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A B S T R A C T   

Recovering resources from sludge generated during wastewater treatment is both an opportunity and a chal-
lenge. Thermophilic anaerobic digestion may optimise biogas production and digested sludge properties for 
further valorisation, in the framework of a circular economy. Thus, this study aimed at evaluating the effect of 
operational conditions, i.e. temperature, solids concentration in the sludge, and solids retention time (SRT) on 
the methane production, volatile fatty acids (VFA) concentration, digested sludge hygienisation, and dewater-
ability, during long-term anaerobic digestion. This is the first time that sludge anaerobic digestion has been 
evaluated for over 500 days varying control parameters for assessing concomitantly biogas, VFA, and pathogen 
removal outcomes with focus on resource recovery. Results showed how by shifting from mesophilic (38 ◦C) to 
thermophilic (55 ◦C) conditions, with a short SRT (10 days) in the reactor, the process performance was opti-
mised. Indeed, the methane production reached a maximum of 0.4 m3CH4/m3

reactor⋅d, with a VFA concentration 
of 4.0 g COD/L and complete pathogen removal in the digestate, for a safe agricultural reuse. Therefore, the 
transition from mesophilic to thermophilic anaerobic digesters seems beneficial for the valorisation of by- 
products and promoting the circular economy in wastewater treatment plants.   

1. Introduction 

In the recent decades, academy and industry have made efforts to 
recover water, biofuels, biofertilizers, and other valuable bio-based 
products from waste streams. Likewise, there is a need to scale-up 
novel infrastructures and bioprocesses in municipal wastewater treat-
ment plants (WWTP) [1,2]. In this sense, anaerobic digestion remains as 
the most used technique for sewage sludge stabilisation in WWTP. 
Through this microbiological process, organic matter is converted into 
biogas and digestate. Such by-products may be converted into bioenergy 
and biofertilizer, respectively, which are considered among the most 
cost-effective alternatives for closing the loop in full-scale facilities [3, 
4]. Moreover, intermediate compounds, namely carboxylates, produced 
during intermediate process stages, may also be target compounds as 
they can be used in a wide range of applications, for instance in chem-
ical, textile, food, and pharmaceutical industries, as well as precursors of 

polyhydroxyalkanoates (PHA) for bioplastic production [5–7]. In fact, 
volatile fatty acids (VFA) world market demand for 2020 was evaluated 
in 18,500 kilotons, with an annual rate increase of 3% [8]. 

Although anaerobic digestion is widely used in WWTP, the process 
could still be optimised for resource recovery. Research and innovation 
have led to well-stablished technologies that enhance process perfor-
mance, as sludge pre-treatments, intermediate and post-treatments 
[9–11]. As far as operational conditions are concerned, in most Euro-
pean countries, sludge digesters are still nowadays operated under 
mesophilic conditions (30–40 ◦C) by prioritizing process stability [12]. 
However, thermophilic digestion has long been pointed out as the most 
efficient in terms of organic matter removal and methane yield [13–17]. 
The reason for this is that the growth rates of thermophilic methanogens 
are higher than those of mesophilic methanogens [18]; whereas biomass 
yield is much lower. As a result, by accelerating the overall reaction rate 
it is possible to reduce the sludge retention time (SRT) and, 
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consequently, the digester volume (i.e. capital and treatment cost); 
whilst yielding fewer amounts of biosolids to be disposed of [15,16]. 

Indeed, digested sludge characteristics play a role in terms of nutri-
ents recycling in agriculture, reducing the application of chemical fer-
tilizers in the framework of a circular bioeconomy [17]. Moreover, there 
is a negative correlation between the use of agrochemicals and soil 
sustainability [19]; since its intensive application imposes negative 
consequences related to environmental degradation, loss of biodiversity 
and decrease of long-term stability in agricultural production [20]. In 
this sense, the development of agroecological systems using bio-
fertilizers coming from organic wastes may to contribute to sustainable 
farming. According to the US EPA Part 503, Class A and B biosolids can 
be applied to non-public contact sites, as agricultural land, forests, and 
reclamation sites (e.g. mined areas) or public contact sites, as parks and 
roadsides. The higher quality Class A biosolids do not show any patho-
gens, while complying more rigorous limits for pollutants, as heavy 
metals [18]. In the European Union, 40% of the sewage sludge produced 
is recycled in soil; yet the presence of pathogens restrains its safe agri-
cultural reuse as biofertilizer [21]. While pathogen removal in meso-
philic conditions is low or inexistent, thermophilic digestion enhances 
sludge hygienisation [22], which allows for direct land application as 
fertilizer, soil amendment, or soil conditioner in public contact sites (US 
EPA, Class A biosolids). Digested sludge dewaterability is another key 
issue in order to reduce the digestate volume and management costs, 
which may account for over 50% of the WWTP operating costs. From the 
literature, though, it is not yet clear whether thermophilic digestion 
improves sludge dewaterability [22,23]. 

On the whole, thermophilic anaerobic digestion has shown to 
enhance biological and chemical reaction rates, hence organic matter 
solubilisation and bioconversion into methane; along with pathogens 
and some organic micropollutants removal [16,22]. However, thermo-
philic digesters are prompt to instability, so the start-up and transition 
from mesophilic to thermophilic conditions is generally a long-term 
process. In lack of full-scale thermophilic inoculum, digesters may be 
inoculated with mesophilic digested sludge, but this implies a transition 
period in which mesophilic microorganisms are to be replaced by their 
thermophilic homologues [24]. 

Even though the anaerobic digestion of sewage sludge has been 
intensively investigated, the novelty of this study relies in its long-term 
performance (over 500 days), varying different operational parameters 
and focusing on several process outputs with the goal of recovering re-
sources. Thus, the aim of this study is to evaluate the impact of process 
temperature (38, 43, 50 and 55 ◦C), total solids (TS) concentration in the 
influent (2–4%), and SRT (from 35 to 10 days) on the anaerobic diges-
tion of sewage sludge. Process performance was monitored during the 
transition from mesophilic to thermophilic conditions, and focus was 
given to the recovery of by-products: methane production, VFA con-
centration, and digested sludge properties. 

2. Material and methods 

2.1. Sewage sludge 

The sludge used in this research was collected in a municipal WWTP 
near Barcelona, Spain, serving a population equivalent (PE) of 130,000. 
Primary sludge (PS) and waste activated sludge (WAS) were thickened 
and mixed prior to undergoing mesophilic (38 ◦C) anaerobic digestion at 
40 days of SRT. 

The inoculum consisted of mesophilic digested sludge, while the 
substrate comprised a mixture of thickened PS and WAS in a volumetric 
ratio of 75/25%. This mixture was collected on a weekly basis and stored 
at a temperature of 4 ◦C until use. Initially, sludge with a TS concen-
tration of approximately 2% was employed, and subsequently, the TS 
concentration was increased to 4%. 

2.2. Experimental set-up 

The experimental set-up consisted of a laboratory-scale pilot plant 
comprising a continuous stirred tank reactor (CSTR) with a capacity of 5 
L, which was operated in a semi-continuous mode. The sewage sludge 
was automatically supplied and discharged twice a day using two 
peristaltic pumps (Watson Marlow). The volumetric biogas production 
was measured through water displacement and by employing a capac-
itive sensor, with on-line data recording (Data Acquisition System, STEP 
S.L.). Temperature was monitored using a thermal sensor and main-
tained at the experimental range (38–55 ◦C) by means of a thermostatic 
bath (Selecta). The system set-up is shown in Fig. 1. 

2.3. Experimental procedures 

The anaerobic digester was operated for 18 months under the con-
ditions outlined in Table 1. Initially, the CSTR was inoculated with 5 L of 
mesophilic digested sludge obtained from the full-scale WWTP. The 
initial operational conditions were 38 ◦C and 35 days of SRT, similar to 
the full-scale digester. After achieving stable performance, the process 
temperature was raised to 43, 50, and 55 ◦C. Once stable operation at 
55 ◦C was achieved, the SRT was reduced to 15 and 10 days. Stable 
operation was identified by a fairly constant performance in terms of 
biogas production and volatile solids (VS) removal, as proposed in the 
literature [14,25]. Additionally, the TS of influent sludge was increased 
from 2 to 4%. 

2.4. Analytical methods 

The determination of TS, VS, and their soluble fractions (TDS and 

Fig. 1. Experimental set-up. (1) Continuous Stirred Tank Reactor (CSTR); (2) 
Sludge influent; (3) Sludge feeding pump; (4) Sludge effluent; (5) Sludge 
withdrawal pump; (6) Gas meter; (7) Thermostatic bath; (8) Temperature 
sensor; (9) Data acquisition system; (10) Computer. 

Table 1 
Operational conditions during long-term anaerobic sludge digestion.  

Period Days (nº) Temperature (ºC) SRT (days) 

I 1–21 38 35 
II 22–59 43 35 
III 60–203 50 30 
IV 204–402 55 30 
V 403–439 55 25 
VI 440–476 55 15 
VII 477–557 55 10  
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VDS) was carried out following the Standard Methods [26]. For the 
analysis of soluble samples, centrifugation at 7000 rpm and filtration 
through 1.2 μm nominal pore size glass fibber filters (Albet FVC047, 
Spain) were required. pH and VFA, including acetic, propionic, 
iso-butyric, n-butyric, iso-valeric, and n-valeric acids, were analysed 
from the soluble samples. VFA analysis was conducted after filtration 
through a 0.45 μm nylon syringe filter. 

VFA were quantified by gas chromatography, using a PerkinElmer 
AutoSystem XL Gas Chromatograph equipped with a capillary column 
(HP Innowax 30 m × 0.25 mm × 0.25 μm) and a flame ionization de-
tector (FID). The carrier gas was helium (He), with a split ratio of 13 
(column flow: 5 mL/min). The oven temperature was initially set at 
120 ◦C for 1 min, followed by a constant increase to 245 ◦C at a rate of 
10 ◦C/min and then maintained for 2 min. The injector and detector 
temperatures were set at 250 and 300 ◦C, respectively. The chromato-
graph was calibrated using dilutions of commercially available (Schar-
lau, Spain) VFA with concentrations ranging from 0 to 1000 mg/L of 
acetic, propionic, iso-butyric, n-butyric, iso-valeric, and n-valeric acids. 
The detection limit was 5 mg/L. 

The composition of biogas was analysed with a gas chromatograph 
(PerkinElmer AutoSystem XL), equipped with a thermal conductivity 
detector (TCD). Gas samples were injected into a packed column 
(Hayesep 3 m 1/8 in. 100/120), and the carrier gas used was He in 
spitless mode (column flow: 19 mL/min). The oven temperature was 
maintained at 40 ◦C, while the injector and detector temperatures were 
set at 150 and 250 ◦C, respectively. The chromatograph was calibrated 
using pure samples of methane (99.9% CH4) and carbon dioxide (99.9% 
CO2). The gas volume was expressed in Standard Conditions as defined 
by IUPAC (273.15 K and 105 Pa). 

Pathogen removal was assessed by analysing faecal bacteria in-
dicators (Escherichia coli and Salmonella spp.) in fresh influent and 
effluent sludge samples. E. coli was quantified following the ISO 
16649:2000 methodology, and the results were expressed as colony 
forming units per mL (CFU/mL). As for Salmonella spp., presence or 
absence was determined according to the NF–V08-052 methodology, 
with the results expressed as presence or absence per 50 mL of sample. 

Sludge dewaterability was evaluated using the Capillary Suction 
Time (CST) test described in the Standard Methods [26]. The Triton CST 
filterability tester and standard filter papers (Part No. 815095) were 
supplied by Triton Electronics Ltd. (Essex, UK). 

3. Results and discussion 

3.1. Methane production 

The anaerobic digestion performance under different operational 
conditions is shown in Table 2. The transition of temperature was con-
ducted in three steps: from 38 to 43 ◦C (period I to II), from 43 to 50 ◦C 
(period II to III), and from 50 to 55 ◦C (period IV to V). In this way, the 
transition from mesophilic to thermophilic conditions was favoured by 
shifting the reactor temperature from the upper limit for mesophiles 
(43 ◦C) to the lower limit for thermophiles (50 ◦C) growth [27]. 

The results obtained during stable periods at 38, 43, 50 and 55 ◦C 
showed that there were little differences in methane production at long 
SRT (30–35 days), provided that the OLR was similar (0.13–0.20 m3 

CH4/m3
reactor⋅d) (Table 2, periods I, II, IV and V). A lower methane 

production was observed in period III (0.08 m3 CH4/m3
reactor⋅d), which 

was associated to temperature fluctuations around 49 ± 5 ◦C. This is in 

Table 2 
Feed and digested sludge characteristics, and operational parameters during semi-continuous anaerobic digestion of sewage sludge. Average values ± standard 
deviation.  

Parameter Period 

I II III IV V VI VII 

Operational conditions 
Temperature (ºC) 38.25 ± 1.87 43.25 ± 0.32 49.38 ± 4.73 50.87 ± 1.48 55.38 ± 0.37 54.84 ± 0.47 53.09 ± 0.63 
SRT (days) 37.06 ± 1.12 35.54 ± 1.20 30.29 ± 2.93 32.08 ± 4.52 30.87 ± 1.83 15.04 ± 1.40 9.97 ± 0.58 
OLR (kg VS/m3

reactor⋅d) 0.47 ± 0.01 0.44 ± 0.02 0.48 ± 0.06 0.75 ± 0.21 0.64 ± 0.17 2.06 ± 0.19 3.03 ± 0.33 

Feed composition 
TS (g/L) 22.75 20.78 ± 0.79 21.60 ± 3.12 32.54 ± 9.74 27.23 ± 7.16 41.41 ± 1.63 39.19 ± 6.43 
VS (g/L) 17.44 15.31 ± 0.53 14.42 ± 1.99 24.38 ± 7.57 20.58 ± 4.92 30.78 ± 0.72 30.39 ± 2.08 
VS/TS (%) 76.66 70.70 ± 0.72 68.65 ± 3.76 72.29 ± 5.40 77.03 ± 4.27 74.72 ± 1.78 73.57 ± 1.31 
Total VFA (g COD/L) 0.00 0.59 ± 0.05 1.39 ± 0.47 2.57 ± 0.63 2.23 ± 0.54 2.01 ± 0.22 2.21 ± 0.37 
pH 6.65 ± 0.09 6.59 ± 0.03 6.67 ± 0.60 5.83 ± 0.22 6.12 ± 0.21 7.24 ± 0.34 6.95 ± 0.19 

Effluent composition 
TS (g/L) 15.06 ± 0.48 12.14 ± 0.58 14.44 ± 1.66 16.03 ± 1.63 20.28 ± 2.07 20.98 ± 2.41 29.45 ± 1.53 
VS (g/L) 9.16 ± 0.39 7.49 ± 0.29 9.00 ± 1.04 10.48 ± 1.03 13.46 ± 1.35 14.03 ± 1.13 19.65 ± 1.09 
VS/TS (%) 60.82 ± 1.28 61.91 ± 0.67 62.35 ± 0.81 65.35 ± 1.43 66.17 ± 2.81 66.51 ± 4.02 66.72 ± 0.31 
Total VFA (g COD/L) 0.00 0.00 1.26 ± 0.41 1.85 ± 0.38 2.06 ± 0.29 2.90 ± 0.33 3.98 ± 0.16 
Acetate (g COD/L) 0.00 0.00 0.31 ± 0.19 0.23 ± 0.07 0.14 ± 0.05 0.22 ± 0.06 0.45 ± 0.06 
Propionate (g COD/L) 0.00 0.00 0.47 ± 0.14 0.82 ± 0.20 1.00 ± 0.13 1.38 ± 0.16 1.79 ± 0.06 
iso-Butyrate (g COD/L) 0.00 0.00 0.16 ± 0.05 0.29 ± 0.08 0.47 ± 0.03 0.58 ± 0.07 0.60 ± 0.09 
n-Butyrate (g COD/L) 0.00 0.00 0.04 ± 0.02 0.00 0.00 0.00 0.00 
iso-Valerate (g COD/L) 0.00 0.00 0.29 ± 0.06 0.51 ± 0.16 0.45 ± 0.03 0.71 ± 0.05 1.14 ± 0.06 
n-Valerate (g COD/L) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
A/P ratio 0.00 0.00 0.98 ± 0.44 0.48 ± 0.27 0.19 ± 0.06 0.09 ± 0.10 0.22 ± 0.03 
pH 7.68 8.19 ± 0.15 8.13 ± 0.15 8.20 ± 0.09 8.27 ± 0.12 8.21 ± 0.14 8.18 ± 0.06 

Removal efficiency 
TS removal (%) 34.21 ± 8.76 46.59 ± 0.00 27.00 ± 14.00 48.57 ± 18.66 29.32 ± 12.96 49.39 ± 5.05 22.30 ± 18.51 
VS removal (%) 35.67 ± 6.79 54.28 ± 2.09 34.66 ± 7.78 55.41 ± 2.44 35.68 ± 4.46 49.38 ± 2.95 34.08 ± 4.06 

Biogas characteristics 
Biogas production (m3/m3

reactor d) 0.23 0.17 ± 0.02 0.13 ± 0.06 0.31 ± 0.09 0.27 ± 0.07 0.64 ± 0.08 0.62 ± 0.06 
Methane production (m3 CH4/m3

reactor⋅d) 0.13 0.12 ± 0.01 0.08 ± 0.05 0.18 ± 0.08 0.16 ± 0.07 0.40 ± 0.03 0.40 ± 0.05 
Methane yield (m3/kgVSfed) 0.27 0.30 ± 0.00 0.16 ± 0.10 0.26 ± 0.15 0.24 ± 0.10 0.20 ± 0.02 0.13 ± 0.02 
Methane content (%) 61.33 ± 1.13 68.56 ± 11.39 61.95 ± 5.37 65.03 ± 1.75 64.15 ± 2.81 61.90 ± 1.39 64.52 ± 3.10 

Stability period 
Time (days) 1–22 44–59 78–130 145–203 319–369 442–465 522–553  
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agreement with Palatsi et al. [28] who reported a decrease in organic 
matter bioconversion into methane at temperatures between 43 and 
50 ◦C, where neither mesophiles nor thermophiles growth rates were 
favoured. 

At 50 and 55 ◦C, with a SRT of 30 days (periods IV and V), the 
methane production was very similar (0.16–0.18 m3 CH4/m3

reactor⋅d). Yet 
by decreasing the SRT to 15-10 days, while increasing the OLR to 2–3 kg 
VS/m3

reactor⋅d, the methane production was more than doubled (0.4 m3 

CH4/m3
reactor⋅d). Some authors suggest that the benefits of thermophilic 

digestion, in terms of volatile solids removal and methane yield, only 
become evident at short SRT [29]. The time needed for full conversion of 
solids depends of microbial growth rates, which become 2–3 times 
higher for thermophilic compared to mesophilic methanogens [24]. 
Thus, the minimum design SRT of 15 days for mesophilic digesters [14], 
could be reduced to 5–8 days for thermophilic digesters. In the present 
study, during thermophilic operation at 55 ◦C, the SRT was reduced 
from 30 to 15 and 10 days, resulting in a stable performance even at the 
shortest SRT, with a methane production of 0.40 m3 CH4/m3

reactor⋅d. It 
should be noticed that in CSTR, the SRT reduction comes from an in-
crease in the flow rate, hence the OLR. 

Indeed, process performance was not only improved by decreasing 
the SRT, but also by increasing the influent sludge solids concentration 
from 2 to 4% TS, hence the OLR, in the last periods (VI and VII). As 
indicated by Peces et al. [30], not only the hydraulic retention time 
(HRT), but other operational parameters are necessary to promote sig-
nificant changes in predominant microbial communities and methane 
yield, for example the quality and quantity of input material (i.e. OLR). 
In this study, the highest methane production (0.40 m3 CH4/m3

reactor⋅d) 
was achieved by feeding the reactor with sludge with a relatively higher 
concentration of solids (4% TS), decreasing the SRT to 15 and 10 days 
(at 55 ◦C) and increasing the OLR to 2–3 kg VS/m3⋅d (Periods VI and 
VII). 

To summarise, the transition to thermophilic anaerobic digestion 
enhanced the methane production after decreasing the SRT and 
increasing the OLR. This is beneficial for recovering bioenergy out of the 
biogas produced in WWTP. Biogas may be converted into heat and 
electricity in cogeneration units; or upgraded to biomethane used as 
biofuel in gas stations or injected into the natural gas grid. For instance, 
a recent study reported twice the methane yield by changing the reactor 
temperature from mesophilic to thermophilic (0.093 vs 0.193 m3 CH4/ 
kg VS), meaning that the WWTP would become energetically self- 
sufficient and save 100–200 Nm3/h of natural gas [16]. 

3.2. Volatile fatty acids concentration 

The accumulation of intermediate acids and alcohols (i.e. carboxyl-
ates) produced during acidogenic and acetogenic steps of anaerobic 

digestion may be a drawback when the target outcome is biogas, since 
methanogenic activity could be inhibited. On the other hand, it may be 
beneficial if focus is given to VFA production for further separation of 
these platform chemicals used as precursors for biofuels, chemical 
compounds, and in several industrial processes [6,31,32]. To date, 
though, little is known about the factors affecting VFA accumulation and 
how to maximise their recovery [33]. 

The concentration of VFA over the whole experimental period is 
shown in Fig. 2. As may be observed, one of the main differences among 
mesophilic and thermophilic effluents referred to VFA: they were hardly 
detected under mesophilic operation, while they were always present 
under thermophilic temperatures (both at 50 and 55 ◦C), ranging from 
1.3 to 4.0 g COD/L (Table 2). According to the literature, VFA are either 
not detected or found in very low concentrations in mesophilic effluents 
[34]. Conversely, they are generally present in thermophilic effluents, in 
concentrations as high as 5 g COD/L [34,35]. Not only the VFA con-
centration but also the VFA profile is relevant for they valorisation. For 
instance, in the production of PHA used for bioplastics, the monomers 
applied as precursors strongly influence the final properties. In this 
manner, short chain VFA (3–5 carbon atoms) engender a bioplastic with 
high crystallinity degree, fragility, and rigidity; while medium chain 
VFA (6–14 carbon atoms) lead to bioplastics with low crystallinity de-
gree, softer, and with flexible properties [36]. 

Besides, the VFA profile may also be used as indicator of process 
stability. In this sense, the ratio between acetic acid and propionic acid 
(A/P) has been proposed to predict process failure, with a threshold of 
0.5 for sewage sludge [37]. In this study, the A/P ratio was below 0.5 for 
all periods, but for period III, when it increased to 1.0, which is in 
accordance with the decrease in methane production to 0.08 m3 

CH4/m3
reactor⋅d (Table 2). As for Periods VI and VII, it may be noticed 

how the A/P ratio was as low as 0.09–0.22 even at a relatively high TS 
influent concentration (4% TS) and short SRT (10–15 days), confirming 
the reactor stability at 55 ◦C. During these periods, where the highest 
VFA concentration was observed, also the highest methane production 
(0.40 m3 CH4/m3

reactor⋅d) was reached, indicating that methanogens 
were not inhibited. Other studies have reported a concomitant biogas 
and VFA production in single-step thermophilic reactors [38,39]. This 
allows for the simultaneous recovery of bioenergy from methane and 
VFA from the digestate. Nonetheless, for optimising the VFA production 
and accumulation at higher concentrations, methanogenesis needs to be 
inhibited to avoid the conversion of the acetogenesis end products into 
biogas, when the target compounds are primarily VFA [40]. 

In any case, thermophilic temperatures seem to be optimal for biogas 
and/or VFA production due to an increased hydrolysis rate of particulate 
organic matter. Hao and Wang [34] achieved a 10-fold increase in VFA 
accumulation by fermenting WAS under thermophilic conditions as 
compared to mesophilic conditions. These authors reported that the 

Fig. 2. Individual volatile fatty acids (VFA) concentration and acetate to propionate (A/P) ratio in digested sludge.  

I. Ferrer et al.                                                                                                                                                                                                                                    



Renewable Energy 224 (2024) 120123

5

thermophilic reactor showed an increase in the activity of key hydro-
lases, raised the proportion of bacteria involved in the hydrolysis and 
acidification, and promoted a relative abundance of homoacetogens. 
Indeed, reducing the HRT from 15 to 8, 4 and 2 days in a mesophilic 
reactor was not enough to prompt acid accumulation and methanogens 
washed out, being Methanosaeta the predominant genus. The combina-
tion of HRT decreases with other operational parameters, as tempera-
ture increase, was pointed out to enhance VFA accumulation and 
methanogenic inhibition, while promoting a specific bacterial popula-
tion and biochemical pathway [30]. A recent review pointed out that the 
main strategy for maximising VFA production is to operate reactors at 
high OLR and low SRT. In this case, there will be an imbalance in terms 
of higher VFA formation in respect to its consumption [41]. In the 
present study, VFA accumulation was not only promoted by increasing 
process temperature to thermophilic conditions, but also by decreasing 
the SRT from 35 to 10 days, and increasing the OLR to 3 kg VS/m3⋅d. 

3.3. Pathogen removal and dewaterability of digested sludge 

In this study, it was clear how the anaerobic digestion temperature 
affected the concentration of pathogens in digested sludge, evaluated by 
the concentration of faecal bacteria indicators (Table 3). Compared to 
the concentration of E. coli in influent sludge (106 CFU/mL), a 3-log 
reduction was achieved by mesophilic digestion at 43 ◦C, while com-
plete destruction was achieved under all thermophilic conditions 
assayed (50-55 ◦C, 10–35 days of SRT). Salmonella spp. was never 
detected. Thermophilic effluent hygienisation is widely reported in the 
literature, showing the potential of thermophilic anaerobic digestion in 
preventing the spread of pathogens in the environment upon direct land 
application of digestates. Indeed, a recent review highlighted how 
Gram-negative bacteria are sensitive to high temperature, since the 
fluidity and permeability of the cell membrane increases along with 
temperature (from 37 to 70 ◦C). This allows toxic chemicals in the 
reactor to diffuse more rapidly into the cytoplasm, and inhibits cell 
growth [42]. For instance, Lanko et al. [22] found a concentration of 
E. coli around 20–155 CFU/g in mesophilic digested sludge, while 
neither E. coli nor total coliforms were detected in thermophilic digested 
sludge. A mesophilic reactor treating sludge attained an effluent with a 
faecal coliform concentration of 2 × 106 CFU/g TS, which the authors 
appointed as Class B biosolids [43]. In a full-scale WWTP, after 
two-stage thermophilic digestion (55/52 ◦C), residual concentrations 
were 104 CFU/g for total coliforms, and 103 CFU/g for faecal coliforms 
and enterococci; while these values were 106, 105 and 104-105 after 
two-stage mesophilic digestion (38/35 ◦C) [44]. Even if pathogen 
removal is higher in thermophilic digesters, attention should be paid to 

potential re-contamination after the anaerobic digestion step. 
From the point of view of plant operators, sludge dewaterability is 

another issue, since it affects the dose of polymer, and the final volume 
of digestate to be transported and disposed of, hence sludge manage-
ment costs. Moreover, thermal, ultrasonic and microwave techniques 
have been successfully assessed for promoting sludge dewatering, 
however their high energy requirements render these processes uneco-
nomical for field application [45]. Sludge dewaterability measures the 
capability of water entrapped into sludge flocs to be lost. In this study, it 
was determined by the CST in the influent and digested sludge samples 
(Table 4). The results obtained were similar for the influent and effluent 
at 50–55 ◦C with 30 days of SRT (430–440 s), while it was doubled upon 
digestion at 55 ◦C and 10 days of SRT (850 s). A previous study showed 
how an increase in sludge TS content higher than 2.6%, corresponding 
to an increase in OLR (up to 3 kg VS/m3⋅d), deteriorated digested sludge 
dewaterability, which was associated with a high VFA concentration, 
thus high soluble organic matter concentration in the effluent [37]. 
Conversely, in another study evaluating digested sludge dewaterability 
by centrifugation, the highest dewaterability coefficient (16.1–17.4%) 
was achieved after thermophilic digestion as compared to mesophilic 
and temperature-phased anaerobic digestion (TPAD) (13.6–15.7%) 
[22]. So, it seems that poorer results in terms of dewaterability are ob-
tained for thermophilic digestate using the CST, and better by centri-
fugation. Polymer dosage may also play a role in the latter case, which is 
closer to the method used in full-scale WWTP. 

4. Conclusions 

This study evaluated the effect of operational conditions, i.e. tem-
perature (38-55 ◦C), solids concentration (2–4 %TS) in sewage sludge, 
and SRT (35-10 days) on the methane production, VFA concentration, 
digested sludge pathogen removal and dewaterability. Results showed 
how by shifting from mesophilic (38 ◦C) to thermophilic (55 ◦C) con-
ditions, with a short SRT (10 days) in the reactor, the process perfor-
mance was optimised. Under such conditions, the methane production 
reached 0.4 m3CH4/m3

reactor⋅d, with a VFA concentration of 4.0 g COD/L, 
and complete pathogen removal in the digestate, for a safe agricultural 
reuse. Therefore, the transition from mesophilic to thermophilic di-
gesters seems beneficial for the valorisation of by-products and pro-
moting the circular economy in municipal WWTP. 
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Table 3 
Faecal bacteria indicators in influent and effluent sludge samples.  

Parameters Influent (PS + WAS) Effluent (digested sludge) 

Period – II III and IV V VI VII 

Temperature (ºC) – 43 50 55 55 55 
SRT (days) – 35 30 30 15 10 
E. coli (CFU/mL) 1.0 × 106 1.7 × 103 Absence Absence Absence Absence 
Salmonella spp. (in 50 mL) Absence Absence Absence Absence Absence Absence  

Table 4 
Digested sludge dewaterability measured as the Capillary Suction Time (CST).  

Parameters Influent (PS + WAS) Effluent (digested sludge) 

Period – III and IV V VII 

Temperature (ºC) - 50 55 55 
SRT (days) - 30 30 10 
CST(s) 437 432 439 850 
CST (s)/g TS/L 18 30 29 29 
CST (s)/g VS/L 27 45 44 44  
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