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Abstract: To date, energy recovery from biological sewage sludge (BSS) by anaerobic digestion
has been very popular. However, it can often happen that anaerobic reactors are volumetrically
undersized, thus reducing performance in terms of biogas production. A continuous-flow pilot-scale
plant was used to investigate, for the first time, the effects of mesophilic anaerobic co-digestion
(MACoD) of sewage sludge and aqueous residue (AR) from a biosolids treatment plant (BTP) on
methanogenic activity under low hydraulic retention time (HRT) conditions (to simulate the undersiz-
ing of the reactor). The results showed that the digestate is always more rapidly biodegradable than
the matrices fed, while particulate COD hydrolyzed (12 ± 1.3%) is independent of the quantity of AR
dosed. Feeding over 35% of soluble OLR, the total VFAs in the system strongly decreased, despite
the low HRT. In correspondence with higher dosages of AR, the percentage of CH4 increased up to
77–78% and the CO2 CH4

−1 ratio decreased to 0.25 ± 0.2. Specific methane production increased
from 0.09 ± 0.01 m3

CH4 kgCODremoved
−1 with BSS alone to 0.28 ± 0.01 m3

CH4CH4 kgCODremoved
−1

in the case of BSS co-digested with AR. Moreover, co-digestion with AR from a BTP allowed
continuous specific methanogenic activity to be enhanced from 1.76 ± 0.02 m3

CH4 tVSS
−1 d−1 to

6.48 ± 0.88 m3
CH4 tVSS

−1 d−1. Therefore, the MACoD of BSS and AR from a BTP could be a good
solution to enhance methanogenic activity in a volumetrically undersized anaerobic digester with
reduced HRT.

Keywords: biosolids; circular economy; biogas; energy recovery; methanogenic activity

1. Introduction

The production of biological sewage sludge (BSS) is bound to increase in the coming
years due to increases in population and in the number of wastewater treatment plants
(WWTPs) [1,2]. In addition, the tightening of legislation regarding the quality of effluents
treated by WWTPs is another factor that is contributing to an increase in the overall
production of BSS [3].

As already developed for the management of other waste, adopting a hierarchical
approach that stimulates the recovery and reuse of material and energy before final disposal
is also necessary for BSS. The European Union has developed a hierarchical model based
on four priority levels: (i) waste prevention/minimization at source, (ii) matter recovery,
(iii) energy recovery, and (iv) waste disposal [4].
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From a circular economy perspective, of which the main goal is the rational and
sustainable use/reuse of resources [5–8], there are already numerous examples of possible
forms of sludge recovery [9–11] but this trend is destined to increase given the ambitious
plan promoted by the European Commission [12]. Recently, many studies have highlighted
the effectiveness of minimization treatments against BSS production in WWTPs [13–16].
In some cases, these interventions also allow optimization of the subsequent recovery of
material from biosolids (treated BSS [17]) [18]. However, the development of technologies
that allow maximum recovery/reuse of matter and energy form residues, promoting the
transformation of WWTPs into water resources recovery facilities (WRRFs), is also strongly
encouraged [19–23].

For instance, possible alternatives include composting [24,25] and anaerobic diges-
tion [26]. Moreover, thermochemical treatments such as combustion [27,28], gasifica-
tion [28,29], and pyrolysis [28,30] are currently under study. However, two major dis-
advantages must be highlighted. Firstly, untreated BSS generally cannot directly feed
these processes due to its very low calorific value: pre-dehydration and drying of BSS
is a necessary requirement [31]. Secondly, the application of some of these processes to
biosolids (e.g., pyrolysis and gasification) is not yet widespread [14,32].

Therefore, mesophilic and thermophilic anaerobic digestion represents an important
opportunity in the organic matter management strategy, allowing recovery of matter
(through the agronomic use of the digestate) and energy (through biogas production and
subsequent combustion) [33,34]. In this case, the possibility of having a product with a
high fertilizing power reduces the costs related to its disposal, enhancing the economic and
environmental sustainability of the process [35]. In fact, the agronomic use of digestate as
a fertilizer allows the replacement of synthetic chemical fertilizers and the closure of the
carbon and nutrient cycle [36].

In the literature, several examples of mesophilic anaerobic co-digestion of sludge
and solid waste [37,38] or aqueous waste [39–41] in good hydraulic retention time (HRT)
conditions have already been reported, thus highlighting its feasibility. However, often,
the anaerobic reactors can be volumetrically undersized, thus limiting performance in
terms of biogas production due to the reduction in (i) degradation of the organic substance
and (ii) transformation of volatile fatty acids (VFAs). This study aims to assess if the
mesophilic anaerobic co-digestion (MACoD) of BSS and an aqueous residue (AR) from a
biosolids treatment plant (BTP) allowed stimulation of methanogenic activity even with
low HRT. In this study, an HRT equal to 17 d has been used to simulate the volumetric
undersizing of the reactor, instead of the value higher than 20 d conventionally necessary in
a mesophilic anaerobic digester located in the sludge line of a WWTP [42,43]. A continuous-
flow-rate pilot plant was monitored for 310 d by feeding BSS and AR in different ratios to
understand the effects on the digestate biodegradability and COD, and on the production
and composition of biogas.

2. Materials and Methods
2.1. Description of the System

The scheme of co-digestion of BSS and AR from a BTP is presented in Figure 1a.
The experimental part of the present study was conducted in a glass reactor pilot plant
(available volume: 5 L) to simulate an anaerobic digester (Figure 1b). The reactor was
equipped with an external jacketed vessel to maintain a constant internal temperature of
35 ◦C. The matrix inside the digester was kept in constant stirring by means of a double
blade mechanical mixer. A graduated cylinder connected to a containment vessel with
water was used to monitor the biogas production. The digester was hermetically closed
during the experimentation.
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Figure 1. (a) Scheme of co-digestion of biological sewage sludge and aqueous residue from biosolids treatment plant. (b) 
Structure of the mesophilic anaerobic co-digester. 

2.2. Management of the Continuous-Flow Reactor 
Two main operational phases were followed as reported in Table 1. Before phase 1 

(P1), biomass taken from an anaerobic digester serving a municipal WWTP was used as 
the inoculum. Generally, the optimal HRT for mesophilic anaerobic digestion of BSS is up 
to 40 d [44]. In this work, the HRT was maintained at equal to 17 days to stress critical 
conditions and simulate the undersizing of the anaerobic digester. In order to obtain stable 
conditions of the system and slowly reduce the HRT to 17 days, the pilot plant was fed 
daily in P1 with the excess BSS from a conventional activated sludge (CAS) plant treating 
municipal wastewater for 92 days. 

Table 1. Feeding conditions of the continuous-flow anaerobic reactor during phase 1 and phase 2. 
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Figure 1. (a) Scheme of co-digestion of biological sewage sludge and aqueous residue from biosolids treatment plant.
(b) Structure of the mesophilic anaerobic co-digester.

2.2. Management of the Continuous-Flow Reactor

Two main operational phases were followed as reported in Table 1. Before phase 1
(P1), biomass taken from an anaerobic digester serving a municipal WWTP was used as
the inoculum. Generally, the optimal HRT for mesophilic anaerobic digestion of BSS is up
to 40 d [44]. In this work, the HRT was maintained at equal to 17 days to stress critical
conditions and simulate the undersizing of the anaerobic digester. In order to obtain stable
conditions of the system and slowly reduce the HRT to 17 days, the pilot plant was fed
daily in P1 with the excess BSS from a conventional activated sludge (CAS) plant treating
municipal wastewater for 92 days.

Table 1. Feeding conditions of the continuous-flow anaerobic reactor during phase 1 and phase 2.

Duration
(Days)

Progressive Days
(Days)

Flow Rate (mL d−1) OLR

BSS AR Total
Substrate Fed

sOLR
(%)

pOLR
(%)

Total
(kg m−3 d−1)

Phase 1
(P1)

P1a 67 67 250 0 250 0 100 1.67
P1b 25 92 350 0 350 0 100 2.33

Phase 2
(P2)

P2a 18 120 300 50 350 7 93 2.14
P2b 29 149 250 100 350 15 85 1.95
P2c 84 233 150 200 350 36 64 1.57
P2d 63 296 100 250 350 48 52 1.38
P2e 14 310 50 300 350 72 28 1.18

BSS: biological sewage sludge. AR: aqueous waste. OLR: organic loading rate. sOLR: organic loading rate in soluble form. pOLR: organic
loading rate in particulate form. OLR was calculated based on COD. In phase 2 (P2), in addition to BSS, AR from a BTP was also fed into
the reactor. Five different sub-phases were tested to slowly increase the proportion of AR in the feed substrate. The characteristics of BSS
and AR are reported in Table 2.
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Table 2. Characteristics of BSS and AR used to feed the continuous-flow anaerobic digester.

Parameter BSS AR

COD (mg L−1) 35,000–40,000 15,000–20,000
TKN (mg L−1) 750–1250 3500–4000

N-NH4
+ (mg L−1) 500–750 2500–3000

Chlorides (mg L−1) 200–300 1000–1500
Conductivity (µS cm−1) 2000–4000 15,000–16,000

pH (-) 5.5–6.5 6.0–6.5
VSS (g L−1) 15–30 n.d.
TSS (g L−1) 20–40 n.d.

AR: aqueous residue. BSS: biological sewage sludge. TKN: total Kjeldahl nitrogen. VSS: volatile suspended solids.
TSS: total suspended solids. n.d.: not detected.

2.3. Analytic Procedures

The Standard Methods for the Examination of Water and Wastewater [45] were fol-
lowed to determine total suspended solids (TSS) and volatile suspended solids (VSS)
(method 2540), biochemical oxygen demand measured in 5 days (BOD5) and in 20 days
(BOD20) (method 5210) of substrate fed and digestate, and volatile fatty acids (VFAs)
in biogas (method 5560). The biogas composition in terms of CH4, CO2, O2, and H2S
was monitored by gas detector Mentor PGD 2 (Status Scientific Controls Ltd., Mans-
field, Nottinghamshire, UK). COD in feeding substrate and digestate was measured with
procedure 5220 described in the Standard Methods for the Examination of Water and
Wastewater [45], both on samples as is (total COD) and on supernatant after centrifugation
(10 min; 6000 RPM) with ROTOFIX 32A (Andreas Hettich GMBH & CO. KG, Tuttlingen,
Germany), as an indication of soluble organic substance (sCOD). Particulate COD (pCOD)
was evaluated as the difference between total COD and sCOD.

The biodegradability index (BI) and the rapidity of biodegradation index (RBI) were
also calculated according to Equations (1) and (2), respectively:

BI [-] = BOD20/COD (1)

RBI [-] = BOD5/BOD20 (2)

BI represents the ratio between the potentially biologically degradable organic sub-
stance (usually indicated as BOD20) and the total degradable organic substances (usually
indicated as COD). RBI indicates the amount of highly biodegradable organic substance
(usually indicated as BOD5) with respect to the total biodegradable organic substance. In
order to evaluate and compare the effectiveness of the MACoD, the specific methane pro-
duction (SMP) and the continuous specific methanogenic activity (CSMA) were calculated
as reported in Equations (3) and (4), respectively:

SMP [m3
CH4 kgCODremoved

−1] = QCH4/LCODremoved (3)

CSMA [m3
CH4 tVSS

−1 d−1] = QCH4/(xVSS. Vreactor) (4)

where QCH4 and Vreactor represent the daily flow rate of methane expressed in normal
conditions (T = 0 ◦C; P = 1 atm) and the volume of the reactor, respectively. xVSS is the
concentration of VSS in the reactor, and LCODremoved represents the load of COD removed
by the anaerobic digestion calculated as the difference between the load of COD fed to the
reactor and the residual load.

3. Results and Discussion
3.1. Effect of MACoD on Digestate Biodegradability and COD

The effect of the MACoD of BSS and AR from a BTP on the biodegradability of the
digestate was investigated. In terms of BI, the matrices fed to the reactor showed higher
values than the outlet digestate (Figure 2a). This aspect is mainly due to effective removal
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of the biodegradable organic substance during anaerobic digestion despite the reduced
HRT. As the percentage of sOLR increased, the BI of the digestate leaving the MACoD also
increased, up to 18.9 ± 0.1 in P2e. This aspect could be related to the greater reduction in
the overall organic substance in the P2d and P2e phases (about 40–45%) compared with
the previous phases (18–25%).
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By testing the matrices with a mesophilic biomass taken from a CAS plant, the diges-
tate is always more rapidly biodegradable than the matrices fed at the inlet (Figure 2b).
Although the inlet organic substance is already largely rapidly biodegradable, MACoD
allowed this value to be further increased up to 0.98 ± 0.1 in the case of P2e. Even if
with a lower dosage of AR, in P2a and P2b, the RBI of digestate was 0.78 ± 0.2 and
0.75 ± 0.1, respectively.

The transformation of COD during the MACoD was evaluated considering the COD
present in particulate (pCOD) and in soluble form (sCOD). The increase in biological
activity in the reactor following the dosage of AR seems to be confirmed by the comparison
between pCOD and sCOD in the fed matrix and in the digestate (Figure 3). As the dosage
of AR increases, the removal efficiency of COD increases up to 45% in P2e. The results also
show that pCOD hydrolyzed and transformed into sCOD in the phases with HRT equal
to 17 d (12 ± 1.3%) is independent of the quantity of AR dosed. Therefore, the increase in
COD removal yield is mainly attributable to the higher sCOD present in the fed matrix.

3.2. Volatile Fatty Acids

The mean concentration of VFAs in the system was monitored. In the anaerobic
digestion process, an accumulation of VFAs could be a signal of a lack of balance in the
system between the organic substance hydrolyzed and the volatile acids transformed in
biogas [46,47]. Feeding over 35% of sOLR (P2c, P2d, and P2e), the total concentration of
VFAs in the system strongly decreased, reaching values of 693 mg L−1 in P2e (Figure 4),
despite the criticality given by the reduced HRT. The predominant part of VFAs was made
up of acetic acid (C2H4O2) (80.8 ± 8.4%). The other VFAs therefore constituted only a
minority in percentage terms. The presence of longer-chain VFAs could be an indicator of
incomplete hydrolysis of the initial organic matter [48]. During this study, the concentration
of caproic acid (C10H20O2) always remained as a minority compared with the other VFAs
(<50 mg L−1) and further decreased significantly in P2d and P2e. Based on these results,
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it is therefore possible to exclude significant phenomena of imbalance in the digestion
process and significant accumulations of long-chain VFAs when AR from a BTP was used.
Particularly better results were obtained when increasing the addition of AR. This result
could be attributed to the lower OLR associated with the phases in which the BSS is
mixed with AR. This resulted in a lower overload of the digester, a lower imbalance in the
anaerobic digestion process, and a consequent reduction in the accumulation of VFAs.
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3.3. Biogas Characteristics

The composition of the biogas produced was analyzed (Figure 5a). During P1a and
P1b (BSS alone), the percentage of CH4 in the biogas was 50–60%, consistent with the
literature values [49,50]. Following the increase in the dosage of AR, the percentage of
CH4 increased up to 77–78% in phases P2d (52% sOLR, 48% pOLR) and P2e (72% sOLR,
28% pOLR). This result can be attributed to the reduction state of carbon in the fed matrix.
The BSS can be represented as C5H7NO2 [51] in which carbon has an oxidation number
equal to zero. In the case of feeding only BSS, as in P1b, this explains a ratio between CO2
and CH4 equal to or close to 1 (also considering soluble CO2) (Figure 5b). By maintaining
the same HRT and co-digesting the AR containing carbon in the reduced state, a higher
production of CH4 is promoted and therefore a lower CO2 CH4

−1 ratio can be evaluated, as
highlighted in P2c, P2d, and P2e. Moreover, the alkalinity of the system can also influence
the CO2 CH4

−1 ratio. Conductivity strongly increased from 7000 µS cm−1 in P1 to more
than 15,000 µS cm−1 in P2c, P2d, and P2e (Supplementary Materials: Figure S1). As the
dosage of AR increased, the CO2 CH4

−1 ratio decreased to 0.25 ± 0.2, in correspondence
with P2d and P2e. These results confirmed that the MACoD of BSS and AR from a BTP
stimulated a higher rate of CH4 even under low HRT conditions.
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3.4. Methane Production

The results highlighted that CH4 production in P1 was limited (0.20 × 10−3 ± 0.03
× 10−3 m3

CH4 d−1), both in phase P1a (HRT = 24 d), probably due to the recent start-
up and limited initial stability of the system, and in phase P1b due to the reduced HRT
(Figure 6a). Considering this critical HRT condition (17 d) in P1b, the low values of the
production of CH4 in P1b are consistent with the results that show an accumulation of
VFAs as the percentage of BSS fed increases. In fact, according to Yuan and Zhu [52], high
concentration of accumulated VFAs leads to the inhibition of methanogenic bacteria by a
rapid acidification phenomenon.
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In the subsequent phases of co-digestion of BSS with AR from a BTP, the flow rate
of produced biogas increased significantly (0.68 × 10−3 ± 0.12 × 10−3 m3

CH4 d−1), while
maintaining an HRT equal to 17 d. By comparing P1b (BSS alone, 100% pOLR) with P2d
(52% sOLR, 48% pOLR) and P2e (72% sOLR, 28% pOLR), the SMP increased considerably
from 0.09 ± 0.01 m3

CH4 kgCODremoved
−1 to 0.28 ± 0.01 m3

CH4 kgCODremoved
−1, close to the

maximum theoretical value (0.35 m3
CH4 kgCODremoved

−1) [53,54] (Figure 6b). Therefore,
despite the low HRT, not enough to guarantee a satisfactory production of CH4 in the case
of feeding with BSS alone due to the volumetric undersize of the reactor, the MACoD with
AR from a BTP allowed more than triple values to be reached.

The CSMA followed a behavior similar to the CH4 flow rate, with a growth trend between
P1 and P2, highlighting a high methanogenic activity of the biomass present (Figure 6c). By
comparing P1 with P2, the CSMA increased consistently from 1.76 ± 0.02 m3

CH4 tVSS
−1 d−1

to 6.48 ± 0.88 m3
CH4 tVSS

−1 d−1 and remained almost constant, increasing the sOLR OLR−1

ratio to over 0.15 (Figure 6d).
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4. Conclusions

This work demonstrates the feasibility of anaerobically co-digesting BSS and AR
from a BTP to strongly enhance the methanogenic activity in reduced HRT (17 d) due to
volumetric undersizing of the reactor. Moreover, the COD and biodegradability of the
digestate was also studied. The results showed that the greater reduction in the overall
organic substance in the P2d and P2e phases (40–45%) compared with the previous phases
(18–25%) enhanced the BI of the digestate with higher AR dosages. The digestate was
always more rapidly biodegradable than the matrices fed: MACoD allowed this value
to be increased up to 0.98 ± 0.1 in the case of P2e. pCOD hydrolyzed (12 ± 1.3%) is
independent of the quantity of AR dosed, and the increase in COD removal yield is mainly
attributable to the higher sCOD present in the fed matrix. Feeding over 35% of soluble
OLR, the total VFAs in the system strongly decreased, despite the low HRT, excluding
significant phenomena of imbalance in the digestion process and significant accumulations
of long-chain VFAs. In correspondence with higher dosages of AR, the percentage of CH4
increased up to 77–78% and the CO2 CH4

−1 ratio decreased to 0.25 ± 0.2, probably thanks
to the reduced state of carbon contained in AR. SMP increased from 0.09 ± 0.01 m3

CH4
kgCODremoved

−1 with BSS alone to 0.28 ± 0.01 m3
CH4CH4 kgCODremoved

−1 in the case of BSS
co-digested with AR (sOLR > 52%), close to the maximum theoretical value. Moreover,
co-digestion with AR from a BTP allowed CSMA to be enhanced from 1.76 ± 0.02 m3

CH4
tVSS

−1 d−1 to 6.48 ± 0.88 m3
CH4 tVSS

−1 d−1 and then remain almost constant, increasing
the sOLR OLR−1 ratio to over 0.15.
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