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Abstract: The aim of this paper was to evaluate the characteristics and the energy potential for the
methane production of fine screenings collected from the primary stage of a municipal wastewater
treatment plant, and assess the impact on the properties and the oxygen demand of the aqueous
effluents downstream from the sieves. Commercial filter bags with sieve openings of 3000, 1250, 1000,
and 300 um were used for the collection of screenings following a measurement of their biochemical
methane potential. It was revealed that solid fractions from the sieves with a large size presented
a high net methane production capacity exceeding 900 mL/g VS, but the gas production rate was
rather slow, requiring a long time to reach the final value. However, cumulative solid fractions
containing particles with a size larger than 300 um had a lower net methane production, about
700 mL/g VS, but with a faster rate, resulting in almost 80% of the total volume released in 30 days.
Aqueous samples downstream from the sieves presented decreasing organic matter content by sieve
size and reduced the requirements for aeration oxygen. The installation of fine sieves in existing
municipal wastewater treatment plants, therefore, may be beneficial due to the enhancement of
biogas production and a reduction in the oxygen consumption of the activated sludge process.

Keywords: fine screenings; biochemical methane production potential; wastewater treatment plant;
energy recovery; anaerobic digestion

1. Introduction

Wastewater treatment based on the activated sludge process has become a common
and well-known technique for the efficient removal of organic contaminants from municipal
effluents, therefore reducing the environmental impact of sewage discharges to aquatic
bodies. Traditionally, treatment plant design procedures are focused mainly on the efficient
reduction of organic and nutrient loading, and these plants have been considered as
appropriate steps in order to cope with the strict effluent guidelines. However, wastewater
treatment plants (WWTPs) represent high-energy-demanding units, with their consumption
accounting for about 14% of the total consumption of the water treatment industry, and
this is expected to increase by 130% as of 2040 [1]. Key performance indicators were
estimated in an energy inventory analysis of 61 WWTPs in Greece, corresponding to about
20% of the total number of plants, and it was found that the specific energy consumption
ranged from 3 to 150 kWh per population equivalent (P.E.), from 0.2 to 2.0 kWh per m? of
influents, and from 0.03 to 7.13 kWh per kg of COD removed, depending on the treatment
method used [2]. Recent concerns about climate change and the interrelation between
water and the energy sector in the water—energy nexus have resulted in strong efforts
towards improving the carbon footprint of wastewater treatment plants and their transfer
to a resource-recovery and energy-neutral system [3]. Such an approach is even more
important under the current conditions of increasing energy tariffs in a worldwide context.
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Nevertheless, efforts towards energy conservation should be carried out without reducing
the process efficiency towards the removal of organics and nutrients.

Conventionally, energy recovery in WWTPs takes place through the anaerobic diges-
tion of primary and secondary solids collected in clarifiers. Anaerobic digestion does not
only alleviate environmental problems through excess sludge stabilization and a reduction
in the amount of sludge that has to be disposed of, but it also reduces the stress on depleted
resources and the growing energy insecurity by converting waste to biogas. The energy
recovery in an activated sludge anaerobic bioreactor accounts for about 20 to 40% of the
total energy demand of the treatment plant [4]. However, additional energy sources can be
explored that could further contribute to the energy recovery of the wastewater content,
transforming the WWTP from an energy consumer to a neutral or even energy-producing
system. Such potential sources could be identified in raw wastewater, considering that the
inherent energy content of influents may reach up to around 15 kJ /g COD, which is much
higher than the energy requirements of the aeration step [5].

Towards that direction, research efforts have been focused on the use of alternative
resources as potential energy sources, such as screenings collected through influent primary
treatment and floating materials known as fats, oil, and grease (FOG). Although these
materials contribute up to about 50% of the raw wastewater organic matter, the valorization
of their energy content has not been thoroughly considered, since their production rate is
limited to small daily amounts [6]. Nevertheless, a daily per capita production of up to
about 10 g has been reported for France and up to 23 g for the UK, strongly depending
upon storm and dry weather climatic conditions that might favor the further valorization
of the screenings in energy processes [7,8].

The biochemical methane production potential was measured in an energy utilization
study of the primary screenings and floatings from four municipal wastewater treatment
plants, and it was found to range from values as low as 90 L/kg VS up to 740 L/kg VS
for fine screenings, which is considerably higher than the normal biochemical methane
potential of excess sludge, which varies between 300 and 400 L/kg VS [9]. In the same
study, it was observed that floatings had a rather low methane production potential,
despite their high fat content, due to the presence of cellulosic fibers with a low degradation
potential and the occurrence of long-chain fatty acids inhibiting the anaerobic process. The
energy utilization of primary screenings by co-digestion in existing excess sludge anaerobic
digesters is beneficial, not only due to the increase in produced biogas, but also because of
the reduction in the amounts of solids that have to be landfilled or incinerated, therefore
reducing the environmental footprint of the treatment plant.

Additional sources of energy production in raw wastewater might be found in fine
suspended solids, i.e., in solids with a small particle size present in influent wastewater.
The removal of screenings from influents is carried out during the first treatment stages,
aiming to protect the downstream equipment such as pumps and mixers; the size of the
screen openings depends on the design guidelines and the effluent restrictions, and screens
with openings of at least 5 mm are often applied in most activated sludge treatment plants.
However, fine mesh-sized screens with apertures of 350 to 850 um are frequently applied
in a few countries, such as Norway, as the only treatment step without any biological
processes. The implementation of a fine screening process in Norway has been associated
with the intensive product development in the country, and especially to significantly
reduced investment costs and space requirements compared to other primary treatment
processes [10]. The performance of fine screenings is often better than that of primary
sedimentation, resulting in over 50% removal of solids and more than 20% removal of
organic matter [11]. Fine screens with a mesh size of 0.8 to 2.0 mm are often applied in
membrane bioreactor systems as a measure for controlling the early formation of cake
layers on the membrane surface, thus enhancing the long-term efficient operation of the
unit [12].

However, few studies have been reported on the energy valorization of fine screenings,
and they have mainly focused on the examination of the anaerobic digestion potential
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of solids from 6 mm screens or FOG [7], while studies investigating the combination
of solid fractions with biodegradation are even more limited [13,14], without particular
efforts towards identifying the relationship between the particle size fraction and the
energy content [15]. The determination of the solid fraction with the maximum biogas
production potential would enhance the decision towards the selection and installation
of fine mesh screens with an optimal mesh size. Nevertheless, relevant studies have been
published focusing on the recovery and energy evaluation of the cellulosic fiber fraction
of solids collected with a 0.35 mm fine screen [16,17]. In addition to the potential energy
improvement through anaerobic co-digestion with excess sewage sludge, the removal
of fine screenings from raw influents can be beneficial for the following biological stage,
resulting in less organic loading and, thus, less energy consumption for their degradation.

The primary aim of this work was to examine the energy potential of fine screenings
from the primary treatment of a municipal wastewater treatment plant. The specific objec-
tives included the collection and identification of the content of fine screenings depending
on their particle size distribution, the measurement of their potential for biogas production
as a function of the particle dimensions, the evaluation of the organic loading of the eluent
from fine screens, and the corresponding impact in the following aeration process.

2. Materials and Methods

Fine screenings were collected from the primary treatment stage of a municipal
wastewater plant located in Northern-Central Greece with a design capacity of 23,400 m>/d.
Various commercial nylon filter bags (Eaton NMO, dimensions DXL: 180 x 810 mm) with
opening sizes corresponding to 3000, 1250, 1000, and 300 um were used for the separation
of different fractions of solids from the influent. Each filter bag was designed for surface
filtration to retain particles that are larger than the respective pore size of the openings.
A stainless-steel apparatus was constructed for holding the filter bags, consisting of four
stainless-steel rings with a diameter of 180 mm placed in a column sequence. The filter
bags were held by the rings, placed in a sequence of reducing opening size, in order for
the eluent from a sieve of a larger size to be fed to a sieve of a smaller size. Wastewater
pumped downstream of a 15 mm bar screen was fed to the sieve at the top of the apparatus
through a submersible pump. The wastewater flow rate was adjusted in order to achieve
a sieve rate of 3.5-4.0 m3/m? sieve surface/h.

The filtration of the raw wastewater was carried out for periods of about 30 min
until the clogging of the sieves, followed by the removal of the collected solids from the
filter surface and the subsequent placement of the cleaned sieves in the apparatus for
re-operation of the filtration. Successive filtration cycles were repeatedly applied in order
to collect an adequate quantity of solid samples, which were combined to obtain a sample
amount suitable for the following analysis; by this method, the practice samples were
representative of the influent characteristics over a corresponding long time of collection.
Samples collected from sieves with the same opening size, as well as aqueous samples
collected downstream from each sieve, were placed in glass bottles and transported to the
laboratory for further analysis. The samples were stored at 4 °C in a constant-temperature
refrigerator until the analysis.

The determination of the total and volatile solids in the various sieve fractions took
place using standard methods of analysis, i.e., drying at 105 °C for total solids and thermal
treatment at 550 °C for volatile solids [18]. The concentration of the chemical oxygen
demand (COD) organic matter in the aqueous samples was measured using a HACH-Dr
Lange DR3900 spectrophotometer and the corresponding standard cuvette test kits, i.e.,
the LCK714 COD kit. The particle size distribution in the samples was measured using
a Malvern Mastersizer 2000 particle size analyzer.

The biochemical methane potential (BMP) was measured using the anaerobic digestion
treatment described in [9]. Briefly, certain amounts of samples and inoculum were placed
in 300 mL glass reactors following incubation at 37 °C. A sample from the contents of
the sludge anaerobic digester of the full-scale municipal wastewater treatment plant was
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used as the inoculum. Gas samples were collected at certain time periods from each glass
bottle and analyzed for the determination of the methane production rate using a gas
chromatograph. For each substrate, the maximum specific growth rate of the methanogens
(umax) and the methanogen maximum doubling time (Tdouble max) were calculated as
discussed in [9]. The biochemical methane potential measurements were carried out in
triplicate, and the sample average and standard deviation were calculated using IBM SPSS
Statistics, version 25.

The determination of the aerobic degradation demand of the aqueous samples from
various sieves was carried out by measuring the oxygen uptake rate using the apparatus
and the methods described in [19]. A total of 150 mL of the sample and 1.5 L of inoculum
from the aeration tank of the full-scale treatment plant were added to a 2 L plexiglass reactor,
and the concentration of dissolved oxygen was measured as a function of time. The oxygen
uptake rate in mg/L/h was deduced by the slope of a dissolved oxygen versus time curve,
while the specific oxygen uptake rate in mg O, /g COD/h was calculated by measuring the
COD content of the aqueous sample. The aeration of the sludge in subsequent intervals by
allowing the dissolved oxygen concentration to vary between 2 and 4 mg/L resulted in an
estimation of the oxygen uptake rate over long periods, and the calculation of the specific
oxygen uptake rate as a function of time was placed in a respirogram.

3. Results

The aim of this work was to identify the energy potential of the fine screenings with
a particle size ranging from 300 um up to sizes exceeding 3 mm, in order to determine their
efficient valorization towards biogas production in the existing sludge anaerobic digesters
of a municipal wastewater treatment plant. Therefore, the samples were collected using
filter bags corresponding to particle size ranges of >3000 pum, 3000-1250 pum, 1250-1000 pm,
and 1000-300 pm. The selection of the corresponding size ranges was made by taking into
account the mesh size of the fine screens that are usually available at the commercial scale,
as well as screen sizes often applied in membrane bioreactors at full-scale plants.

3.1. Analysis of Various Size Fractions

The content of the total and volatile solids in the selected sieve fractions are presented
in Figure 1. As shown, the total solid content varied from about 14.5 to 31%, while
the volatile solid content in the various fractions ranged from 11 to about 27%. The
lowest volatile solid content in dry matter form was measured for the smallest fraction,
corresponding to about 72% of the total solids, while the highest content was observed for
the largest particles, exceeding 87%.

The energy content of solids that can be valorized through anaerobic fermentation can
be evaluated by the utilization of the biochemical methane production potential. The results
of the cumulative biochemical methane mL per gram of volatile solids (VS) as a function of
the reaction time are shown in Figure 2 for the various solid fractions collected in the filter
bags. The total net methane production, in mL per g of VS, at the end of a fermentation
time of 80 days is given in Table 1 for the various solid fractions, where the corresponding
methane production due to the inoculum is excluded.

The kinetics of anaerobic organisms towards methane production were evaluated by
the corresponding maximum specific growth rate, pmax, and the methanogen doubling
time, as shown in Figure 3.
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Figure 1. Concentration of total and volatile solids in the samples collected from sieves with various
opening sizes.

Table 1. Total net methane production for solid samples produced from sieves with openings of
different sizes, in mL/g VS.

Sieve Openings, um Net Methane Production, Standard Deviation
’ mL/g VS mL/g VS
>3000 931 44.90
3000-1250 892 3.66
1250-1000 667 2.06
1000-300 443 3.02
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Figure 2. Biochemical methane production potential for fine screenings collected from sieves with
openings of various sizes, and for the anaerobic sludge sample used for inoculation.
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Figure 3. Maximum specific growth rate, umax, and methanogen doubling time, Tdouble max,
estimated from the biochemical methane potential curves of solid fractions collected from sieves with
various opening sizes.

3.2. Analysis of Cumulative Sieve Fractions

The above results can lead to valuable information about the energy potential of
different sizes of fine solids that can be collected through the primary screening of raw
influents in a municipal wastewater treatment plant. Such an approach requires the
installation of a series of fine sieves of reducing mesh size in the primary stage of a treatment
plant; however, such a venture is usually not implemented due to space limitations and
financial constraints. A rational approach would require the evaluation of the energy
content of the total solids accumulated in a single size of fine screen. Therefore, the analysis
of the characteristics and the energy content of accumulated solids collected in sieves with
various sizes took place through the assessment of the properties of cumulative fractions
with the following sizes: >3000, >1250, >1000, and >300 pm.

The total and volatile solid concentrations for the cumulative fractions are shown in
Figure 4, while the corresponding biochemical methane potential curves of the samples are
provided in Figure 5. It should be noted that the aim of this work was to interpret the energy
content of solids of a certain size contained in the wastewater entering a treatment plant
that have the potential to be separated from the raw influent in the primary treatment stage.
Nevertheless, the biochemical methane potential of wastewater without being subjected
to prior filtration through the corresponding sieves was not measured, since anaerobic
digestion for the direct treatment of raw wastewater is not an efficient process due to the
low content of total volatile solids per m3. In addition, residual methane dissolved in
the anaerobic digestate has been reported to account for about 0.4% of the total methane
production, increasing the environmental footprint of the wastewater treatment plant [20].
Moreover, the calculation of the methane potential of the total solids contained in raw
wastewater was not examined, as the harvesting and separation of the whole solid fraction
is not an efficient or viable option in the primary treatment stage.
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Figure 4. Concentration of total and volatile solid content in cumulative solid samples collected from

sieves with openings of certain sizes.
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Figure 5. Biochemical methane production potential for the cumulative solid samples collected from

sieves with certain sizes of openings.

The total net biochemical methane production in mL/g VS is given in Table 2, and
the kinetic parameters of the methanogens are plotted in Figure 6. In addition to these
parameters, the release profile of methane as a function of time is crucial for the assessment
of the time required to obtain a certain volume of methane, which can be utilized in order
to identify the appropriate loading rate of fine screenings in an existing anaerobic digester.
The percentage of the total volume of methane released as a function of fermentation time

for the various cumulative solid fractions is shown in Figure 7.
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Table 2. Total net methane production for the cumulative solid fractions collected from sieves with
certain opening sizes, in mL/g VS.

Sieve Openings, um Net Methane Production, Standard Deviation,
P 8s/ K mL/g VS mL/g VS
>3000 931 44.90
>1250 957 41.42
>1000 775 33.42
>300 704 14.81
3 0.03
W Tdouble Qpmax
2.5 0.03
;‘ 2 0.02 o
E 2
E £
B 15 0.02 i
% 1 0.01 §
s
0.5 0.01
0 0.00
>3000 pum >1250 um >1000 um >300 pm
Sample

Figure 6. Maximum specific growth rate, umax, and methanogen doubling time, Tdouble max,
estimated from biochemical methane potential curves of cumulative solid samples collected from
sieves with certain opening sizes.
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Percentage of methane production, %

~&->3000 pm

—4—>1250 pm
>1000 pm

—&—>300 um

20

0 10 20 30 40 50 60 70 80 920
t, days
Figure 7. Volume release of methane as a percentage of total net volume, as a function of the
fermentation time estimated from the biochemical methane potential measurement of solid samples
collected from sieves with certain sizes of openings.

In addition to the energy potential of solids collected in fine screens, additional
information is required about the properties of the produced effluents from sieves, i.e.,
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the aqueous phase eluted from each fine screen. In a full-scale plant, effluents will be
fed to the following biological aeration stages, and therefore, the determination of their
organic matter content, as well as their potential for aerobic degradation, are important for
the holistic evaluation of the impact of fine mesh screens in the operation of an activated
sludge process. The COD organic matter and suspended solid content of the aqueous
samples from different sieve sizes are shown in Figure 8. In addition, in order to justify
the efficient performance of the sieves and the entrapment of particles with a size larger
than the corresponding sieves, the particle size distribution was measured in the different
aqueous samples and the corresponding curves are given in Figure S1.

1000

mCOD

uSS
800
600
400
200
o
raw

3000 pm 1250 pm 1000 pm 300 um
Sieve size

Elluent concentration, mg/L

Figure 8. COD and suspended solid content in the aqueous samples collected downstream of sieves
with certain opening sizes.

The measurement of the oxygen uptake rate in a sample is a useful tool for the
assessment of the organic matter content of the sample and the oxygen requirements in an
aeration process. The oxygen uptake rate of aqueous samples was measured and plots of
the dissolved oxygen concentration as a function of time were constructed, as shown in
Figure S2, which were representative of the sample collected downstream from the 3000 um
sieve. Respirograms, i.e., specific oxygen uptake rate vs. time curves, deduced from the
corresponding plots of the dissolved oxygen concentration for each sample, are shown in
Figure 9.

250

—=->3000 um

——>1250 pm
>1000 pm

—t=>300 pm

200

mg 0,/ g COD/h
"
3]

g

- \\

\_\‘

0 0.2 0.4 0.6 0.8 1 1.2 14
th

Figure 9. Respirograms corresponding to the specific oxygen uptake rate of aqueous samples collected
downstream of sieves with certain opening sizes.
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4. Discussion

The anaerobic digestion of sewage sludge in urban treatment plants represents an ef-
ficient and energy-positive technology that is widely used in wastewater processing and
that allows for the efficient biodegradation of organic compounds with relatively low in-
vestment and operating costs. The advantage of anaerobic digestion is the limited amount
of excess sludge production and the low space requirement for the installations and ac-
companying facilities. The strong point of digestion technologies is the possibility of
producing and capturing biogas with a high methane content that covers a substantial
amount of the energy consumption of a wastewater treatment plant. Under the United
Nation Sustainability Development Goals, anaerobic digestion should be considered one of
the key components in a new economy model characterized by an increase in the degree
of circularity, and well-justified links have been established between the operating reactor
conditions, the treatment capacity, and the operating costs that would lead to unlocking the
potential of biogas to promote bioenergy production, thus favoring sustainable wastewater
management practices and the integration of this technology into the energy grid [21].

Nevertheless, a large amount of primary energy, mainly originating from fossil sources,
is still required in WWTPs to meet stringent targets on effluent water quality, which
contributes to environmental problems such as global warming and climate change. This
issue has been recognized in the new European Grean Deal (EGD), since the production
and use of energy account for more than 75% of the EU’s greenhouse gas emissions, and
decarbonizing the EU’s energy system is critical in order to reach the 2030 climate objectives
and the EU’s long-term strategy of achieving carbon neutrality by 2050. According to the
new proposal for the recast of the 1991 Urban Wastewater Treatment Directive, additional
efforts are needed in the wastewater sector to reduce its GHG emissions by 4.87 million tons
of CO,e/year from the current 34.45 million tons of emissions, corresponding to around
0.86% of the total EU emissions; decrease its energy consumption (around 0.8% of the total
energy use in the EU); and make it more circular by improving sludge management [22].
The objective of energy neutrality is suggested to be established by 2040 at the national
level for all wastewater facilities above 10,000 P.E.; specifically, the energy used by the
sector should be equivalent to the production of renewables from the sector. In this context,
measures aiming to improve energy efficiency in WWTPs are imperative, which may
involve implementing automatization, inverters, and strategies that increase flexibility and
adaptability in the operational process or using holistic and multi-criteria approaches, thus
integrating multiple inputs and outputs simultaneously [23]. Targeted efforts are being
taken to enhance the energy balance of wastewater treatment plants through the application
of highly efficient digestion or its intensification by the introduction of co-substrates with
a relatively high energy potential to the sewage sludge [24,25]. Influent wastewater solids
may represent a valuable alternative energy source, which, however, is usually harvested
at the primary stage and disposed of by landfilling or incineration, therefore increasing the
operation costs and the GHG emission potential of the wastewater treatment plant.

Towards that target, the primary novelty of this work is the identification of the energy
potential of fine screenings from a municipal wastewater treatment plant as an efficient
measure to utilize the energy content of raw influents. The anaerobic digestion potential
of solids collected during the primary treatment of sewage has already been examined in
a previous study, including bar screenings and floating materials from grit chambers, reveal-
ing promising results towards energy recovery in existing units [9]. However, additional
energy may be extracted by the further separation of fine solids that remain in the influents
after primary treatment. The installation of fine screens represents a common approach in
a few countries as the only treatment step applied in effluents, while it is usually required
in the most advanced membrane bioreactor systems for the protection of the membrane
surface. Therefore, the installation of fine screens in municipal wastewater treatment plants
represents a rational approach that can be beneficial not only for the safe operation of
the system, but also for the improvement of the energy profile of the unit. Under this
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framework, the measurement of the biochemical methane potential is a common parameter
used for the determination of the feasibility of the anaerobic digestion of samples [26].

Fine screenings with a size larger than 3000 um up to the lowest fraction of 300 pm
have a volatile content ranging between 72 and 87% of the total solids, depending on
the sieve size. Similar values of volatiles were measured for the primary screenings of
the same treatment plant and were attributed to the origin of the wastewater fed to the
unit [9]. Sewage and septic tank wastewater are discharged to the treatment plant, and
the latter is expected to have fewer volatiles than the former due to its long residence
time in the septic tank under anaerobic conditions. Nevertheless, the different volatile
content of particles might be attributed to their composition and the potential presence of
smaller-sized inorganic matter particles [13].

The sieve fractions presented a net biochemical methane production potential ranging
from 440 up to about 930 mL/g VS, depending on the sieve size, as shown in Figure 2
and in Table 1. High methane production rates reaching up to 740 mL/g VS were already
measured for the 15 mm screenings of the same plant [9], while values ranging from
200 up to about 700 mL per g of VS have already been reported in the literature for various
residues from wastewater treatment plants [27]. Anaerobic biodegradability tests were
performed in the fine solids obtained from a 6 mm fine screen, revealing a two-stage
hydrolysis process attributed to the complex nature of the screenings, and resulting in
about 550 mL/g VS of methane release, corresponding to 52% of the average anaerobic
degradability of the samples [8]. The methane yield of the screenings from an urban
wastewater treatment plant were measured in another study, and reached 355 mL/g
VS [14], while the biogas production from screening degradation in a pilot-scale study
exceeded 600 mL/g VS, supporting the feasibility of co-digestion as an alternative treatment
method for the valorization of screenings [28]. It should be acknowledged that the methane
production measured by this work, as well as that reported by studies in the literature,
revealed values well above the potential of other substrates of industrial or agricultural
origin that could be used in sewage sludge co-digestion, with the maximum methane not
exceeding 200 mL/g VS [24]. However, the digestion of readily available high-strength
fats, oils, and grease from restaurant grease abatement devices may reach values as high as
680 mL/g VS, as reported in a review study, increasing the gas production rate by up to
80% in a full-scale wastewater biosolid anaerobic digester [29].

Nevertheless, according to Figure 2, the higher the particle size, the higher the net
methane potential, and these results are not in agreement with the results reported in [30].
These researchers examined the relation of wastewater fractionation, chemical composition,
and biodegradation and observed carbohydrate dominance at molecular sizes higher than
100 pm, corresponding to the presence of cellulosic fibers, but an abundance of lipids in the
smaller particle sizes between 100 and 0.65 pm. Although the authors used different particle
size fractions than this work, it should be noticed that they concluded that smaller particles
should have a higher degradation rate. The theoretical biochemical methane potential from
fats is estimated to be about 990 mL/g, while that of proteins is estimated to be about
640 mL/g VS and that of hydrocarbons is estimated to be 415 mL/g VS [31]. The particular
composition of these fractions was attributed to potential degradation in the sewer system,
upstream from the wastewater treatment plant. Nevertheless, it seems that the composition
of wastewater is greatly affected by the type of wastewater discharged to a treatment plant;
the treatment plant used for the collection of samples in the current work received effluents
from a combination of rural and agro-industrial activities, while about 10% of the influents
by volume were received from trucks used to transfer the contents of domestic septic tanks.
In addition, the total length of the sewer system network corresponds to a short residence
time of wastewater in the system until discharge to the treatment plant entrance, revealing
a different degradation profile of the organics. Therefore, it is assumed that the origin of
wastewater as well as the sewer system conditions result in influents where the organics
with a high potential for methane production are concentrated mainly in larger particles;
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on the other hand, lipids might inhibit anaerobic biota activities due to the formation of
long-chain fatty acids [32].

The average methanogen doubling time is shown in Figure 3, and the corresponding
maximum growth rate revealed small differences between the various size fractions. The
highest doubling time was estimated for the larger particles, reaching 1.56 days, while the
lowest time measured was for the 3000-1250 fraction; low doubling times corresponded
to a short residence time in the anaerobic bioreactor for the treatment of the fraction, and
a reactor with a smaller volume or a higher loading rate than the corresponding design
values required for the treatment of the fractions with a high doubling time. Nevertheless,
these values are typical of the reported pmax and doubling time ranges for a broad number
of samples [33,34].

The evaluation of the methane potential of different sieve fractions is useful for the
determination of their properties and the assessment of their energy content towards
biogas production. The installation of a fine screen with openings of a certain size in the
primary stage of a wastewater treatment plant will result in the collection of cumulative
particles with a particle size larger than the sieve openings. Therefore, the characteristics of
cumulative fractions are critical in the design procedure for upgrading a plant, by allowing
the selection of a fine screen with the appropriate size. From a previous analysis, it seems
that fractions with a size in the range between 3000 and 1250 um have a high biochemical
methane potential, similar to particles with a diameter larger than 3 mm.

The total and volatile solid content of cumulative sieve fractions, as shown in Figure 4,
are similar to the values measured for the various size fractions, with a volatile content
exceeding 80% of the total solids. A high potential for biochemical methane production was
measured for these samples, as given in Figure 5, with the net methane production ranging
from about 700 to over 900 mL/g VS. As already observed in the BMP results for the various
sieve fractions, the sample collected by the filtration of influents through the sieve with the
smallest openings presented the lowest methane production potential, while the samples
obtained from the sieves with large openings presented a high biogas production rate.
Nevertheless, a cumulative sample size >1250 um presented the highest BMP potential,
at almost 960 mL/g VS, which was close to the theoretical potential for fats [31]. It was
assumed that compounds with a high biogas production potential accumulated in this
fraction, therefore resulting in high BMP values. These results are consistent with the
results in Figure 2, as the accumulation of particles with smaller dimensions resulted in
a decrease in the methane potential of the cumulative samples.

A kinetic analysis of the results revealed that particles with a diameter greater than
1250 pum presented the highest doubling time, close to 1.72 days. As a result, this particular
sieve fraction is promising for the enhancement of biogas generation in an anaerobic
digestion unit, but concerns about the gas production rate exist due to the high doubling
time, which would require a long residence time, low solid loading rate, and large bioreactor
volume. Particles of a smaller size may have a lower methane potential, but due to their
shorter doubling time, their use might be beneficial in the operation costs of an anaerobic
bioreactor. The above results were justified by an analysis of the evolution rate of methane
as a percentage of the total volume, as shown in Figure 7. Methane formation by the
anaerobic digestion of fractions collected from the smaller-sized sieve presented a higher
rate than the corresponding rate of larger particles. About 80% of the total methane volume
was measured after 30 days of reaction for the former sample, while longer times exceeding
50 days were observed for the larger particles to reach the same volume percentage. This
finding becomes important, taking into account that in most sludge anaerobic digesters,
a residence time of 30 days is applied; under these conditions, larger particles reach about
50 to 60% of their methane formation capacity, while smaller particles may exceed eighty
percent of their methane production capacity.

In addition to the energy content of solids, concerns exist about the aqueous phase
from sieves and the potential impact on the following aeration stage in an activated sludge
system. Nevertheless, the operation of sieves under certain conditions of hydraulic flow
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justifies the high removal rates of solids of the corresponding size, as shown in the particle
size analysis results in Figure S1. According to these plots, the cut-off range of the solid
particle sizes in the effluents from various sieves corresponded to the sieve openings. The
aqueous samples collected downstream from the various sieves presented reduced organic
matter and suspended solid content, as shown in Figure 8. The COD values ranged from
850 mg/L in the raw influent to 450 mg/L in the sample from the sieve with 300 um
openings, indicating an additional benefit of fine sieve filtration in removal efficiency.

Reducing the organic and solid matter content is expected to enhance the operation
of the aeration process by reducing the oxygen requirements for the degradation of the
organic matter. This assumption is justified by the respirograms of the various samples,
representing the specific oxygen uptake rate in mg O,/g COD/h as a function of time,
as shown in Figure 9. The respirograms were plotted by the estimation of the slopes of
dissolved oxygen versus time profiles, as shown in Figure S2. The respirograms indicate
the oxygen consumption due to activated sludge inoculum for the degradation of organic
matter: the higher the specific oxygen uptake rate, the higher the degraded organic matter,
and the higher the corresponding oxygen requirements. According to the results in Figure 9,
the sample obtained from the sieve with the larger openings presented a high specific
oxygen uptake, while the eluates from the smaller sieve size had the lowest oxygen capacity.
The integration of the area below each curve can provide an indication of the total oxygen
requirement for each sample. A high oxygen demand was estimated from Figure 9 for the
samples from the 3000 um sieve, reaching almost 90 mg O, /g COD, while the lowest value
of about 12 mg O, /g COD was measured for the 300 pm sieve.

In conclusion, the installation of fine mesh sieves with opening sizes as low as 300 pm
is a common process applied in a few countries as a single treatment method, while it is
a requirement in membrane bioreactor units. However, fine sieving might be beneficial in
existing activated sludge units, since trapped solids may be valorized through anaerobic di-
gestion in operating sewage sludge fermenters. Depending on the origin of the wastewater,
sieve fractions with a particle size larger than 1250 um have a high net methane potential,
reaching up to 960 mL CHy/g VS. However, for the particular sieve fraction, the methane
production rate is rather low, requiring long times to reach sufficient gas volumes. On
the other hand, fractions containing smaller particles have a low methane potential, about
700 mL CHy4/g VS, but a high kinetic rate, allowing for 80% of the total gas amount to be
formed in 30 days. In addition to the enhancement in methane potential, the installation
of fine sieves is beneficial for the following aeration demand, since the aqueous phase
downstream from the sieves is characterized by a lower organic loading and oxygen uptake
rate than the upstream phase, depending on the sieve size.

Based on the above results, a preliminary estimation was carried out, aiming to
evaluate the potential biogas and energy efficiency of a particular wastewater treatment
plant by the utilization of the corresponding collected fine solids. Considering a reduction
in the total suspended solid concentration from 490 mg/L in raw wastewater to 340 mg/L
in the effluent downstream of a fine sieve with pore openings of 1250 um, as measured
in this work, and taking the maximum net methane production given in Table 2, a daily
methane production of roughly 2000 m® was calculated, accounting for about 15% of the
total biogas produced from the anaerobic digestion of the sewage sludge. Additional
benefits are foreseen due to the enhancement in the aeration demand associated with
a reduction in oxygen consumption, as shown in the corresponding specific oxygen uptake
rate of the sample collected from the sieve with openings of 1250 um in Figure 9. The
removal of the particular solid fraction resulted in a 60% reduction in the required oxygen
uptake compared to wastewater entering the aeration tank without prior filtration. Almost
58% of the total energy demand in this specific wastewater treatment plant was dedicated
to aeration, and therefore the aeration enhancement is foreseen to bring a reduction of about
35% in the overall energy consumption, which currently exceeds 16,700 KWh/d; this yield is
expected to exceed 40% energy reduction by additionally incorporating the corresponding
biogas production from the co-digestion of fine screenings in sewage sludge anaerobic
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reactors. Nevertheless, the overall process performance enhancement due to the installation
of fine sieves in a wastewater treatment plant has to be evaluated through a holistic life
cycle analysis. Such an approach will result in the evaluation of the environmental footprint
of the treatment unit, taking into consideration the potential benefits of biogas enhancement
and reduction in aeration oxygen demands, as well as the corresponding installation and
operation costs of the fine sieves.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en15218236/s1. Figure S1. Particle size distribution in aqueous
samples collected downstream from the various screens; Figure S2. Plot of dissolved oxygen con-
centration as a function of time in an oxygen uptake rate measurement of aqueous sample eluted
from 3000 pum sieve size. The first line corresponds to the endogenous respiration of activated
sludge inoculum, followed by the addition of 150 mL of sample and the start-up of the oxygen
respiration run.
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