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This study arose in response to the management of different organic wastes generated locally, which cause
environmental damage. These wastes could be used to obtain biogas and class A biosolids through anaerobic
digestion. For this purpose, the mesophilic anaerobic tri-digestion of sewage sludge (S), wine vinasse (V) and
poultry manure (PM) (49.5:49.5:1) was studied to obtain biogas in an improved way compared to bi-digestion of
SV (50:50) and mono-digestion of S. Tests were carried out in anaerobic digesters, at laboratory scale, to compare
the benefits at different hydraulic retention time (HRT) (20, 15, 13, 10, 8 and 6 days). From the results obtained,
anaerobic tri-digestion of the waste gave the best results, with a total chemical oxygen demand (TCOD) removal
efficiency of 51%, volatile solids (VS) removal efficiency of 57%, and methane yield values of 261 mLCHy4/
gVSadded at @ HRT of 13 days. In relation to the pathogens, both co-digestion studies addressed managed to
inactivate enough pathogens in the effluent to be classified as class A biosolids. This would allow considering the
anaerobic tri-digestion as a promising technology, which allows valorizing organic waste, obtaining biogas and
class A biosolids, moving towards a circular bioeconomy.

1. Introduction

One of the environmental problems in southern Spain is the gener-
ation of different organic wastes, which cause local pollution and
greenhouse gases emissions, damaging the environment. Among them
are sewage sludge, with high organic content and pathogens, mainly. On
the other hand, there is agri-food waste, such as wine vinasse and
poultry manure, respectively produced in wineries as a result of distil-
lation during wine production and poultry farms dedicated to the export
of meat [1-3]. One of the alternative for the management of these wastes
can be anaerobic digestion [2,4-7]. The anaerobic digestion consists of a
biological process in the absence of oxygen that converts biodegradable
organic matter into biogas and a biosolids that can be used for agro-
nomic purposes [1,8-10]. The biogas produced is mainly a mixture of

methane and carbon dioxide.

Sewage sludge is one of the most profitable substrates in biogas
production through anaerobic digestion [11-13]. However, it has been
shown that with the combination with other residues that complement
and balance them, better results of methane yield are obtained at the end
of the process. This variant is called anaerobic co-digestion, and with it
many advantages can be obtained over anaerobic mono-digestion. Some
of these advantages would be: improved performance and biogas pro-
duction, greater reduction of volatile solids (VS), greater biodegrad-
ability of organic matter, improved dilution and stabilization of heavy
metals and other toxins, nutrient balance and therefore a suitable C/N
ratio [1,8,11,14-20]. Anaerobic co-digestion helps to increase the
effectiveness of anaerobic digestion and also achieves bioenergy pro-
duction, technological and economic savings by sharing treatment

Abbreviations: S, Sewage Sludge; V, Wine Vinasse; PM, Poultry manure; RS, Single mesophilic reactor fed with sewage sludge; RSV, Single mesophilic reactor fed
with sewage sludge and wine vinasse; RSVPM, Single mesophilic reactor fed with sewage sludge, Wine vinasse and poultry manure; TCOD, Total chemical oxygen
demand, in milligrams per liter; SCOD, Soluble chemical oxygen demand, in milligrams per liter; TVFA, Total volatile fatty acids, in milligrams acetic equivalent per
liter; TS, Total solids, in grams per liter; VS, Volatile solids, in grams per liter; TAN, Total Ammonial Nitrogen, in grams per liter; C, Carbon; N, Nitrogen; C/N,
Carbon/nitrogen ratio; HRT, Hydraulic Retention Time; OLR, Organic Loading Rate; LR, Loading Rate; VFA/AIk, Volatile Fatty Acids/Alkalinity ratio.
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facilities for different wastes [8,16,17,21-23]. Some examples of
improving digestion by anaerobic co-digestion are found in the litera-
ture, using sewage sludge with one or more other co-substrates and
obtaining good results. Some co-substrates were wine vinasse [24-26],
sugar beet pulp [27], organic fraction of urban solid waste [18], food
waste [28,29], organic fraction of municipal solid waste and grease trap
[17], agricultural straw waste [30], and pig manure [31].

However, it is necessary to select the wastes to be co-digested ac-
cording to their physicochemical characteristics and their generation,
considering both the volume and the frequency and location of the fa-
cilities, with the idea of proposing their joint management. For this
purpose, in Andalusia community (Spain), wine vinasse and poultry
manure are available, which meet the requirements indicated. All three
substrates have a high organic load and very significant differences in
terms of pH and nutrient concentration. For example, wine vinasse has a
very acidic pH (around 3), which is offset by the pH of poultry manure
(close to 10). Another example would be the low nitrogen concentration
in sewage sludge and wine vinasse. Poultry manure would be the perfect
co-substrate to supplement the nutrient deficiencies of sewage sludge
and wine vinasse. However, in order to carry out the anaerobic co-
digestion of these three wastes, the appropriate ratio must be studied
to favour this process and achieve maximum yields in methane pro-
duction [32].

On the other hand, at the end of the anaerobic co-digestion a biosolid
is obtained whose application to the soil provides organic matter and
nutrients that help to improve the physical and biological properties of
the soils, providing improvements in the ecosystem. The application of
biosolids to the soil offers numerous benefits but at the same time, it can
contain components that are dangerous for the environment, animals or
human health. These components are pathogens and heavy metals that
must be analyzed before agronomic use [21,33,34]. Depending on the
set operating temperature and hydraulic retention time (HRT), this
process can take hours or days [33]. It is intended that this end product
of anaerobic co-digestion can be classified as class A biosolids, for this it
is necessary to comply with the legal requirements indicated by the
United States Environmental Protection Agency (US EPA) and Regula-
tion (EU) 2019/1009 of the European Parliament and the Council of
June 5, 2019 [35-37].

The anaerobic co-digestion of sewage sludge with residues from the
agri-food sector represents an attractive technology within the frame-
work of the circular economy. It is a low-cost, well-established tech-
nology for the treatment of organic waste. Anaerobic co-digestion is a
promising technique for producing biofuels due to obtaining biogas as
clean energy and stabilized sewage sludge. With biogas, electrical or
thermal energy can be obtained that can be used in the agri-food in-
dustry itself, and with the application of biosolids to the soil, the re-
covery of mineral and organic components is achieved, thus improving
agricultural crops, being able to reduce or even to the substitution of
chemical fertilizers. This energy circle is adapted to the concept of cir-
cular economy, thus closing the cycle between energy consumption,
food production and subsequent waste disposal [2,8,21,38].

The objective of this study was to verify the benefits of the anaerobic
co-digestion of three substrates (sewage sludge, wine vinasse and
poultry manure) compared to the anaerobic co-digestion of two sub-
strates (sewage sludge and wine vinasse) and the anaerobic mono-
digestion of sewage sludge. The reactors were operated at different
HRTSs to determine the best results in terms of Chemical Oxygen Demand
(COD) and Volatile Solids (VS) removal efficiency, methane production
and yield. In addition, the content of pathogens in the effluent from the
reactors were checked, to classify them as Class A Biosolids for later use
as an agronomic amendment. The aim is to demonstrate that anaerobic
tri-digestion is suitable to be carried out in wastewater treatment plants
(WWTPs), achieving the valorization of local agri-food waste, to
improve the obtaining of biogas and agronomic amendment.
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2. Materials and methods
2.1. Reactors and operating conditions

Continuously stirred tank reactors (CSTR) equipped with stainless
steel blades driven by motors programmed for 40 rpm stirring were used
for this experiment. Each reactor has three liters of capacity with two
liters of working volume. The reactors were deposited on a heating plate
programmed at 35 °C for those in mesophilic conditions. Each reactor
has a port where a 5-liter capacity Tedlar bag was connected to collect
the daily biogas produced, a port where a temperature probe was
installed, and another port for feeding and effluent outlet (Fig. 1).

The HRT was progressively reduced each time the reactors were
stable for a given HRT, in order to increase the methane production and
see which time was the most beneficial in terms of VS reduction and
methane yield. The HRTs tested were 20, 15, 13, 10, 8 and last 6 days.

A replicate of each of the reactors analyzed in this study was avail-
able, which were the following: RS: Mesophilic reactor fed with sewage
sludge; RSV: Mesophilic reactor fed with a mixture of sewage sludge and
wine vinasse (50:50); and RSVPM: Mesophilic reactor fed with sewage
sludge, wine vinasse (50:50) adding 10 g/L of poultry manure. Tests
were carried out to determine the optimal proportion of poultry manure
that would be used in the feeding of the reactors, with which to achieve
better results in terms of methane production and yield, without being
inhibited by high concentrations of total ammonia nitrogen (TAN) [3].

2.2. Characterization of the substrates and the feed

The most relevant characteristics of the substrates used in the
anaerobic co-digestion studied were shown, as well as the mixtures
prepared for each feed depending on the reactor. The feeding of the RSV
reactor consisted of a mixture of sewage sludge and wine vinasse in

Stirrer

40 rpm

Tedlar
bag

35°C

Fig. 1. Scheme of the mesophilic reactor used in the tests and operating con-
ditions. At the top were the different ports for connecting the temperature
probe, tedlar bag, feed inlet and effluent outlet.
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proportion (50:50), and the feeding of the RSVPM reactor was of sewage
sludge and wine vinasse in proportion (50:50) adding 10 g/L of poultry
manure.

Table 1 shows the characteristics of each substrate individually and
of the mixtures that configured the feed of each tested system. All sub-
strates have a high amount of organic matter, especially poultry manure
(PM), which provides a significant amount of organic matter to the
SVPM feed. The wine vinasse (V) contributes to lowering the pH and
increasing the SCOD in the SV and SVPM feed. This fact was extremely
important because it was possible to increase the organic matter
accessible to microorganisms, solving one of the main drawbacks of
anaerobic mono-digestion of sewage sludge (S) [39]. Also noteworthy is
the high concentration of TAN provided by poultry manure, achieving
an adequate C/N ratio of around 30 for the SVPM feed [40,41] and a
final less acidic pH around 5.5.

2.3. Feed comparison: Organic loading rates

Fig. 2 shows the different organic loading rates of the raw material in
each system (Sewage sludge (S), sewage sludge and wine vinasse (SV),
sewage sludge, wine vinasse and poultry manure (SVPM)) for the
different HRT tests. With respect to a 6-day HRT, only the data referring
to SVPM were shown, since this system allowed shorter HRTs to be
operated than the others. It is observed in all cases that when HRT de-
creases, the organic load increases. PM and S provide the highest content
of TCOD, VS and TS, while V provides a high content of dissolved
organic matter in OLR. For this, the raw material S and SVPM have
similar TCOD values, and the mixtures containing V have high values of
SCOD, which increases with the addition of PM.

The HRT was decreased and was kept constant during each HRT
tested until the steady-state conditions were reached. The attainment of
the steady state was verified after an initial period (three times the HRT)
by checking whether the constant effluent characteristic values (COD
removal, VS removal and methane production) were the mean of the last
measurements in each HRT [42].

2.4. Analytical methods

An initial characterization of the substrates and the feed was carried
out, in terms of pH, total solids (TS), volatile solids (VS), total chemical
oxygen demand (TCOD), soluble chemical oxygen demand (SCOD),
volatile fatty acids (VFA), total ammonia nitrogen (TAN), ammonia,

Table 1
Parameters analyzed in an initial characterization of the substrates used and the
feed created for the experiments.

Parameters SEWAGE WINE POULTRY FEED FEED
SLUDGE VINASSE MANURE SV SVPM
pH 6.43 + 3.25 + 9.76 + 4.61 + 5.35 +
0.23 0.14 0.32 0.26 0.36
TCOD (g/L) 56.91 + 40.22 + 272.31 + 42.23 56.16
0.14 0.15 0.33 +2.29 +5.21
SCOD (g/L) 15.61 + 39.59 + 143.68 + 21.99 35.58
0.13 0.09 0.23 +1.14 +2.18
TS (g/L) 42,17 + 22.42 + 472,12 + 25.86 35.64
0.11 0.09 0.29 +1.48 +3.07
VS (g/L) 35.74 + 19.31 + 393.01 + 21.62 27.95
0.09 0.08 0.19 +2.32 +2.11
TVFA 2492 +51 1147 +37  0.00 + 1785 + 1899 +
(mgAcH/L) 0.00 71 54
C/N 14.25 + 130.00 + 3.24 + 44.07 30.22
0.77 3.18 0.86 +1.22 +1.01
TAN (g/L) 0.22 + 0.25 + 22.54 + 1.02 + 1.99 +
0.02 0.04 1.12 0.08 0.03
Alkalinity 134021 nd. 35.20 + 0.45 + 0.56 +
(g/L) 0.18 0.06 0.02

The results were expressed as average + standard deviation. Analyses conducted
in triplicates (n = 3).
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Fig. 2. Effect of HRT on the different organic loading rates (OLR) tested. a)

evolution of TCOD_LR, b) evolution of SCOD_LR, ¢) evolution of TS_LR and d)
evolution of VS_LR of the feedstock used in each system (S, SV and SVPM).
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alkalinity and carbon/nitrogen ratio (C/N ratio).

For the determination of TS, VS, TCOD and SCOD the Standard
Methods APHA-AWWA-WPFC [43] were followed. For the determina-
tion of the pH, a HACH sensION + pH meter was used. The individual
VFAs were determined by gas chromatography, using a gas chromato-
graph (Shimadzu GC-2010) equipped with a flame ionization detector
(FID) system and a capillary column packed with Nukol [43,44]. Acetic,
propionic, butyric, isobutyric, valeric, isovaleric, caproic and heptanoic
acids were quantified in mg/L and the total content of TVFA acids
expressed as mgAcHequivalent/L was calculated. For the determination
of total organic carbon and total nitrogen, a total organic carbon
analyzer (Shimadzu TOC-L CSH/CSN) was used, according to the stan-
dard APHA-AWWA-WPFC methods [43]. Alkalinity and total ammonia
nitrogen (TAN) were measured using the HANNA multiparameter
photometer (HI83399), following the standard APHA-AWWA-WPFC
methods [43]. The volume and composition of the biogas produced
were measured daily using a Ritter TG1 gas flow meter and KNF Labo-
port gas suction pump. The composition of the biogas was analyzed with
a gas chromatograph (Shimadzu GC-2010), Hy, CO,, CH4 and O, were
analyzed by means of a thermal conductivity detector (TCD) using a
Supelco Carboxen 1010 Plot column. The determination was performed
under the following operating conditions: split: 100; constant pressure at
the injection port: 70 kPa; 2 min at 40 °C, ramp at 40 °C/min up to
200 °C, 1.5 min at 200 °C; detector temperature: 250 °C; injector tem-
perature: 200 °C. The carrier gas used was helium (266.2 mL/min);
synthetic air (120 mL/min) and hydrogen (80 mL/min) as mixtures for
the flame; and Helium (8 mL/min) as auxiliary gas for compensation
[7,45,46].

2.5. Effluent classification as biosolid class a

The pathogenic microorganisms in the feeding of the reactors and in
the effluents of these were determined in the most stable HRTs of each
reactor in order to quantify total coliforms, Escherichia coli (E-Coli) and
Salmonella, and check if the values were met required to be classified as
class A biosolids, as well as the degree of pathogen reduction after the
thermophilic and mesophilic anaerobic codigestion process and the
anaerobic monodigestion of sewage sludge. The United States Envi-
ronmental Protection Agency (US EPA) determines a quantity less than
1000 Fecal Coliforms/gTS and 3 most probable number/4gTS for Sal-
monella, in order to classify the effluent as class A biosolids [21,34-36].
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On the other hand, according to Regulation (EU) 2019/1009 of the
European Parliament and the Council of June 5, 2019, it establishes that
the density of E-Coli must not exceed the limit of 1000 colony-forming
units (CFU)/gTS and that Salmonella must be absent in 25 mL of sam-
ple in an organic fertilizer [21,33,37,47-49]. The determination of total
coliforms, E-Coli [Method 9222H] and Salmonella [Method 9260B] was
carried out according to standard methods [43]. Total coliforms were
calculated through E-Coli, since it represents approximately 90% of
them [21].

3. Results and discussion
3.1. Process stability and effluent quality

The stability of the process was studied through the evolution of the
pH in each system, because this parameter is key in monitoring the
anaerobic degradation process [7]. For RS and RSV the pH tended to
become more acidic as the HRTs tested were shorter. It was necessary to
add NaOH (10 M) on several occasions, which can be seen in Fig. 3.
when the pH dropped to values close to 7. RSV was the least stable
system, this could be due to the vinasse, which has a very acidic pH and
tends to acidify the influent used, thus causing acidification in the sys-
tem. This problem is very common in single stage reactors as the organic
loading rate increases, VFA build up can occur, leading to acidification
[50,51]. pH control was important when HRT falls due to the negative
effect it has on methanogenic activity [4,52].

On the other hand, RSVPM showed the most stable pH throughout
the process, without the need to resort to external agents to correct it,
being in a stable mean range of 7.5. The three substrates used have very
different pH values (Table 1), although when it was mixed it presented
acid values in the feed, during anaerobic tri-digestion it managed to
maintain higher values, in the optimum range for methanogenic
archaea. Therefore, the anaerobic co-digestion of 3 substrates occurred
in a balanced way, helping to keep the pH evolution stable throughout
the process.

As to effluent quality, the organic matter content in the effluent was
determined by measuring VS, SCOD, TCOD, TS, VFA, TAN, alkalinity
and ratio VFA/AIk, in both streams. Fig. 4. And Fig. 5. Shows the evo-
lution of these parameters after reaching the steady state at each tested
HRT.

Higher values of organic matter were detected in the effluent of RS

m RS |4 RSV @ RSVPM

HRT 13

HRT 6

HRT 10 ’ HRT &

150 200 250

Time (days)

Fig. 3. Evolution of the pH throughout the test, for the different systems analyzed, as the HRT decreased.
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than in that of RSV and RSVPM. This means that the quality of the
effluent was higher after anaerobic codigestion of SV and SVPM than
after anaerobic digestion of S. This was mainly due to two reasons, on
the one hand, to the difference in the substrate used in each case, and on
the other hand, to the different biodegradation that occurred in each
system. With respect to anaerobic codigestion using vinasse, it should be
noted that it provides a high SCOD content to the mixture and with
respect to the different biodegradation that occurs in each system, it
would be necessary to check the performance of the different systems by
comparing organic matter removal values, which will be discussed in the
next section [39,53].

The VFAs were then measured, in total and individually, to check
their evolution in each reactor and for each HRT tested. The concen-
trations of TAN were also analyzed and the possible relationships that
caused instability in some of the cases tested were studied.

The highest values of total acidity were recorded for HRT of 20 days.
For HRT between 15 and 10 days, their concentration tends to decrease,
however for HRT of 8 days, they increase again in all cases except in
RSVPM. In the case of 3-substrate anaerobic co-digestion (SVPM), the
most stable values were recorded again for each HRT tested, in a range
between 200 and 763 mg/L. It should be noted that the VFA did not
exceed the inhibitory values published in the literature in any case
[33,39,54-56]. In addition, values >90% of VFA removal were achieved
for all experiments, for RS (HRT between 15 and 8 days), for RSV (HRT
between 15 and 10 days) and for RSVPM (HRT between 15 and 6 days).
This indicates that the anaerobic co-digestion in the mesophilic range of
these three substrates (SVPM) creates a stable system, which is not
inhibited by short HRT due to VFA accumulation [52]. On the other
hand, mesophilic range anaerobic co-digestion has been shown to help
mitigate the damaging effects and system instability that occurs due to
VFA accumulation [48].

In Fig. 5 a) it can be seen how RS registers the highest TAN values
throughout the process (4.5-6.9 g/L). Anaerobic co-digestion systems
show lower values than RS (2.71-5.34 g/L). The application of nitrog-
enous waste such as PM helps to optimize the C/N ratio, but it is a
concern when it comes to keeping the co-digestion process stable due to
the accumulation of TAN. For RSVPM the recommended TAN concen-
tration was exceeded (4 g/L)[52], although no inhibition was observed
in the production of methane for this reason. In the three systems carried
out, the same trend was followed, registering a strong decrease in the
concentration of TAN for the shorter HRTs tested. This was caused by
high OLR and low HRT, because the ammonia generation rate was not
sufficient to accumulate in the system compared to the HRT [52]. It was
known that an adequate concentration of TAN provides benefits for
microorganisms,> 500mgTAN/L [57], but the concentration limit of
TAN was not fixed and must be studied for each case since it depends on
the substrates used, the conditions of operation and the degree of
acclimatization of the microorganisms. In this way, inhibition has been
observed in ranges between 1.7 and 14 gTAN/L [56], between 3 and 6
gTAN/L [58], or for values above 3.8 gTAN/L [57], or above 1.5 gTAN/
L [30,59].

With respect to alkalinity, for the RS system it remained high
throughout the process and for all the HRTs tested, with values around 7
g/L (Fig. 5 b)). For the RSV case, the alkalinity grew strongly as the HRT
decreased, with initial values of 3.38 g/L that double in HRT of 8 days.
RSVPM registered lower and more stable values throughout the process,
oscillating in a range between 2.92 and 3.48 g/L, except for a 6-day
HRT, where its concentration increased to values of 6.15 g/L. Accord-
ing to the literature, alkalinity values were recommended in an anaer-
obic digester between 2000 and 4000 mg/L [51,52]. For RSVPM, the
measured alkalinity was within the recommended values except for the
shorter HRTs. This was due to the fact that at high organic loads the
buffering capacity of the system decreases on the one hand, and that co-
digestion with poultry manure produces a high amount of alkalinity
above 4000 g/L [52].

The VFA/Alk ratio was monitored to clarify at which HRT the
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Fig. 5. Average of values recorded during the test, for the different systems analyzed at the different HRT tested: a) evolution of VFA and TAN, b) evolution of

alkalinity and VFA/AIKk ratio.

anaerobic co-digestion could operate without risk to the process. Fig. 5
b), shows the average values for this parameter in each HRT tested for
each experiment. Throughout the process, the values remained below
0.4, indicating favourable operating conditions [7]. RS and RSV for HRT
between 15 and 8 days remained with values below 0.1, however
RSVPM presented higher values in all cases between (0.03 and 0.22). For
a 13-day HRT, this parameter was below 0.1, obtaining a value of 0.08.
This fact coincides with the maximum removal % of VS and the
maximum methane yield for the same HRT. According to several au-
thors, values around 0.1 were recommended to ensure a high buffering
capacity of the system. [7,22,42].

3.2. Removal efficiencies

The degradation of the different parameters related to the organic
matter in the anaerobic digestion of S, and anaerobic co-digestion of SV
and SVPM, at the different HRTs were shown in Fig. 6.

The highest percentages of TCOD removal (Fig. 6 a)) were recorded
for the anaerobic co-digestion systems, well above the values obtained

for the anaerobic digestion of S. For the anaerobic co-digestion of SVPM,
the following values were observed highest values for all HRTs tested,
except for the longest HRT corresponding to 20 days. For 15-day HRT,
the maximum value of 51% TCOD removal was reached.

For SCOD removal (Fig. 6 b)), the values recorded were also much
higher for anaerobic co-digestion systems, and again, the highest
removal percentages were recorded for RSVPM, reaching their
maximum for a 13-day HRT with values of 62% SCOD removal. For an
HRT of 13 days, this system showed higher organic matter decomposi-
tion efficiency, while as OLR increased, its capacity to assimilate feed
declined.

For TS removal (Fig. 6 ¢)), the anaerobic co-digestion of SVPM once
again obtained the highest % removal at 13-day HRT with values of 50%
TS removal. However, the anaerobic co-digestion SV registered the
lowest percentages of removal, leaving in this case the anaerobic
digestion of S with intermediate TS removal values between the two
anaerobic co-digestion systems.

For SV removal (Fig. 6 d)) the trend was similar to TCOD and SCOD
removal, again registering the highest removal percentages for SVPM



L. Sillero et al.

g RS e RS RSVPM
70
60
50
[
3 40
£
2 30 —
(=) [
S
2 20
10
0
20 15 13 10 8 6
HRT (days)
a)
70
-
60 L
3
S50 | /IX" )
s B ) -
340 r L
£
2 30 L
o
S
Q20 +
10
0
20 15 13 10 8 6
HRT (days)
b)
70
60
.
g é\ -
T4 B N
> =
o _
€30 | =
2
2
20
10
0
20 15 13 10 8 6
HRT (days
C) (days)
70
60 T
T L T
—50 | o s -
& e i
T 40 | ]
o
€30 |
[’d
> 20
10
0
20 15 13 10 8 6
HRT (days)
d)

Fig. 6. Recorded mean removal values (%), for the different systems in the
tested HRTs a) TCOD removal, b) SCOD removal, ¢) TS removal and d)
VS removal.

Fuel 321 (2022) 124104

anaerobic co-digestion with a maximum of 57% for 13-day HRT. For
long HRTs of 20 and 15 days, the anaerobic digestion of S and anaerobic
co-digestion of SV also present high VS removal values, of 38% and 58%,
respectively. But as the HRT decreases, these values drop to 23% VS
removal for 8-day HRT. However, RSVPM recorded values between 40%
and 57% throughout the process, reaching a drop in HRT for up to 6 days
without suffering inhibition.

It was known that hydrolysis, the first phase of anaerobic digestion,
was the limiting step in this process and that the sewage sludge contains
hardly biodegradable organic matter [4,60,61]. This would explain why
as the HRT decreases, higher concentrations of COD, TS and VS were
recorded and therefore the elimination percentage of these parameters
decreases. In general, the highest removal percentages were recorded in
the RSVPM. The 13-day HRT was sufficient to remove the maximum
organic matter. These data support the idea that anaerobic co-digestion
with poultry manure helps to achieve better results in purification effi-
ciencies. The same trend was observed for the co-digestion of food waste
and chicken manure [52].

In summary, the increase in OLR or decrease in HRT causes a
decrease in removals in all parameters. However, this decrease occurs in
a smoother way when it comes to the anaerobic co-digestion of SVPM.
The co-digestion of three substrates maintained the most stable and high
removal percentages throughout the process at the different HRTs
tested. In addition, it reached the maximum % removal at a HRT of 13
days. This was crucial, since VS is considered to be the main organic
precursor for methane production [62] and in this case, the maximum %
SV removal coincides with the maximum methane yield observed for
RSVPM in a 13-day HRT, as will be discussed in the next section. Finally,
it should be noted that no organic matter removal rate reached values of
70%. This was because the microorganisms did not use all the non-
solubilized material and not all the soluble organic carbon in the
waste can be biologically degraded [39].

Therefore, it can be affirmed that the anaerobic co-digestion of 3
substrates makes the process more stable and it can be lowered to
shorter HRTs than with the anaerobic bi-digestion and mono-digestion
of sewage sludge. Similar values were observed by Gaur et al. (2017)
[62] in anaerobic co-digestion of sludge and cow dung with food waste,
who recorded a maximum VS elimination of 56.58% and Cabbali et al.
(2016) [63], in anaerobic co-digestion of OFMSW and sewage sludge,
who registered 67.3% of removal of VS.

3.3. Methane yields

Methane production from sewage sludge digestion only, co-digestion
of sewage sludge and wine vinasse, and sewage sludge, wine vinasse and
poultry manure were compared. Methane yield in mL/gVS added and
daily production in L/d were monitored. The methane yield depends on
several factors, such as the feed supplied to the reactor, the HRT and the
operating temperature. The average of the methane yield and the pro-
duction generated daily for each test in each HRT tested were shown in
Fig. 7 a) and b), respectively.

To compare the energy efficiency of systems with different raw
materials, it is necessary to do so in terms of methane values per gram of
organic material [39]. As expected, the RS reactor presented the lowest
values in terms of methane yield regarding the rest of the studies, (Fig. 7
a)). RS presented the lowest performance for a HRT of 20 days. The yield
increased as the HRT decreased until reaching values close to 130
mLCH4/gVSadded for an HRT of 10 days. Subsequently, for shorter HRTs
than 10 days, the methane yield decreased. RSV recorded ascending
methane yield values as the HRT decreased, reaching a maximum value
of 210 mLCH4/gVSadded at 13-day HRT and continuing to decrease af-
terwards in the shorter HRTs tested. Finally, RSVPM followed the same
trend, increasing their performance as the HRT decreases to reach their
maximum for HRT of 13 days, with values of 261 mLCH4/8VSadded-
Subsequently, for the shorter HRTs tested, the methane yield decreased
in the reactors. Although during all the HRTs tested, the yield was higher
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three tested systems.

for RSVPM, at an HRT of 20 days this did not occur, with RSV presenting
better results. This could be due to the addition of PM, requiring more
time for the microorganisms to acclimatize to higher concentrations of
TAN, and thus produce biogas regularly. An improved performance of
anaerobic co-digestion compared to sludge mono-digestion is clearly
observed. This means that the added substrates were optimal for the
improvement of co-digestion. PM and V provided greater biodegrad-
ability and soluble organic material, increasing the amount of energy
produced per gram of residue.

If the results of the daily production of methane were analyzed
(Fig. 7 b)), it can be observed that as the OLR increases or the HRT
decreases, the daily production of biogas increases, up to an HRT of 13
days. Thereafter, methane production was progressively inhibited in RS

and RSV, at HRT of 10 and 13 days, respectively. This was mainly due to
imbalances in pH, since at lower HRT, the system tended to acidify,
causing less conversion of organic matter to methane by microorgan-
isms. This fact corresponds to a lower purification efficiency in terms of
TCOD and VS, as well as an increase in VFA and TAN. Under the same
operating conditions, biogas production in RSVPM was much higher
than in RS and RSV, mainly due to the presence of more easily biode-
gradable compounds. At the beginning of the experiment, when the HRT
was lowered, the response of the RSVPM system was immediate in terms
of increased biogas production. However, when 13-day HRTs were
tested, at lower HRTs the increase in biogas production was not as
noticeable. For HRT of 13, 10, 8 and 6 days, the daily liters of methane
increased very slightly from 1.21 to 1.38 L/d. The system does not suffer
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from inhibition, but at higher OLRs, a greater production of biogas is not
observed, obtaining its maximum performance in HRT of 13 days.
Although the pH remained stable over time, the methane yield fell from
HRT 13 days. (Fig. 7 b)). The concentration of TAN and VFA has a strong
influence on biogas production. This inconvenience must be controlled
even if the pH remains stable [39,64].

Accordingly, the anaerobic co-digestion favors the production of
methane obtaining better yields, reaching values of 210 and 261
mLCH4/8VSadded for RSV and RSVPM respectively. Similar values were
found in the literature on the yields obtained in anaerobic digestion of
sludge, with yields of 0.23LCH,4/gVS in HRT of 10 days [5], and with the
anaerobic co-digestion of cattle manure and animal waste, obtaining
257mLCH4/8VS,4dded for a HRT of 25 days [65], or the anaerobic co-
digestion of sludge with municipal organic waste reaching 333
mLCH,4/kgV$ [54].

In summary, for all the HRTs tested, RSVPM presents the best
methane yields, reaching its maximum for a 13-day HRT with values of
261mLCH4/8VSadded- The addition of a third co-substrate, in adequate
proportions, to the anaerobic co-digestion of SV, such as PM, favors the
production of methane and makes the process more stable at high OLR.
These results were consistent with the higher value of VS removal, a
decrease in TAN and VFA concentration at 13-day HRT for RSVPM.

3.4. Class a biosolid listing

To carry out the classification as class A biosolid according to the US
EPA and Regulation (EU) 2019/1009 of the European Parliament and
the Council of June 5, 2019, the different feeds provided to the reactors
(sewage sludge, sewage sludge + wine vinasse, sewage sludge + wine
vinasse + poultry manure) and the stable effluents from the reactors
where they presented the best methane yield results were analyzed.

In the first place, regarding the analysis for the detection of Salmo-
nella, the presence of Salmonella was found in the feed of the reactors.
However, an absence was recorded in the effluents of all reactors. This
suggests that in all the cases considered it was effective in eliminating
Salmonella for the stable HRTs. The concentrations of E. coli and Total
Coliforms in each feed and in the effluents are showm in Table 2 and
Fig. 8, respectively. The feedstock corresponding to each reactor and the
effluents for the HRT were analyzed where the highest methane yields
were achieved. Total coliforms determined include fecal coliforms and
E-Coli.

As can be seen in table 2, none of the feeds meets the necessary legal
requirements according to European legislation and the US EPA to be
classified as class A biosolids. After undergoing anaerobic co-digestion,
these values drop drastically, placing them below the limit required to
be classified as class A biosolids by current European legislation and the
US EPA, as can be seen in Fig. 8. It should be noted that vinasse dilutes
the initial concentration of these micro-organisms as the input comes
mainly from sludge and poultry manure.

In Fig. 8. it can be seen how the RS does not achieve sufficient
elimination of pathogens in the effluent, remaining above 1000 (CFU)/
gTS. For the RSV and RSVPM systems, pathogen inactivation was suf-
ficient. All values were below the limit required for classification as class
A biosolids in cases of anaerobic co-digestion. Total coliform elimination
percentages of 95.64% for RSV and 96.89% for RSVPM were achieved.
Regarding E. Coli, it was possible to eliminate 96.61% for RSV and
96.86% for the effluent of the RSVPM reactor, both remaining below the
limit established by European legislation. This indicates that anaerobic
co-digestion was an efficient practice in the elimination of pathogens,
mainly due to its effect of diluting contaminants, without the need to
operate in thermophilic ranges, which helps to contribute to a circular
economy by reducing the energy cost to develop this technology. The
final product of anaerobic codigestion was suitable for use as an agro-
nomic fertilizer in accordance with European legislation and the US
EPA. This fact contributes to reducing the environmental impact pro-
duced by chemical fertilizers [21] and manages to close the cycle of the
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Table 2
Concentration of E. Coli and Total Coliforms expressed as (CFU)/gTS, registered
in the feed of the reactors.

Feed E-Coli (CFU/gTS) Total Coliform (CFU/gTS)
S 20,600 41,950

sV 6050 8650

SVPM 14,500 29,400

3500 4

3000 H

2500

2000

(CFU)/gTS

1500 -

1000

500

RS RSV

RSVPM

% E-Coli 2 Total coliforms

Fig. 8. Total E-Coli and total coliforms concentration in the effluent of the three
systems studied.

circular economy of this study.
4. Conclusions

The results obtained in this study show, in the first place, that the
elimination percentages of VS were higher for RSVPM in all the HRTs
tested. For a 13-days HRT, values of 51% and 57% removal, respec-
tively, were achieved. In all tests, these percentages decrease as the HRT
falls below 13 days. RSVPM showed the best values in terms of methane
yield for HRT of 13 days (261mLCH4/gVSadded), slightly decreasing for
the rest of HRT tested. VFA removal was>90% in the optimal HRTs.
Regarding the pathogen removal results, anaerobic co-digestion was
able to remove enough pathogens to be classified as class A biosolids.

Therefore, it can be concluded that the anaerobic tri-digestion of
sewage sludge, wine vinasse and poultry manure substrates was more
beneficial than the bi-digestion of sewage sludge and wine vinasse and
the mono-digestion of sewage sludge. Allowing to operate at shorter
HRT, achieving better purification efficiency, an increase in methane
yield and the possibility of being able to classify the effluent as class A
biosolid. Thus, anaerobic co-digestion with agri-food substrates would
be an attractive solution that could be implemented in WWTPs to
valorize biowaste by obtaining biogas and agronomic amendment,
within the framework of the circular bioeconomy, maximizing green-
house gas mitigation efficiency.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgment

This study has been funded by the Project Management of agro-food
waste and sludge within the framework of the circular economy: energy
and fertilizer production through anaerobic codigestion in a pilot plant
(P18-RT-1348) of the Andalusian Research, Development and Innova-
tion Plan (PAIDI 2020).



L. Sillero et al.

References

[1]

[2

=

[3

=

[4]

[5]

[6

[}

[7

—

[8

—

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Liew CS, Yunus NM, Chidi BS, Lam MK, Goh PS, Mohamad M, et al. A review on
recent disposal of hazardous sewage sludge via anaerobic digestion and novel
composting. J Hazard Mater 2022;423:126995. https://doi.org/10.1016/j.

jhazmat.2021.126995.

Venegas M, Leiva AM, Reyes-Contreras C, Neumann P, Pina B, Vidal G. Presence
and fate of micropollutants during anaerobic digestion of sewage and their
implications for the circular economy: A short review. J Environ Chem Eng 2021;9.
https://doi.org/10.1016/j.jece.2020.104931.

Sillero L, Solera R, Perez M. Anaerobic co-digestion of sewage sludge, wine vinasse
and poultry manure for bio-hydrogen production. Int J Hydrogen Energy 2021.
https://doi.org/10.1016/j.ijhydene.2021.11.032.

Amodeo C, Hattou S, Buffiere P, Benbelkacem H. Temperature phased anaerobic
digestion (TPAD) of organic fraction of municipal solid waste (OFMSW) and
digested sludge (DS): Effect of different hydrolysis conditions. Waste Manag 2021;
126:21-9. https://doi.org/10.1016/j.wasman.2021.02.049.

Wu LJ, Qin Y, Hojo T, Li YY. Upgrading of anaerobic digestion of waste activated
sludge by a hyper-thermophilic-mesophilic temperature-phased process with a
recycle system. RSC Adv 2015;5:68531-41. https://doi.org/10.1039/c5ra08811a.
Algapani DE, Qiao W, di Pumpo F, Bianchi D, Wandera SM, Adani F, et al. Long-
term bio-H2 and bio-CH4 production from food waste in a continuous two-stage
system: Energy efficiency and conversion pathways. Bioresour Technol 2018;248:
204-13. https://doi.org/10.1016/j.biortech.2017.05.164.

Zahedi S, Rivero M, Solera R, Perez M. Mesophilic anaerobic co-digestion of
sewage sludge with glycerine: Effect of solids retention time. Fuel 2018;215:285-9.
https://doi.org/10.1016/j.fuel.2017.11.007.

Ripoll V, Agabo-Garcia C, Perez M, Solera R. Improvement of biomethane potential
of sewage sludge anaerobic co-digestion by addition of “sherry-wine” distillery
wastewater. J Clean Prod 2020;251. https://doi.org/10.1016/j.

jclepro.2019.119667.

Zhang T, Wang Q, Ye L, Yuan Z. Effect of free nitrous acid pre-treatment on
primary sludge biodegradability and its implications. Chem Eng J 2016;290:31-6.
https://doi.org/10.1016/j.cej.2016.01.028.

Zahedi S, Icaran P, Yuan Z, Pijuan M. Enhancing sludge biodegradability through
free nitrous acid pre-treatment at low exposure time. Chem Eng J 2017;321:
139-45. https://doi.org/10.1016/j.cej.2017.03.120.

Kasinath A, Fudala-Ksiazek S, Szopinska M, Bylinski H, Artichowicz W,
Remiszewska-Skwarek A, et al. Biomass in biogas production: Pretreatment and
codigestion. Renew Sustain Energy Rev 2021;150:111509. https://doi.org/
10.1016/j.rser.2021.111509.

Ampese LC, Sganzerla WG, Di Domenico ZH, Mudhoo A, Martins G, Forster-
Carneiro T. Research progress, trends, and updates on anaerobic digestion
technology: A bibliometric analysis. J Clean Prod 2022;331. https://doi.org/
10.1016/j.jclepro.2021.130004.

Sganzerla WG, Ampese LC, Parisoto TAC, Forster-Carneiro T. Process
intensification for the recovery of methane-rich biogas from dry anaerobic
digestion of acaf seeds. Biomass Convers Biorefinery 2021. https://doi.org/
10.1007/513399-021-01698-1.

Lee E, Oliveira DSBL, Oliveira LSBL, Jimenez E, Kim Y, Wang M, et al. Comparative
environmental and economic life cycle assessment of high solids anaerobic co-
digestion for biosolids and organic waste management. Water Res 2020;171:
115443. https://doi.org/10.1016/j.watres.2019.115443.

Zhao S, Chen W, Luo W, Fang H, Lv H, Liu R, et al. Anaerobic co-digestion of
chicken manure and cardboard waste: Focusing on methane production, microbial
community analysis and energy evaluation. Bioresour Technol 2021;321:124429.
https://doi.org/10.1016/j.biortech.2020.124429.

Borowski S, Domariski J, Weatherley L. Anaerobic co-digestion of swine and
poultry manure with municipal sewage sludge. Waste Manag 2014;34:513-21.
https://doi.org/10.1016/j.wasman.2013.10.022.

Grosser A, Neczaj E, Singh BR, Almas R, Brattebg H, Kacprzak M. Anaerobic
digestion of sewage sludge with grease trap sludge and municipal solid waste as co-
substrates. Environ Res 2017;155:249-60. https://doi.org/10.1016/j.
envres.2017.02.007.

Valentino F, Munarin G, Biasiolo M, Cavinato C, Bolzonella D, Pavan P. Enhancing
volatile fatty acids (VFA) production from food waste in a two-phases pilot-scale
anaerobic digestion process. J Environ Chem Eng 2021;9:106062. https://doi.org/
10.1016/j.jece.2021.106062.

Valenti F, Zhong Y, Sun M, Porto SMC, Toscano A, Dale BE, et al. Anaerobic co-
digestion of multiple agricultural residues to enhance biogas production in
southern Italy. Waste Manag 2018;78:151-7. https://doi.org/10.1016/j.
wasman.2018.05.037.

Dooms M, Benbelkacem H, Buffiere P. High solid temperature phased anaerobic
digestion from agricultural wastes: Putting several reactors in sequence. Biochem
Eng J 2018;130:21-8. https://doi.org/10.1016/].bej.2017.11.011.

Tena M, Perez M, Solera R. Benefits in the valorization of sewage sludge and wine
vinasse via a two-stage acidogenic-thermophilic and methanogenic-mesophilic
system based on the circular economy concept. Fuel 2021;296:120654. https://doi.
org/10.1016/j.fuel.2021.120654.

Montanés R, Pérez M, Solera R. Anaerobic mesophilic co-digestion of sewage
sludge and sugar beet pulp lixiviation in batch reactors: Effect of pH control. Chem
Eng J 2014;255:492-9. https://doi.org/10.1016/].cej.2014.06.074.

Li Z, Chen Z, Ye H, Wang Y, Luo W, Chang JS, et al. Anaerobic co-digestion of
sewage sludge and food waste for hydrogen and VFA production with microbial
community analysis. Waste Manag 2018;78:789-99. https://doi.org/10.1016/j.
wasman.2018.06.046.

10

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Fuel 321 (2022) 124104

Tena M, Perez M, Solera R. Effects of several inocula on the biochemical hydrogen
potential of sludge-vinasse co-digestion. Fuel 2019;258:116180. https://doi.org/
10.1016/j.fuel.2019.116180.

Tena M, Perez M, Solera R. Effect of hydraulic retention time on hydrogen
production from sewage sludge and wine vinasse in a thermophilic acidogenic
CSTR: A promising approach for hydrogen production within the biorefinery
concept. Int J Hydrogen Energy 2021;46:7810-20. https://doi.org/10.1016/j.
ijhydene.2020.11.258.

Tena M, Luque B, Perez M, Solera R. Enhanced hydrogen production from sewage
sludge by cofermentation with wine vinasse. Int J Hydrogen Energy 2020;45:
15977-84. https://doi.org/10.1016/j.ijhydene.2020.04.075.

Montanés Alonso R, Solera del Rio R, Pérez GM. Thermophilic and mesophilic
temperature phase anaerobic co-digestion (TPAcD) compared with single-stage co-
digestion of sewage sludge and sugar beet pulp lixiviation. Biomass Bioenergy
2016;93:107-15. https://doi.org/10.1016/j.biombioe.2016.05.028.

Li Y, Ni J, Cheng H, Zhu A, Guo G, Qin Y, et al. Methanogenic performance and
microbial community during thermophilic digestion of food waste and sewage
sludge in a high-solid anaerobic membrane bioreactor. Bioresour Technol 2021;
342:125938. https://doi.org/10.1016/j.biortech.2021.125938.

Koch K, Helmreich B, Drewes JE. Co-digestion of food waste in municipal
wastewater treatment plants: Effect of different mixtures on methane yield and
hydrolysis rate constant. Appl Energy 2015;137:250-5. https://doi.org/10.1016/j.
apenergy.2014.10.025.

Potdukhe RM, Sahu N, Kapley A, Kumar R. Bioresource Technology Reports Co-
digestion of waste activated sludge and agricultural straw waste for enhanced
biogas production. Bioresour Technol Reports 2021;15:100769. https://doi.org/
10.1016/j.biteb.2021.100769.

Zhang W, Wei Q, Wu S, Qi D, Li W, Zuo Z, et al. Batch anaerobic co-digestion of pig
manure with dewatered sewage sludge under mesophilic conditions. Appl Energy
2014;128:175-83. https://doi.org/10.1016/j.apenergy.2014.04.071.

Sillero L, Solera R, Perez M. Biochemical assays of potential methane to test biogas
production from dark fermentation of sewage sludge and agricultural residues. Int
J Hydrogen Energy 2022. https://doi.org/10.1016/j.ijhydene.2022.02.080.

Riau V, De la Rubia MA, Pérez M. Temperature-phased anaerobic digestion (TPAD)
to obtain class A biosolids: A semi-continuous study. Bioresour Technol 2010;101:
2706-12. https://doi.org/10.1016/j.biortech.2009.11.101.

Wang X, Andrade N, Shekarchi J, Fischer SJ, Torrents A, Ramirez M. Full scale
study of Class A biosolids produced by thermal hydrolysis pretreatment and
anaerobic digestion. Waste Manag 2018;78:43-50. https://doi.org/10.1016/j.
wasman.2018.05.026.

Viii EPAR. Biosolids Management Handbook Topic United States Regulations and
Practical Experience on Biosolids Reuse and Disposal 1 . 2-1 n.d.

Rubin AB. Standards for the use or disposal of sewage sludge. Fed Regist 1999;64:
42552-73.

Europea U. Reglamento (UE) 2019/1009 del Parlamento Europeo y del Consejo de
5 de junio de 2019. D Of La Uni6én Eur 2019;2019:1-114.

Sganzerla WG, Buller LS, Mussatto SI, Forster-Carneiro T. Techno-economic
assessment of bioenergy and fertilizer production by anaerobic digestion of
brewer’s spent grains in a biorefinery concept. J Clean Prod 2021;297. https://doi.
0rg/10.1016/j.jclepro.2021.126600.

Zahedi S, Solera R, Pérez M. An eco-friendly way to valorize winery wastewater
and sewage sludge: Anaerobic co-digestion. Biomass Bioenergy 2020;142:1-9.
https://doi.org/10.1016/j.biombioe.2020.105779.

Cheng J, Lin R, Ding L, Song W, Li Y, Zhou J, et al. Fermentative hydrogen and
methane cogeneration from cassava residues: Effect of pretreatment on structural
characterization and fermentation performance. Bioresour Technol 2015;179:
407-13. https://doi.org/10.1016/j.biortech.2014.12.050.

Zheng J, Gao M, Wang Q, Wang J, Sun X, Chang Q, et al. Enhancement of L-lactic
acid production via synergism in open co-fermentation of Sophora flavescens
residues and food waste. Bioresour Technol 2017;225:159-64. https://doi.org/
10.1016/j.biortech.2016.11.055.

Perez M, Rodriguez-Cano R, Romero LI, Sales D. Anaerobic thermophilic digestion
of cutting oil wastewater: Effect of co-substrate. Biochem Eng J 2006;29:250-7.
https://doi.org/10.1016/j.bej.2006.01.011.

Methods S. Standard Methods for the Examination of Water and Wastewater. Water
Res 2012;16:1495-6. https://doi.org/10.1016/0043-1354(82)90249-4.

Zahedi S, Sales D, Romero LI, Solera R. Optimisation of the two-phase dry-
thermophilic anaerobic digestion process of sulphate-containing municipal solid
waste: Population dynamics. Bioresour Technol 2013;148:443-52. https://doi.org/
10.1016/j.biortech.2013.09.002.

Tena M, Perez M, Solera R. Effect of hydraulic retention time on the methanogenic
step of a two-stage anaerobic digestion system from sewage sludge and wine
vinasse: Microbial and kinetic evaluation. Fuel 2021;296:120674. https://doi.org/
10.1016/j.fuel.2021.120674.

Zahedi S, Solera R, Micolucci F, Cavinato C, Bolzonella D. Changes in microbial
community during hydrogen and methane production in two-stage thermophilic
anaerobic co-digestion process from biowaste. Waste Manag 2016;49:40-6.
https://doi.org/10.1016/j.wasman.2016.01.016.

Riau V, de la Rubia MA, Pérez M. Temperature-phased anaerobic digestion (TPAD)
to obtain Class A biosolids. A discontinuous study Bioresour Technol 2010;101:
65-70. https://doi.org/10.1016/j.biortech.2009.07.072.

Lloret E, Salar MJ, Blaya J, Pascual JA. Two-stage mesophilic anaerobic-
thermophilic digestion for sludge sanitation to obtain advanced treated sludge.
Chem Eng J 2013;230:59-63. https://doi.org/10.1016/].cej.2013.06.066.

Chen Y, Fu B, Wang Y, Jiang Q, Liu H. Reactor performance and bacterial pathogen
removal in response to sludge retention time in a mesophilic anaerobic digester


https://doi.org/10.1016/j.jhazmat.2021.126995
https://doi.org/10.1016/j.jhazmat.2021.126995
https://doi.org/10.1016/j.jece.2020.104931
https://doi.org/10.1016/j.ijhydene.2021.11.032
https://doi.org/10.1016/j.wasman.2021.02.049
https://doi.org/10.1039/c5ra08811a
https://doi.org/10.1016/j.biortech.2017.05.164
https://doi.org/10.1016/j.fuel.2017.11.007
https://doi.org/10.1016/j.jclepro.2019.119667
https://doi.org/10.1016/j.jclepro.2019.119667
https://doi.org/10.1016/j.cej.2016.01.028
https://doi.org/10.1016/j.cej.2017.03.120
https://doi.org/10.1016/j.rser.2021.111509
https://doi.org/10.1016/j.rser.2021.111509
https://doi.org/10.1016/j.jclepro.2021.130004
https://doi.org/10.1016/j.jclepro.2021.130004
https://doi.org/10.1007/s13399-021-01698-1
https://doi.org/10.1007/s13399-021-01698-1
https://doi.org/10.1016/j.watres.2019.115443
https://doi.org/10.1016/j.biortech.2020.124429
https://doi.org/10.1016/j.wasman.2013.10.022
https://doi.org/10.1016/j.envres.2017.02.007
https://doi.org/10.1016/j.envres.2017.02.007
https://doi.org/10.1016/j.jece.2021.106062
https://doi.org/10.1016/j.jece.2021.106062
https://doi.org/10.1016/j.wasman.2018.05.037
https://doi.org/10.1016/j.wasman.2018.05.037
https://doi.org/10.1016/j.bej.2017.11.011
https://doi.org/10.1016/j.fuel.2021.120654
https://doi.org/10.1016/j.fuel.2021.120654
https://doi.org/10.1016/j.cej.2014.06.074
https://doi.org/10.1016/j.wasman.2018.06.046
https://doi.org/10.1016/j.wasman.2018.06.046
https://doi.org/10.1016/j.fuel.2019.116180
https://doi.org/10.1016/j.fuel.2019.116180
https://doi.org/10.1016/j.ijhydene.2020.11.258
https://doi.org/10.1016/j.ijhydene.2020.11.258
https://doi.org/10.1016/j.ijhydene.2020.04.075
https://doi.org/10.1016/j.biombioe.2016.05.028
https://doi.org/10.1016/j.biortech.2021.125938
https://doi.org/10.1016/j.apenergy.2014.10.025
https://doi.org/10.1016/j.apenergy.2014.10.025
https://doi.org/10.1016/j.biteb.2021.100769
https://doi.org/10.1016/j.biteb.2021.100769
https://doi.org/10.1016/j.apenergy.2014.04.071
https://doi.org/10.1016/j.ijhydene.2022.02.080
https://doi.org/10.1016/j.biortech.2009.11.101
https://doi.org/10.1016/j.wasman.2018.05.026
https://doi.org/10.1016/j.wasman.2018.05.026
http://refhub.elsevier.com/S0016-2361(22)00961-9/h0180
http://refhub.elsevier.com/S0016-2361(22)00961-9/h0180
http://refhub.elsevier.com/S0016-2361(22)00961-9/h0185
http://refhub.elsevier.com/S0016-2361(22)00961-9/h0185
https://doi.org/10.1016/j.jclepro.2021.126600
https://doi.org/10.1016/j.jclepro.2021.126600
https://doi.org/10.1016/j.biombioe.2020.105779
https://doi.org/10.1016/j.biortech.2014.12.050
https://doi.org/10.1016/j.biortech.2016.11.055
https://doi.org/10.1016/j.biortech.2016.11.055
https://doi.org/10.1016/j.bej.2006.01.011
https://doi.org/10.1016/0043-1354(82)90249-4
https://doi.org/10.1016/j.biortech.2013.09.002
https://doi.org/10.1016/j.biortech.2013.09.002
https://doi.org/10.1016/j.fuel.2021.120674
https://doi.org/10.1016/j.fuel.2021.120674
https://doi.org/10.1016/j.wasman.2016.01.016
https://doi.org/10.1016/j.biortech.2009.07.072
https://doi.org/10.1016/j.cej.2013.06.066

L. Sillero et al.

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

treating sewage sludge. Bioresour Technol 2012;106:20-6. https://doi.org/
10.1016/j.biortech.2011.11.093.

Forster-Carneiro T, Riau V, Pérez M. Mesophilic anaerobic digestion of sewage
sludge to obtain class B biosolids: Microbiological methods development. Biomass
Bioenergy 2010;34:1805-12. https://doi.org/10.1016/j.biombioe.2010.07.010.
Xing BS, Han Y, Cao S, Wang XC. Effects of long-term acclimatization on the
optimum substrate mixture ratio and substrate to inoculum ratio in anaerobic
codigestion of food waste and cow manure. Bioresour Technol 2020;317:123994.
https://doi.org/10.1016/j.biortech.2020.123994.

Chuenchart W, Logan M, Leelayouthayotin C, Visvanathan C. Enhancement of food
waste thermophilic anaerobic digestion through synergistic effect with chicken
manure. Biomass Bioenergy 2020;136:105541. https://doi.org/10.1016/j.
biombioe.2020.105541.

Riau V, De la Rubia MA, Pérez M. Assessment of solid retention time of a
temperature phased anaerobic digestion system on performance and final sludge
characteristics. J Chem Technol Biotechnol 2012;87:1074-82. https://doi.org/
10.1002/jctb.3709.

Borowski S. Temperature-phased anaerobic digestion of the hydromechanically
separated organic fraction of municipal solid waste with sewage sludge. Int
Biodeterior Biodegrad 2015;105:106-13. https://doi.org/10.1016/].
ibiod.2015.08.022.

Kim M, Yang Y, Morikawa-Sakura MS, Wang Q, Lee MV, Lee DY, et al. Hydrogen
production by anaerobic co-digestion of rice straw and sewage sludge. Int J
Hydrogen Energy 2012;37:3142-9. https://doi.org/10.1016/j.
ijhydene.2011.10.116.

Ariunbaatar J, Scotto Di Perta E, Panico A, Frunzo L, Esposito G, Lens PNL, et al.
Effect of ammoniacal nitrogen on one-stage and two-stage anaerobic digestion of
food waste. Waste Manag 2015;38:388-98. https://doi.org/10.1016/j.
wasman.2014.12.001.

Wang J, Wan W. Kinetic models for fermentative hydrogen production: A review.
Int J Hydrogen Energy 2009;34:3313-23. https://doi.org/10.1016/j.
ijhydene.2009.02.031.

11

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Fuel 321 (2022) 124104

Gomes A, Paranhos DO, Fernando O, Adarme H, Fernandes G, De QS, et al.
Bioresource Technology Methane production by co-digestion of poultry manure
and lignocellulosic biomass : Kinetic and energy assessment. Bioresour Technol
2020;300:122588. https://doi.org/10.1016/j.biortech.2019.122588.

Li W, Khalid H, Zhu Z, Zhang R, Liu G, Chen C, et al. Methane production through
anaerobic digestion : Participation and digestion characteristics of cellulose,
hemicellulose and lignin. Appl Energy 2018;226:1219-28. https://doi.org/
10.1016/j.apenergy.2018.05.055.

Akgul D, Cella MA, Eskicioglu C. Influences of low-energy input microwave and
ultrasonic pretreatments on single-stage and temperature-phased anaerobic
digestion (TPAD) of municipal wastewater sludge. Energy 2017;123:271-82.
https://doi.org/10.1016/j.energy.2017.01.152.

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

Gaur RZ, Suthar S. Anaerobic digestion of activated sludge, anaerobic granular
sludge and cow dung with food waste for enhanced methane production. J Clean
Prod 2017;164:557-66. https://doi.org/10.1016/].jclepro.2017.06.201.

Cabbai V, De Bortoli N, Goi D. Pilot plant experience on anaerobic codigestion of
source selected OFMSW and sewage sludge. Waste Manag 2016;49:47-54. https://
doi.org/10.1016/j.wasman.2015.12.014.

Butkowska K, Mikucka W, Pokdj T. Enhancement of biogas production from cattle
manure using glycerine phase as a co-substrate in anaerobic digestion. Fuel 2022;
317:1-8. https://doi.org/10.1016/j.fuel.2022.123456.

Bi S, Hong X, Yang H, Yu X, Fang S, Bai Y, et al. Effect of hydraulic retention time
on anaerobic co-digestion of cattle manure and food waste. Renew Energy 2020;
150:213-20. https://doi.org/10.1016/j.renene.2019.12.091.


https://doi.org/10.1016/j.biortech.2011.11.093
https://doi.org/10.1016/j.biortech.2011.11.093
https://doi.org/10.1016/j.biombioe.2010.07.010
https://doi.org/10.1016/j.biortech.2020.123994
https://doi.org/10.1016/j.biombioe.2020.105541
https://doi.org/10.1016/j.biombioe.2020.105541
https://doi.org/10.1002/jctb.3709
https://doi.org/10.1002/jctb.3709
https://doi.org/10.1016/j.ibiod.2015.08.022
https://doi.org/10.1016/j.ibiod.2015.08.022
https://doi.org/10.1016/j.ijhydene.2011.10.116
https://doi.org/10.1016/j.ijhydene.2011.10.116
https://doi.org/10.1016/j.wasman.2014.12.001
https://doi.org/10.1016/j.wasman.2014.12.001
https://doi.org/10.1016/j.ijhydene.2009.02.031
https://doi.org/10.1016/j.ijhydene.2009.02.031
https://doi.org/10.1016/j.biortech.2019.122588
https://doi.org/10.1016/j.apenergy.2018.05.055
https://doi.org/10.1016/j.apenergy.2018.05.055
https://doi.org/10.1016/j.energy.2017.01.152
https://doi.org/10.1016/j.enconman.2020.113463
https://doi.org/10.1016/j.enconman.2020.113463
https://doi.org/10.1016/j.jclepro.2017.06.201
https://doi.org/10.1016/j.wasman.2015.12.014
https://doi.org/10.1016/j.wasman.2015.12.014
https://doi.org/10.1016/j.fuel.2022.123456
https://doi.org/10.1016/j.renene.2019.12.091

	Improvement of the anaerobic digestion of sewage sludge by co-digestion with wine vinasse and poultry manure: Effect of dif ...
	1 Introduction
	2 Materials and methods
	2.1 Reactors and operating conditions
	2.2 Characterization of the substrates and the feed
	2.3 Feed comparison: Organic loading rates
	2.4 Analytical methods
	2.5 Effluent classification as biosolid class a

	3 Results and discussion
	3.1 Process stability and effluent quality
	3.2 Removal efficiencies
	3.3 Methane yields
	3.4 Class a biosolid listing

	4 Conclusions
	Declaration of Competing Interest
	Acknowledgment
	References


