Scenario 1 Scenario 2
710 k€ ‘ 931ke %
N +31%
M reactors m gasometer u boiler

desulfurization ® demister u membrane

W compressor ® thermal oxidizer

Fig. 6. Relative weight of the cost of the pieces of equipment composing the
plant for biogas upgrade in the three scenarios. For Scenario 1 and 2 the cost of
the supplementary reactors, gasometer and boiler was calculated as an increase
with respect to Scenario 0 where the cost of the three components was not
considered. The cost of the demister was negligible for all the three scenarios.

necessary for the pre-treatment and the purchase cost of the additional
reactor, with the break-even biomethane price rising to 68 €/MWh.

Finally, the introduction of a thermo-alkali pre-treatment in the
WWTP sludge line was able to increase the revenues from biomethane
selling by approx. 10 €/MWh, for a WWTP of 500,000 e.i.

The results of the present study can provide useful data to WWTP
managers who want to introduce WAS pre-treatments combined with
interventions for biogas upgrading in an existing or new sludge line of a
WWTP.
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