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Abstract: Wastewater treatment plants have been traditionally developed for the aerobic degradation
of effluent organic matter, and are associated with high energy consumption. The adoption of
sustainable development targets favors the utilization of every available energy source, and the
current work aims at the identification of biomethane potential from non-conventional sources
derived from municipal wastewater treatment processes. Byproducts derived from the primary
treatment process stage were collected from four sewage treatment plants in Greece with great
variation in design capacity and servicing areas with wide human activities, affecting the quality
of the influents and the corresponding primary wastes. The samples were characterized for the
determination of their solids and fats content, as well as the concentration of leached organic matter
and nutrients, and were subjected to anaerobic digestion treatment for the measurement of their
biomethane production potential according to standardized procedures. All samples exhibited
potential for biogas utilization, with screenings collected from a treatment plant receiving wastewater
from an area with combined rural and agro-industrial activities presenting the highest potential.
Nevertheless, these samples had a methanogens doubling time of around 1.3 days, while screenings
from a high-capacity unit proved to have a methanogens doubling time of less than 1 day. On the
other hand, floatings from grit chambers presented the smallest potential for energy utilization.
Nevertheless, these wastes can be utilized for energy production, potentially in secondary sludge
co-digestion units, converting a treatment plant from an energy demanding to a zero energy or even
a power production process.

Keywords: screenings; fats; biogas potential; wastewater treatment plant; energy utilization; anaero-
bic digestion

1. Introduction

The activated sludge process has been identified as an efficient method for the treat-
ment of a wide range of wastewaters for a long time. The process is based on the aerobic
degradation of organics, while pretreatment is required for the upstream removal of sus-
pended solids contained in raw wastewaters. The design of a wastewater treatment plant
is mainly carried out in order to satisfy the corresponding effluent quality regulations
while less efforts are taken towards energy requirements. Effluent quality is achieved at the
cost of significant energy consumption. Aerobic processes are highly energy-demanding
techniques with an average energy input reported to range from 0.30 to 1.89 kWh/m3

depending on the treatment method used and the influent properties [1]. Secondary
aeration accounts for about 50% of the total electricity demand and 25–40% of the plant
operating costs [1–3]. Wastewater treatment plants are considered as the highest municipal
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energy consumers [4]. This issue is becoming crucial since the overall energy demand by
wastewater treatment plants in European countries is estimated at 27 TWh/yr [5].

The increase of electricity costs in combination with the awareness of climate change
has given rise to efforts aiming at the development of energy conservation policies and
the implementation of energy-efficient measures that can contribute to the international
sustainability development goals. Anaerobic digestion of excess sewage sludge repre-
sents a common practice in activated sludge processes, developed rather as a method of
stabilization of wasted sludge than focusing on its energy valorization. Dedicated method-
ologies have been applied including energy surveillance, benchmarking, and auditing tools
adapted to wastewater treatment plants, resulting in 20–40% savings in energy consump-
tion [6]. However, these methods ignore the inherent energy content of raw wastewaters.

The energy content of raw wastewater has been measured by bomb calorimetry at
about 14.7 kJ/g COD, exceeding almost nine times the electricity demand for its aerobic
treatment [7]. Taking into account a daily production of about 100 g COD/person, the
energy content of wastewaters for a city with 1 million inhabitants is estimated at around
1470 MJ/d; these estimations are carried out without considering the energy content of in-
dustrial wastewaters, while recent calculations report an energy content chemically bound
to influents exceeding 153 KWh/person equivalent-year [8,9]. Nevertheless, the benefits of
energy utilization of the contents of raw influents have not been given much attention so far,
due to the traditional concept of wastewater considered as a waste requiring energy for its
safe disposal and not as a valuable resource. Energy harvesting from raw influents might
support efforts towards self-energy efficiency of wastewater treatment plants, shifting them
from energy consumers to zero-energy plants or even to power producers.

Traditionally, anaerobic digestion of excess sludge is the primary energy harvesting
method often applied in wastewater treatment plants. However, an alternative potential
energy source is represented by the primary screenings including papers, wood, plastics,
stones, metal pieces, rag, etc., and byproducts such as fats, oils, and grease (FOG). These
materials can be directly valorized since they are separated during the primary treatment
stages in existing units, without the need for the installation of additional facilities. Screen-
ings are currently disposed in sanitary landfills, representing an additional operation cost
while contributing to GHG emissions during their biological degradation in landfills [10].

The energy utilization of these byproducts has received less interest mainly due to their
small amount compared to the much larger amounts of excess sludge [11]. For example,
about 1.5 kg/person-equivalent of screenings have been estimated for 2007 in Germany [12],
while in another study in France, average production was estimated to range from 0.53
to 3.49 kg/person [11]. However, the amount of screenings and FOGs is expected to
increase due to intense urbanization, the enforcement of more strict EU regulations related
to primary treatment yields, and the application of measures to alleviate the pressure due
to increased influent loadings bringing a wastewater treatment plant close to the design
capacity [13]. Moreover, the utilization of every available energy resource has been recently
re-examined for various reasons. These include the development of advanced technological
innovations for fine screening (enhancing screening removal), which is a pre-requirement in
advanced membrane bioreactor units, as well as the adoption of sustainability principles by
EU countries, which are associated with less waste diverted to landfills and the utilization
of non-conventional wastes for energy and resource recovery [14,15].

Anaerobic digestion represents a challenging method for the energy valorization of
non-conventional wastes from wastewater treatment plants, which is favored since it is a
process conventionally applied for excess sludge treatment. However, very few studies
have been reported in the literature dealing with the examination of biogas production
potential of screenings and FOGs, mainly due to the non-homogeneous character of these
wastes and the utilization of FOGs for biodiesel production [11,16]. The concentration of
volatiles solids in screenings may exceed 90% of total solids [13,17], resulting in biogas
production as high as 0.62 L/kg vs. [18]. The application of fine screenings in a municipal
wastewater treatment plant and the following anaerobic digestion demonstrated a 40%
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reduction of energy demand in the Netherlands [19]. On the other hand, the addition of
FOGs collected from restaurants in a municipal sludge digester resulted in a 30 to 80%
increase in biogas production [20].

Nevertheless, the biomethane production rate is greatly affected by the composition
of screenings and FOGs. The characteristics of these wastes are related to a great number of
factors such as the presence of a combined or separated sewer system, the number and the
type of the sewer system pumping stations upstream to the treatment plant, the catchment
area, and the primary stage installations. In addition, the properties of the wastes can
be varied due to specific climatic conditions, consumers behavior, and time frameworks,
including seasonal, weekly, or daily dimensions [11].

The objectives of this work include the examination of energy valorization of non-
conventional wastes produced from municipal wastewater treatment plants, the deter-
mination of the corresponding biomethane potential during anaerobic digestion, and the
identification of the relation to their composition and the type of primary treatment stage
configuration. The primary target of the work is the justification of the beneficial role
of screenings and FOGs towards energy utilization, as an alternative to currently used
management methods of these side streams.

2. Materials and Methods
2.1. Samples Collection

Samples were collected from different areas of the primary treatment stage of four
wastewater treatment plants (WWTP) located in Northern Greece, with various design
capacities and servicing areas including a wide range of human activities. Samples identifi-
cation and information on their origin are provided in Table 1.

Table 1. Identification of samples collected from the primary treatment stage of four wastewater treatment plants and
their characteristics.

No
Wastewater Treatment Plant Identification

Substrate Origin Symbol
Design Capacity, m3/Day Area

1 8400
Urban, semi-rural,

piscatorial
Screening from mechanical bar screen, 6 mm spacing ASC

Floatings from aerated grit chamber AFL

2 11,400 Urban, rural
Screening from mechanical bar screen, 3 mm spacing KSC

Floatings from aerated grit chamber KFL

3 23,400
Urban, rural,

agro-industrial

Screening from mechanical bar screen, 50 mm spacing LSCC
Screening from mechanical bar screen, 15 mm spacing LSCF
Screenings from mechanical bar screen, 50 mm spacing

used in septic tanks line LSCST

Floatings from aerated grit chamber LFL

4 155,150 Urban, industrial

Screenings from mechanical bar screen, 10 mm spacing TSC
Floatings from aerated grit chamber TFL

Screenings from 5 mm bar screen of sludge from primary
sedimentation TPS

Sludge anaerobic digester used for inoculation I

About 1 kg of each sample was collected, placed in plastic bottles, and transferred to
the laboratory for further analysis. Samples were stored at 4 ◦C in a constant temperature
refrigerator until the time of analysis. Prior to storage, samples were subjected to milling
using a knife mill in order to receive particles of similar size of about 0.1 mm.

2.2. Chemical Analysis

The analysis of the samples took place for the determination of total and volatile solids,
and fats using standard methods, i.e., drying at 105 ◦C for total solids; thermal treatment at
550 ◦C for volatile solids; and Soxhlet extraction for total fats [21]. Water-leached organic
matter and nutrients concentrations were determined by the addition of 0.3 g of dry
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solids in 20 mL of deionized water and stirring for 20 min, followed by centrifugation
and determination of COD, N-NH4, and P-PO4 in the aqueous phase. Parameters were
measured using a HACH-Dr Lange DR3900 spectrophotometer and the corresponding
standard cuvette test kits, i.e., the LCK714 COD kit, the LCK303 ammonium kit, and the
LCK049 orthophosphates test kit, respectively.

2.3. Biochemical Methane Potential

The biochemical methane potential (BMP) was determined by anaerobic digestion
treatment performed in batch reactors. Glass reactors with a total volume of 322 mL and a
working volume of 120 mL were used. In each reactor an amount of substrate containing
1 g of vs. was added followed by the inoculum to reach a working volume of 120 mL and
achieve 202 mL headspace. Inoculum was collected from the anaerobic digester of the
municipal wastewater treatment plant No. 4, with the highest design capacity operating
for a long period. The glass reactors were sealed using rubber stoppers and aluminum caps
suitable for retrieving gas samples. In addition, a blank sample was prepared, containing
120 mL of pure inoculum. The treatment for each of the 12 substrates along with the
blank were carried out in triplicates. All reactors were initially flushed with pure nitrogen
gas (N2), in order to ensure anaerobic conditions. The batch reactors were incubated at a
temperature of 37 ± 1 ◦C for 80 days.

The production of methane (CH4) was determined by injecting gas samples from
the reactors into a gas chromatographer (GC-2010plusAT, SHIMADZU, Kyoto, Japan)
equipped with an appropriate detector and columns [22]. For each sample, 150 µL of gas
were acquired from the headspace of the reactor with a gas-tight syringe outfitted with
a pressure lock. During the first 10 days the reactors gas composition was monitored
daily and after that on a bi-daily schedule. A standard gas mixture (60% CH4, 40% CO2)
was utilized to determine the % concentration of CH4 of each gas sample. The obtained
peak area was compared to that of a standard gas mixture (60% CH4, 40% CO2) injected
at atmospheric pressure in the chromatographer. The calculation of the volume of the
produced CH4 was carried out by the multiplication of the headspace volume of each
reactor with the % concentration of CH4 of each gas sample [23].

For each substrate, the maximum specific growth rate of the methanogens (µmax) was
derived from a graph of the natural logarithm of methane (CH4) production as a function
of time, and calculation of the maximum value from the tangent’s angle was conducted [24].
The methanogens’ maximum doubling time (Tdoublemax) was calculated as the quotient of
the natural logarithm of 2 (ln2) divided by the methanogens µmax [25].

3. Results

The content of primary samples in total and volatile solids and fats is shown in
Figure 1. Efforts were taken to collect all samples at the same time period, in order to
exclude potential seasonal variations. As shown, samples presented high total solids
content, while volatile solids ranged from as low as 20% up to 90% of the total solids.

In addition to solid and fat content, a significant role in the energy valorization of
samples through anaerobic fermentation is played by the composition of leachable organic
matter, as well as the concentration of nutrients, i.e., nitrogen and phosphorous; these data
are provided in Figure 2 for the various samples.

Biomethane production potential (BMP) represents a crucial parameter for the assess-
ment of energy valorization of samples by anaerobic fermentation. BMP is illustrated in
Figure 3 in mL of methane produced per g of vs. for the various samples as a function
of fermentation time, while total net methane production in L/kg vs. is given in Table 2,
excluding the corresponding methane produced by the inoculum, i.e., the blank sample.
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Figure 3. Biomethane production potential for the various samples collected from the four WWTPs
of the study.

Table 2. Total net methane production in L/kg vs. for each sample.

Sample Total Net CH4 (L/kg VS) Standard Deviation

ASC 522.2810 38.9924
AFL 95.0346 59.6485
KSC 207.4496 57.2870
KFL 207.4093 9.4035

LSCC 544.3497 27.5496
LSCF 741.9625 65.2636

LSCST 364.8005 44.7425
LFL 89.9468 14.4040
TSC 255.7938 54.7417
TFL 200.3265 32.0558
TPS 472.7396 48.0594

I 179.0224 3.8975

A crucial parameter in the efforts for the energy utilization of WWTPs residues is the
time required to deliver an adequate amount of biogas, in relation to existing anaerobic
fermenters of secondary sludge corresponding to sludge retention times of about 30 days.
The kinetics of methane production for the various samples are shown in Figure 4, while
the calculated maximum specific growth rate µmax and methanogens doubling times are
given in Figure 5.



Sustainability 2021, 13, 7198 7 of 14Sustainability 2021, 13, x FOR PEER REVIEW 7 of 14 
 

 

(a) 

 

(b) 

Figure 4. Cont.



Sustainability 2021, 13, 7198 8 of 14Sustainability 2021, 13, x FOR PEER REVIEW 8 of 14 
 

 

(c) 

 

(d) 

Figure 4. Time required for the production of 20, 40, 60, and 80% percentage vol. of total methane 

for the samples collected from WWTP No 1 (a), 2 (b), 3 (c), 4 (d). 
Figure 4. Time required for the production of 20, 40, 60, and 80% percentage vol. of total methane for
the samples collected from WWTP No 1 (a), 2 (b), 3 (c), 4 (d).
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4. Discussion

The aim of the study is the determination of the valorization potential of byproducts
produced during the primary treatment of municipal wastewaters by the utilization of their
energy content through anaerobic digestion. The BMP potential of the individual byprod-
ucts was utilized as an indication of their capacity for production of biogas; this parameter
is commonly used for the estimation of the theoretical maximum potential of various
wastes [26]. In addition, BMP represents a required preliminary step for the examination of
the feasibility of anaerobic digestion of a wide range of wastes and products, and it has been
applied in this study to elucidate the assessment of the properties of these unconventional
energy sources. Such an approach will in addition reveal potential operation problems
during the addition of screenings in sludge digestion, such as inhibition of the anaerobic
biota resulting in negligible biogas production. On the other hand, successful results will
enhance byproducts utilization, and expected potential benefits include the reduction of
side streams amounts conventionally disposed in sanitary landfills, as well as suppression
of aeration demands in the following activated sludge process in a wastewater treatment
plant. Nevertheless, the amount of these byproducts favors their co-digestion in existing
sewage sludge anaerobic digestion units rather than their treatment in individual reactors.
Their co-digestion is expected to result in raising the biogas production rate compared to
sludge treatment solely, accounting for about 300–400 mL/g vs. [27]. Additional effects on
digestate quality should be encountered, as soon as the feasibility of the process will be
justified through the estimation of BMP potential. Nevertheless, a study has been reported
on the quality of digestate from anaerobically treated screenings which was similar to the
corresponding one from sewage sludge, towards its valorization through phosphorous
recovery [17]. The overall estimation of potential economic and energy revenues due to
the introduction of these side streams in existing treatment plants requires an integrated
assessment of all potential benefits expected, including energy earnings from their utiliza-
tion, reduction of landfilling costs, environmental costs revenues associated with fewer
total GHG emissions, etc.

According to the information provided in Table 1, samples were collected from four
WWTPs, with a wide range of design capacity, and servicing areas of different human ac-
tivities. Selected WWTPs represented processes with a wide range of wastewater flowrates,
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ranging from as low as 8400 m3/d to values exceeding 155,000 m3/d. In addition, these
units receive wastewaters from septic tanks reflecting, therefore, an additional contribution
to screenings production. On the other hand, the composition of screenings was expected
to vary due to the different origin of influents.

The lowest values of volatile solids were observed for the screenings collected during
delivery of effluents from septic tanks transferred to one treatment plant by trucks and for
the sewage screenings and the primary sludge screenings of the same WWTP. It seems that
the volatile content of the samples can be attributed to their origin and the treatment stage:
wastewater in septic tanks remains for a long time, subjected to anaerobic degradation of
organic matter. Therefore, volatile solids in these effluents are expected to be lower than
the corresponding solids removed in sewage treatment systems. On the other hand, the
low volatile content of the screenings from the treatment plant with the highest capacity
might be associated with the long sewage network system of the certain effluents, and their
large transfer time from point of source to the treatment plant which might result in less
organics content. Nevertheless, the fat content in the samples presented values reaching
up to 30% of the total dry content, with great variation between the samples collected even
from the same treatment plant. Similar values of volatile solids content have been reported
in the literature ranging from 77 up to 95% of dry solids, depending on the screen size and
the wastewater origin, with raw samples exhibiting considerably great variations in the
moisture and the total solids content [11,17].

In addition to solids content, according to data given in Figure 2, high leached phos-
phorous and ammonia nitrogen contents were measured for the samples collected from
the WWTP receiving effluents from an area with combined human activities, including
extended agricultural areas and farming lands. Nevertheless, low leached organic matter
values were observed in these samples, while the highest values of COD, up to 1000 mg/L,
were measured for the other samples, without, however, an indication of potential trends
due to the origin or wastewater characteristics. Limited studies related to the content
of leached compounds from screenings have been reported, citing rather high COD val-
ues, ranging from 0.8 up to 1.6 g COD/g VS, close to theoretically estimated ones [28],
while most studies include the elemental analysis of carbon, nitrogen, and phosphorous in
screenings [13]. It must be underlined that biogas production potential is favored under
certain ratios of organic matter: nitrogen:phosphorous and the presence of appropriate
amounts of both carbon and nutrients sources is required for the efficient operation of
anaerobic biocommunities. Although elemental nitrogen and phosphorous concentrations
were not measured in this work, the corresponding leached contents of the nutrients were
determined, as an indication of their presence in appropriate amounts and their availability
towards the efficient operation of the anaerobes.

BMP results are given in Figure 3 as a function of reaction time, while the corre-
sponding total net methane production is provided in Table 2. The methane potential
is defined as the maximum produced methane of a specific substrate [29]; however, a
methane production curve often presents an initial lag phase, and, therefore, the methane
potential measurement for 80 days, as used in the study, provides valuable information
about the requirement of a pretreatment step to speed up the whole process. As shown
in Table 2, all samples exhibited methane production ranging from low values of around
90 L/kg vs. up to 740 L/kg vs. observed for fine screenings. Surprisingly, floatings from
grit chambers had the lowest BMP of all samples from each wastewater treatment plant,
although they were expected to deliver high biogas production potential due to their
high content in fats (Figure 1) and the corresponding process stage where these samples
are collected. As can be seen in Figure 1, fats represent a small fraction of the organic
matter, and it is assumed that organic compounds other than fats in these samples were
not easily assimilated by the anaerobes towards biogas production. In addition, it has been
reported that the complicated composition of floatings containing low density materials
such as cellulosic fibers can greatly affect the corresponding energy utilization available
for anaerobic digestion [19], while methanogens can convert only a fraction of organics to
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biogas ranging from 50 to 60% [10,30]. On the other hand, methane production has been
reported to be inhibited due to the formation of long-chain fatty acids during fats anaerobic
degradation [31]. Nevertheless, the low BMP potential of floatings from the other two
treatment plants is in line with their low content of fats.

Screenings from the plants located in urban areas were similar or slightly higher than
the corresponding BMP potential of floatings, while large differences were observed in
BMP values of screenings collected from treatment plants receiving effluents from areas
with combined activities. The highest methane potential values were measured for the fine
and the coarse screening samples from the plant with agro-industrial activities. This may
be attributed to various reasons, such as the short distance of the sewage network and the
corresponding short time of effluents travelling to the treatment plant, which is allowing
less washing and degradation of the compounds, or the presence of potential effluents from
agricultural and farming lands in the municipal effluents with a high methane production
capacity. Moreover, samples originating from the primary sludge screen presented a rather
high methane potential, the highest of the samples obtained from the certain treatment
plant. This is a valuable indication of the high energy content of that sludge which is
currently disposed together with the secondary anaerobically treated sludge in composting
units, with loss of the contained energy content. Efforts were taken to identify potential
relations of BMP values shown in Figure 3 to the corresponding chemical composition of
the samples in Figures 1 and 2, but no significant trends were observed.

It should be mentioned that substrates obtained from wastes and residues of municipal
wastewater treatment plants may have considerable methane potential, depending on
their origin and the wastewater treatment stage: anaerobic digestion of FOGs resulted
in the production of 271 to 344 and from 325 to 681 mL of methane per g of vs. added,
corresponding to samples with volatile solid content up to 30% and 60%, respectively [20].
Similar results regarding methane production capacity were observed by screenings fed
to a continuous anaerobic bioreactor ranging from 197–512 mL of CH4/g vs. with 41.5%
total and 29.4% volatile solids content [32]. Nevertheless, wastewaters from livestock
production represent more efficient substrates, as they contain higher amounts of total
solids and fatty compounds per m3 of raw material than municipal wastewater: The
theoretical biomethane potential from fats is estimated to be about 990 mL/g, while that
from proteins is about 640 mL/g vs. and from hydrocarbons is about 415 mL/g vs. [33].
Although residues from wastewater treatment plants may have lower biogas potential
than wastes of livestock production, the benefits from the utilization of the energy content
is profound, considering the current methods of handling, including either disposal in
sanitary landfill or incineration in municipal facilities.

Data in Figure 4 indicate the time required to receive a certain volume percentage
of the total methane production, i.e., 20, 40, 60, and 80%, for each sample. The wider
a column, the longer the time required to produce the corresponding methane volume,
while shorter columns and less wide bars represent samples producing methane in short
times. Similar observations can be drawn from the results shown in Figure 5, where µmax
and methanogens doubling time are reverse parameters, the latter corresponding to the
time required for doubling the cells of the anaerobic micro-organisms. The lower the
methanogens doubling time, the higher the maximum growth rate µmax.

As shown in Figure 4, more than 50% of gas volume is produced at short reaction
times, while production of up to 80% of total gas required longer time, depending on
the particular sample. Samples collected from the WWTPs with low design capacities
required rather long times to reach up to 80% volume of methane, exceeding 70 days,
while the shortest times were observed for the residues from the WWTP in the agricultural
area, varying between 15 and 30 days (although floatings may require as long as 70 days).
Moreover, 60% of total gas volume was already produced in a period of less than 10 days
for these samples, and a similar behavior was observed for the corresponding samples
from the high-capacity treatment plant. However, slow kinetics were obtained for the
residues from the other plants.
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These results are in line with the corresponding data on average methanogens dou-
bling time given in Figure 5, where short times were calculated for the high design ca-
pacity unit, ranging from 0.8 to 1.13 days, followed by the agricultural area treatment
plant with slightly higher methanogens doubling times from 1.34 to 1.53 days. The high-
est methanogens doubling times were measured for the low-capacity plant with semi-
industrial characteristics, reaching up to 2.38 days, almost three times higher than the
lowest value. The above observations are becoming important for the energy recovery
of these substrates during co-digestion with secondary sludge in these units. The low
methanogens doubling time is associated with short retention times for the treatment of
these substrates, which could strongly affect the design of anaerobic reactors in a new
WWTP by requiring smaller reactor volumes. In addition, the range of the µmax values
and consequently of the doubling time is within that reported for a wide range of sam-
ples [22,34], and, therefore, the methanogens’ growth rate was not differentiated due to the
particular substrates used in this study.

Taking into account the BMP results presented in Table 2 and Figure 3 and the corre-
sponding kinetic data in Figures 4 and 5, the beneficial role of the corresponding samples
as potential energy sources could be identified. In general, all samples represent promising
materials for energy recovery and the enhancement of energy production processes in the
corresponding wastewater treatment plants. Nevertheless, efforts to identify the samples
with the highest potential for biogas production should take into consideration both biogas
cumulative volume and biota doubling time: under that framework, the fine and coarse
screenings from the wastewater treatment plant receiving effluents from areas with mixed
activities represent the best candidates for energy recovery through anaerobic digestion,
followed by the primary sedimentation sludge screenings and the coarse screenings of
the high flowrate municipal treatment plant. Both plants have already under operation
an anaerobic digestion plant of secondary sludge, and the proposed energy utilization of
their primary residues might represent an easy-to-apply process aiming at their energy
self-efficiency.

Author Contributions: Conceptualization, P.S. and T.A.K.; methodology, A.M., I.L., C.A.T., and E.P.T.;
validation, S.D.K., T.A.K., and P.S.; writing—original draft preparation, C.A.T. and S.D.K.; writing—
review and editing, S.D.K., T.A.K., and P.S.; supervision, T.A.K. and P.S.; project administration, P.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was co-financed by the European Regional Development Fund of the Eu-
ropean Union and Greek national funds through the Operational Program Competitiveness, En-
trepreneurship and Innovation, under the call RESEARCH—CREATE—INNOVATE (project code
T1EDK-00284).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This research was co-financed by the European Regional Development Fund of
the European Union and Greek national funds through the Operational Program Competitiveness,
Entrepreneurship and Innovation, under the call RESEARCH—CREATE—INNOVATE (project code
T1EDK-00284).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gu, Y.; Li, Y.; Li, X.; Luo, P.; Wang, H.; Robinson, Z.P.; Wang, X.; Wu, J.; Li, F. The feasibility, challenges of energy self-sufficient

wastewater treatment plants. Appl. Energy 2017, 204, 1463–1475. [CrossRef]
2. Gu, Y.; Li, Y.; Li, X.; Luo, P.; Wang, H.; Wang, X.; Wu, J.; Li, F. Energy self-sufficient wastewater treatment plants: Feasibilities,

challenges. Energy Procedia 2017, 105, 3741–3751. [CrossRef]

http://doi.org/10.1016/j.apenergy.2017.02.069
http://doi.org/10.1016/j.egypro.2017.03.868


Sustainability 2021, 13, 7198 13 of 14

3. Henriques, J.; Catarino, J. Sustainable value–An energy efficiency indicator in wastewater treatment plants. J. Clean. Prod. 2017,
142, 323–330. [CrossRef]

4. Panepinto, D.; Fiore, S.; Zappone, M.; Genon, G.; Meucci, L. Evaluation of the energy efficiency of a large wastewater treatment
plant in Italy. Appl. Energy 2016, 161, 404–411. [CrossRef]

5. Statistical Office of the European Union; Eurostat. Simplified Energy Balances-2015 Annual Data: 2017 Edition; Tech Report; Eurostat:
Luxemburg, 2017.

6. Papa, M.; Foladori, P.; Guglielmi, L.; Bertanza, G. How far are we from closing the loop of sewage resource recovery? A real
picture of municipal wastewater treatment plants in Italy. J. Environ. Manag. 2017, 198, 9–15. [CrossRef]

7. Shizas, I.; Bagley, D.M. Experimental determination of energy content of unknown organics in municipal wastewater streams.
J. Energy Eng. 2004, 130, 45–53. [CrossRef]

8. Heidrich, E.S.; Curtis, T.P.; Dolfing, J. Determination of the internal chemical energy of wastewater. Environ. Sci. Technol. 2011, 45,
827–832. [CrossRef]

9. Kales, M.; Palmowski, L.; Pinnekamp, J. Carbon recovery from screenings for an energy efficient wastewater treatment. Water Sci.
Technol. 2017, 76, 3299–3306. [CrossRef] [PubMed]

10. Cadavid-Rodriguez, L.S.; Horan, N. Methane production, hydrolysis kinetics in the anaerobic degradation of wastewater
screenings. Water Sci. Technol. 2013, 68, 413–418. [CrossRef]

11. Hyaric, R.L.; Canler, J.-P.; Barillon, B.; Naquin, P.; Gourdon, R. Characterization of screenings from three municipal wastewater
treatment plants in the Region Rhone-Alpes. Water Sci. Technol. 2009, 60, 525–531. [CrossRef]

12. Statistisches Bundesamt DESTATIS Statistisches Bundesamt (Hrsg.). Umwelt, Abfallentsorgung 2008; Fachserie 19 Reihe 1;
DESTATIS: Wiesbaden, Germany, 2010.

13. Paulsrud, B.; Rusten, B.; Aas, B. Increasing the sludge energy potential of wastewater treatment plants by introducing fine mesh
sieves for primary treatment. Water Sci. Technol. 2014, 69, 560–565. [CrossRef]

14. Razafimanantsoa, V.A.; Ydstebø, L.; Bilstad, T.; Sahu, A.K.; Rusten, B. Effect of selective organic fractions on denitrification rates
using Salsnes Filter as primary treatment. Water Sci. Technol. 2014, 69, 1942–1948. [CrossRef]

15. Kehrein, P.; van Loosdrecht, M.; Osseweijer, P.; Garfí, M.; Dewulf, J.; Posada, J. A critical review of resource recovery from
municipal wastewater treatment plants—Market supply potentials, technologies, bottlenecks. Environ. Sci. Water Res. Technol.
2020, 6, 877–910. [CrossRef]

16. Abomohra, A.E.F.; Elsayed, M.; Esakkimuthu, S.; El-Sheekh, M.; Hanelt, D. Potential of fat, oil, grease (FOG) for biodiesel
production: A critical review on the recent progress, future perspectives. Prog. Energy Combust. Sci. 2020, 81, 100868. [CrossRef]

17. Wid, N.; Horan, N.J. Anaerobic digestion of wastewater screenings for resource recovery, waste reduction. IOP Conf. Ser. Earth
Environ. Sci. 2016, 36, 12017. [CrossRef]

18. Hyaric, R.L.; Canler, J.-P.; Barillon, B.; Naquin, P.; Gourdon, R. Pilot-scale anaerobic digestion of screenings from wastewater
treatment plants. Bioresour. Technol. 2010, 101, 9006–9011. [CrossRef]

19. Ruiken, C.J.; Breuer, G.; Klaversma, E.; Santiago, T.; van Loosdrecht, M.C.M. Sieving wastewater e Cellulose recovery, economic,
energy evaluation. Water Res. 2013, 47, 43–48. [CrossRef]

20. Long, J.H.; Aziz, T.N.; Reyes, F.L.; Ducoste, J.J. Anaerobic co-digestion of fat, oil, grease (FOG): A review of gas production,
process limitations. Process. Saf. Env. Prot. 2012, 90, 231–245. [CrossRef]

21. Rice, E.W.; Baird, R.B.; Eaton, A.D. Standard Methods for the Examination of Water, Wastewater, 23rd ed.; American Public Health
Association; American Water Works Association; Water Environment Federation: Washington, DC, USA, 2017; Volume 1.

22. Kalamaras, S.D.; Vasileiadis, S.; Karas, P.; Angelidaki, I.; Kotsopoulos, T.A. Microbial adaptation to high ammonia concentrations
during anaerobic digestion of manure-based feedstock: Biomethanation, 16S rRNA gene sequencing. J. Chem. Technol. Biotechnol.
2020, 95, 1970–1979. [CrossRef]

23. Angelidaki, I.; Alves, M.; Bolzonella, D.; Borzacconi, L.; Campos, J.L.; Guwy, A.J.; Kalyuzhnyi, S.; Jenicek, P.; Van Lier, J.B.
Defining the biomethane potential (BMP) of solid organic wastes, energy crops: A proposed protocol for batch assays. Water Sci.
Technol. 2009, 59, 927–934. [CrossRef] [PubMed]

24. Fotidis, I.A.; Karakashev, D.; Angelidaki, I. Bioaugmentation with an acetate-oxidising consortium as a tool to tackle ammonia
inhibition of anaerobic digestion. Bioresour. Technol. 2013, 146, 57–62. [CrossRef]

25. Khoshnevisan, B.; Tsapekos, P.; Zhang, Y.; Valverde-Pérez, B.; Angelidaki, I. Urban biowaste valorization by coupling anaerobic
digestion, single cell protein production. Bioresour. Technol. 2019, 290, 121743. [CrossRef]

26. Da Silva, C.; Astals, S.; Peces, M.; Campos, J.L.; Guerrero, L. Biochemical methane potential (BMP) tests: Reducing test time by
early parameter estimation. Waste Manag. 2018, 71, 19–24. [CrossRef]

27. Davidsson, Å.; Lövstedt, C.; la Cour Jansen, J.; Gruvberger, C.; Aspegren, H. Co-digestion of grease trap sludge, sewage sludge.
Waste Manag. 2008, 28, 986–992. [CrossRef] [PubMed]

28. Cadavid-Rodriguez, L.S.; Horan, N. Reducing the environmental footprint of wastewater screenings through anaerobic digestion
with resource recovery. Water Environ. J. 2012, 26, 301–307. [CrossRef]

29. Hansen, T.L.; Schmidt, J.E.; Angelidaki, I.; Marca, E.; la Cour Jansen, J.; Mosbæk, H.; Christensen, T.H. Method for determination
of methane potentials of solid organic waste. Waste Manag. 2004, 24, 393–400. [CrossRef]

http://doi.org/10.1016/j.jclepro.2016.03.173
http://doi.org/10.1016/j.apenergy.2015.10.027
http://doi.org/10.1016/j.jenvman.2017.04.061
http://doi.org/10.1061/(ASCE)0733-9402(2004)130:2(45)
http://doi.org/10.1021/es103058w
http://doi.org/10.2166/wst.2017.497
http://www.ncbi.nlm.nih.gov/pubmed/29236009
http://doi.org/10.2166/wst.2013.267
http://doi.org/10.2166/wst.2009.391
http://doi.org/10.2166/wst.2013.737
http://doi.org/10.2166/wst.2014.110
http://doi.org/10.1039/C9EW00905A
http://doi.org/10.1016/j.pecs.2020.100868
http://doi.org/10.1088/1755-1315/36/1/012017
http://doi.org/10.1016/j.biortech.2010.06.150
http://doi.org/10.1016/j.watres.2012.08.023
http://doi.org/10.1016/j.psep.2011.10.001
http://doi.org/10.1002/jctb.6385
http://doi.org/10.2166/wst.2009.040
http://www.ncbi.nlm.nih.gov/pubmed/19273891
http://doi.org/10.1016/j.biortech.2013.07.041
http://doi.org/10.1016/j.biortech.2019.121743
http://doi.org/10.1016/j.wasman.2017.10.009
http://doi.org/10.1016/j.wasman.2007.03.024
http://www.ncbi.nlm.nih.gov/pubmed/18561391
http://doi.org/10.1111/j.1747-6593.2011.00289.x
http://doi.org/10.1016/j.wasman.2003.09.009


Sustainability 2021, 13, 7198 14 of 14

30. Francioso, O.; Rodriguez-Estrada, M.T.; Montecchio, D.; Salomoni, C.; Caputo, A.; Palenzona, D. Chemical characterization of
municipal wastewater sludges produced by two-phase anaerobic digestion for biogas production. J. Hazard. Mater. 2010, 175,
740–746. [CrossRef] [PubMed]

31. Cirne, D.G.; Paloumet, X.; Bjornsson, L.; Alves, M.M.; Mattiasson, B. Anaerobic digestion of lipid-rich waste—Effects of lipid
concentration. Renew. Energy 2007, 32, 965–975. [CrossRef]

32. Kabouris, J.C.; Tezel, U.; Pavlostathis, S.G.; Engelmann, M.; Dulaney, J.; Gillette, R.A.; Todd, A.C. Methane recovery from the
anaerobic codigestion of municipal sludge, FOG. Bioresour. Technol. 2009, 100, 3701–3705. [CrossRef]

33. Alves, M.M.; Pereira, M.A.; Sousa, D.Z.; Cavaleiro, A.J.; Picavet, M.; Smidt, H.; Stams, A.J. Waste lipids to energy: How to
optimize methane production from long-chain fatty acids (LCFA). Microb. Biotechnol. 2009, 2, 538–550. [CrossRef]

34. Fotidis, I.A.; Karakashev, D.; Kotsopoulos, T.A.; Martzopoulos, G.G.; Angelidaki, I. Effect of ammonium, acetate on methanogenic
pathway, methanogenic community composition. FEMS Microbiol. Ecol. 2013, 83, 38–48. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jhazmat.2009.10.071
http://www.ncbi.nlm.nih.gov/pubmed/19931274
http://doi.org/10.1016/j.renene.2006.04.003
http://doi.org/10.1016/j.biortech.2009.02.024
http://doi.org/10.1111/j.1751-7915.2009.00100.x
http://doi.org/10.1111/j.1574-6941.2012.01456.x
http://www.ncbi.nlm.nih.gov/pubmed/22809020

	Introduction 
	Materials and Methods 
	Samples Collection 
	Chemical Analysis 
	Biochemical Methane Potential 

	Results 
	Discussion 
	References

