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Abstract: Anaerobic digestion (AD) has gained broad interest as a sustainable organic
waste management and resource recovery method. However, the complexity of the AD
process could pose serious risks in real-scale applications. One of the most critical phases
in the operation of AD systems is the start-up phase, including the seeding strategy of the
digesters. This study aims to assess the effect of digestate post-treatment before seeding
on the start-up of thermophilic AD systems. Two anaerobic digesters (R1 and R2) were
started using two different thermophilic inocula and were kept operational for 17 weeks
under identical conditions. Lab digesters were seeded with digestates sampled from a
thermophilic full-scale reactor (R2) and a post-treatment mesophilic tank (R1). The start-up
strategies exhibited satisfactory stability and high productivity, achieving mean weekly
methane-based biodegradability rates of 61 and 64% of the feed’s theoretical biomethane
potential (BMP), respectively, in R1 and R2. However, R2 showed greater resilience to high
and sudden organic loads applications, making it more suitable for rapid and aggressive
start-ups. These results are expected to assist full-scale anaerobic digester operators in
selecting an appropriate inoculum based on the characteristics of its source.

Keywords: anaerobic digestion; sustainable; start-up; seeding strategy; thermophilic
inocula; post-treatment; thermophilic

1. Introduction
In recent years, anaerobic digestion (AD) has gained global interest as a sustainable

technique for organic waste treatment, energy production, and resource recovery [1]. In
addition to the stabilization of organic matter, this biochemical process yields biogas
consisting mainly of methane and CO2, along with a nutrient-rich fertilizer [2]. During
the implementation of AD in real-scale plants, special attention should be given to its
key operational stages, primarily the start-up phase, to avoid operational delays and
additional costs [3]. A wrongly planned start-up phase could lead to prolonged periods of
suboptimal anaerobic digester performance, characterized by instability and operational
inefficiencies [1,3]. During this phase, biogas production is low in both quantity and quality
(low methane percentage), resulting in no income. The primary risks during the start-up
phase stem from improper microorganisms’ seeding strategy or inoculation, which can
inhibit microbial growth [4]. This leads to extended periods of system disruption before the
digester reaches steady-state operation and full process capacity [5]. Therefore, an adequate
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start-up strategy results in a rapid build-up of active microbial biomass acclimated to
the desired processing conditions [6]. The initial presence and abundance of methane-
producing microorganisms in a reactor are primarily controlled by the inoculum as well
as the operating parameters during the start-up phase [7]. Thus, a significant amount of
research was conducted to assess the possibility of using different materials to start up
anaerobic reactors. Leachate, sludge, animal slurry, and aerobic compost were identified as
potential seeding starters to AD systems [8]. Indeed, they have the potential to provide
active communities for biogas production due to their composition of methane-producing
microorganisms along with syntrophic communities such as propionate-oxidizing and
sulfate-reducing bacteria [9]. Among these identified seeding starters, digested effluent
or digestate from stable and fully operational anaerobic reactors is currently the most
commonly used inoculum for start-up new AD systems due to its richness in anaerobic
digestion microorganisms [10]. Given sufficient evidence that the origin of the inoculum
impacts the production of intermediate products [11], there has been growing interest in the
literature in assessing the performance of these materials in initiating the digestion process
during the start-up phase. Particularly, significant efforts have been conducted to relate
the performance of the start-up phase to the microbial composition of the inoculum [12].
Although some studies examine the bacterial and archaeal communities initially present
in the inoculum using molecular and biochemical techniques, such as the 16S rRNA
genes sequencing technique [13], the use of these methods is currently limited to research
purposes and cannot be systematically implemented for industrial and real-scale contexts.
Instead, simpler indicators reflecting the inoculum performance related to its origin and
physicochemical characteristics were used to assess the effectiveness of digested material
under various start-up scenarios. For instance, inocula from high-ammonia AD processes
were found to reduce start-up efficiency during the early hydraulic retention times (HRTs)
of the start-up phase [13]. Indeed, Hmaissia and Vaneeckhaute [14] found a significant
negative correlation between ammonia and volatile fatty acid (VFA) concentrations in
the inoculum and bacterial diversity. This reduction in diversity led to lower methane
production kinetics, possibly due to the limited functional redundancy of the VFA- and
ammonia-rich inoculum. It has been reported that under stress conditions, AD subprocesses
are sustained by microbial communities that can perform the same functions as those
that perished [15]. Similarly, digested inoculum (digestate) outperformed undigested
inoculum (raw sewage sludge), resulting in better economic performance due to its more
diverse microbial communities [16]. The authors attributed the lower performance of the
undigested inoculum to the presence of undigested organic matter, which inhibited the
process. Therefore, parameters reflecting the composition of the inoculum could serve as
indicators of its performance and suitability for start-up conditions. In the case of digestate,
its properties and composition are primarily influenced by the operational conditions of the
reactor from which it was sampled. For instance, the microbial communities in the digestate
are shaped by the substrate processed in its source. Therefore, using an inoculum derived
from an AD system that processes the same or a similar feedstock as the new digester is a
crucial factor in the rapid establishment of a steady state in the anaerobic digester. This was
demonstrated with digested manure, which proved to be a high-performance inoculum
compared to an inoculum sampled from a wastewater treatment plant for treating corn
straw. The superior performance was attributed to the inoculum’s enzymatic activity and
nutrient content, which was suited to the processed feedstock [17].

Moreover, the temperature of the inoculum’s origin is a critical factor influencing
start-up success, as microorganisms must be acclimated to the temperature of the new
digester [14,15,18,19]. Additionally, inocula sourced from large-scale systems achieved
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faster and more efficient start-up performances compared to those obtained from lab-scale
systems [20].

These studies emphasized the importance of assessing both the characteristics of the
inoculum and the key operational parameters of its origin (i.e., the anaerobic system from
which it was sampled) to evaluate its suitability and performance during the start-up phase.
However, additional indicators are needed to establish reliable decision-making guidelines
that reflect inoculum quality. This would enable operators to make informed choices
without relying on complex and costly microbiological analyses. For instance, inoculum
storage can alter its properties, leading to an increase in VFA concentrations and a decrease
in microbial activity [21,22]. In real- and industrial-scale applications, supplementing
digestate from a stable digester can be challenging. The availability of freshly generated
digestate from a fully operational large-scale digester within a short timeframe may be
limited, especially when significant volumes of inoculum are required. As a more practical
alternative, operators often rely on stored digestate or extract digestate from cooling
tanks—a post-treatment step in thermophilic facilities—to initiate new anaerobic systems.
Several batch studies have investigated the storage of inoculum under various temperatures
and durations [23–25]. However, these studies focused primarily on the specific methane
production of the inoculum without examining its impact on process parameters in semi-
continuous conditions.

To the best of the authors’ knowledge, only Wu et al. [26] explored the effect of inocu-
lum preservation in semi-continuous experiments. However, this study only compared
two preservation temperatures and did not investigate the differences in the impacts of
preserved and fresh inocula during the start-up phase. As a result, the inoculum indicator
describing whether the inoculum is stored (post-treated or stored inoculum vs. freshly
sampled inoculum) has not been systematically evaluated for its impact on inoculum
performance. Hence, this study aims to assess the impact of inoculum post-treatment on
the start-up phase by comparing the performance of two AD systems using thermophilic
digestate samples as inoculum—one before mesophilic post-treatment (R2) and the other
after post-treatment (R1) in their original full-scale facility. Additionally, in biogas plants,
variable influent loads, depending on feedstock availability, make it challenging to control
the OLR, with only the HRT being adjustable. Understanding the impact of these conditions
on process parameters is crucial for engineering purposes. Therefore, this study replicated
such conditions through three extreme feeding events driven by influent variability (fluc-
tuating VS, resulting in uncontrolled OLR). The feeding events were used to evaluate the
responses of R1 and R2, with a particular focus on the impact of the inoculum used. These
events included (1) an abrupt increase in the organic loading rate (OLR), (2) a sharp but
brief fluctuation in the OLR, and (3) a reduction in OLR following relative process stabiliza-
tion. The findings of this study are valuable for refining the design and optimization of AD
start-up protocols by providing key indicators for inoculum selection. These guidelines
aim to mitigate the risk of suboptimal AD performance, prevent operational delays and
financial losses, and enhance overall system efficiency.

2. Materials and Methods
2.1. AD System

The AD system used in this study is an auto-fed semi-continuous system composed of
two stainless steel reactors (Anaero Technology, Cambridge, UK) (Figure 1). Each reactor
has an operational volume of 5 L and is equipped with a feeder composed of two syringes
operated by a motor-driven beam. The feedstock is supplied to the reactors from the bottom
through a feeder port, facilitated by the vertical motion of the feeding syringe’s piston. This
design prevents air from entering the reactors, thereby mimicking the feeding conditions
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of full-scale anaerobic digesters. The syringes replicate the function of feed tanks in real-
scale systems and enable the semi-automatic delivery of heterogeneous feedstock without
the clogging issues often encountered with laboratory-scale feeding pumps. Moreover,
because both syringes are actuated by the same lifting beam, the system ensures identical
feeding conditions in both reactors, allowing for a fair comparison of the performance of
the two inocula. Effluent is automatically directed into 1 L digestate tanks connected to the
reactor discharge outlets. Maintaining a temperature of 55 ◦C is achieved by using electric
heating jackets enveloping the external walls of each reactor. Agitator speed and reactor
temperature are automatically regulated and monitored by a programmable logic controller
(PLC) unit (Anaero Technology, Cambridge, UK). Cumulative and instantaneous biogas
production is continuously and punctually measured and converted to standard conditions
(273 ◦K, 1013.35 mbar) by a gas flow meter using the liquid displacement method involving
diluted HCl (pH = 2). The collected data are then stored as CSV files by the PLC controller.
The produced biogas is collected within 25 L gas sampling bags (VWR, Radnor, PA, USA)
before undergoing analysis using a gas analyzer equipped with electrochemical sensors for
CH4, CO2, O2, and H2S (ppm) (SWERIN, Gütersloh, Germany).

Temperature 

sensor 

Mixer motor 

Sampling outlet 

Gas flow meter 

Excess outlet 

Biogas outlet 

Gas 

bag 

Beam 

Reactor valve 

Feeding syringe 

 

Beam motor 

Gas 

analyser 

Figure 1. Scheme of the semi-continuous anaerobic digestion system used for the start-up phase,
showing its different constituents. The system is composed of two identical reactors. The feeding
module ensures the same feeding rate is distributed to both reactors.

2.2. Feedstock and Inocula

The inocula used in this study were digestates sampled from a full-scale biogas plant
in Québec, Canada. The facility operates a three-stage AD process, which includes one
thermophilic acidogenic reactor (45–55 ◦C, depending on the influent flow rate), two
thermophilic methanogenic reactors (54 ± 1 ◦C), and a mesophilic post-treatment reactor
(37 ◦C). These reactors process organic fractions of municipal solid waste (OFMSW), both
packaged and unpackaged organic waste from industrial, commercial, and institutional
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sectors, as well as effluents from the agri-food industry. The effluent from the acidogenic
reactor is equally distributed between the two methanogenic reactors, all three of which
are continuously mixed.

R2 was seeded with digestate from one of the thermophilic methanogenic reactors
(54 ± 1 ◦C, HRT of 18–19 days), while R1 was seeded with digestate from the mesophilic
post-treatment reactor (37 ◦C, HRT of 8–9 days). The role of this post-treatment reactor is
to cool and stabilize the thermophilic digestate for the dehydration process, meaning the
post-treated digestate is not a typical mesophilic inoculum.

The feedstock used in this study was raw sewage sludge (SS), a blend of 60% primary
sludge and 40% secondary sludge sourced from a wastewater treatment plant (WWTP)
in Québec, Canada. The SS was received in 20 L batches, stored in tightly sealed buckets,
and maintained at 4 ◦C for one to two weeks. On feeding days, the required volume was
withdrawn to maintain the target HRT and then divided to ensure an equal feedstock
supply to both R1 and R2.

2.3. Operation and Monitoring

A long-term start-up experiment was conducted over 17 weeks, targeting a full-load
HRT of 12 days. The experiment was carried out in two semi-continuous reactors (Figure 1).
Initially, each reactor was filled with 5 L of non-diluted digestate, and the temperature was
immediately set to 55 ◦C to rapidly achieve thermophilic conditions. After 24 h, a small
feeding of SS (50 mL·d−1) was introduced. One week later, the feeding rate was doubled to
100 mL·d−1 and maintained for 10 days to facilitate a gradual initiation of methanogenic
activity. Subsequently, the feeding rate was progressively increased, ensuring that each
HRT was maintained for at least one week (except for week 7). By the 7th week, the
target HRT of 12 days was reached. Feeding occurred once per day during the designated
feeding periods. In response to system disturbances, such as pH fluctuations or a decline
in methane content, feeding was temporarily suspended in both reactors. It was resumed
once the AD systems showed signs of recovery, indicated by pH stabilization or an increase
in methane content.

The stability of reactors was monitored using weekly averages of gas production
rate (GPR), free organic acids/total inorganic carbon ratio (FOS/TAC), pH, and ammonia.
Biogas production directly reflects the metabolic activity of the microbial consortia within
the inocula, enabling comparison between them [27]. pH serves as a fundamental indicator
of process stability, as it reflects the system’s ability to buffer acid accumulation, particularly
during fluctuations in feeding rate [27]. FOS/TAC was utilized because the inhibitory
impact of VFAs on the AD process is typically assessed through the acid-to-alkalinity
ratio, expressed as the acetic acid content relative to calcium carbonate [28]. This ratio
serves as an early indicator of an imbalance between acid production and consumption
rates in an anaerobic digester, allowing for the detection of potential process instability
before a pH drop occurs [29]. Thus, GPR, pH, and FOS/TAC enabled the implementa-
tion of an adaptive feeding strategy based on the inocula’s progression in adapting to
the operational conditions—an approach commonly used in full-scale plants during the
start-up phase [30]. The performance of reactors was assessed based on methane-based
biodegradability (BdCH4) of SS and volatile solids (VS) removal. Methane production was
used as a key indicator of how rapidly and efficiently each inoculum converts organic
matter into methane, particularly under stress conditions such as feedstock variations [31].
VS removal efficiency provides insight into the inoculum’s hydrolytic and fermentative ca-
pacities, reflecting its overall effectiveness in degrading organic matter [32]. The responses
of the AD systems to differences in inoculum were analyzed across three distinct feeding
scenarios, aiming to evaluate each inoculum’s adaptability to feedstock variability: an
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abrupt increase in OLR (event 1, denoted as E1), a rapid and brief change in OLR (event 2,
denoted as E2), and the decrease in OLR following process stabilization (event 3, denoted
as E3). These events are summarized in Table 1, with additional specifications provided for
further clarity.

Table 1. Description of the time and characteristics of the feeding events: event 1 (E1), event 2 (E2),
and event 3 (E3).

Event Week OLR Change

E1 4 Increase from 0.97 to 2.43 g VS·d−1·Lreactor
−1.

E2 7
Increase from 2.87 to 3.36 g VS·d−1·Lreactor

−1 followed by a rapid
decrease to 2.85 g VS·d−1·Lreactor

−1 after two days because of the
reception of a different load of SS.

E3 9–10 Increase of OLR to 4.42 g VS·d−1·Lreactor
−1 followed by a decrease to

3.64 g VS·d−1·Lreactor
−1 after reaching the full load HRT.

Once full HRT load (target HRT) was reached (week 7), biogas production, pH, and
chemical oxygen demand (CODt) of the effluent were compared to their respective weekly
mean values. Steady-state conditions were considered established when daily measure-
ments fluctuated by less than 15% from their weekly averages, as defined by Podeh [33],
Azbar et al. [34], and Alvarez et al. [35]. At the end of the experiment, the physicochemical
properties of the effluent were analyzed and compared to the influent characteristics to
validate the mass balance for mineral content, total nitrogen, and organic matter.

2.4. Physicochemical Analysis and Calculations

pH measurements were conducted using a pH meter (Accumet AB200, Fisher Scientific,
Waltham, MA, USA), while FOS/TAC was determined by titrating with 0.1 N sulfuric acid
using a potentiometric titrator (AT1000, Hach Company, London, ON, Canada). Ammonia,
total nitrogen, and CODt were measured via spectrophotometry (absorbance measurement)
using a Hach DR3900 spectrophotometer and Hach high-range test kits for ammonia, total
alkalinity, volatile acids, COD, total nitrogen (TN) and total Kjeldahl nitrogen (TKN) (Hach
Company, London, ON, Canada). The total solids (TS) and VS of the effluent, as well as the
elemental analysis of feedstock, including C, H, N, O, and S, were determined following
standard protocols [36]. Physicochemical analyses were performed on digesters’ liquor
samples one hour before feeding. VS and COD removal ratios were calculated based on
the mass balance principle, as shown in Equation (1):

VSremoval =
VS f eed − VSliq

VS f eed
(1)

where VS f eed is the sludge VS and VSliq is the VS of the digester liquor expressed as
percentages. GPR was determined from the daily biogas production.

Theoretical biomethane potential in NmLCH4·(gVS)−1 of each SS load or B0-Theo was
calculated from the empirical formula of SS, assumed to be CaHbOcNdSe using Boyle’s
equation [37]:

B0-Theo =

[( a
2

)
+

(
b
8

)
−

( c
4

)
−

(
3d
8

)
−

( e
4

)]
× 22,400

(12a + b + 16c + 14d + 32e)
(2)
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BdCH4 denotes the percentage of B0-Theo achieved by the experimental methane pro-
duction [38]:

BdCH4 =
SMR × 100

B0-Theo
(3)

where SMR is the weekly specific methane rate in NmL CH4·(gVS)−1.

2.5. Statistical Analysis

Statistical analysis was conducted using R language version 4.2.1. An independent
t-test was applied with the ‘tidyverse’ package [39] to compare the weekly means of
GPR, BdCH4, and FOS/TAC between the two reactors, with a significance level set at 0.05.
Additionally, Pearson correlation analysis was performed using the ‘metan’ package [40] to
assess the impact of influent variability on GPR, FOS/TAC, and BdCH4 in R1 and R2. A
correlation matrix, along with the corresponding significance levels, was then generated.

3. Results and Discussion
3.1. Inocula and Substrate Characteristics

Table 2 presents the characteristics of the SS loads used as feedstock and both inocula.
The post-treated inoculum exhibits greater stability in terms of TS, VS, and COD content
compared to the fresh thermophilic inoculum, with respective values of 1.6%, 0.8%, and
13.3 g·L−1 compared to 2.2%, 1.3%, and 14.9 g·L−1 for the fresh inoculum. In contrast, the
fresh inoculum has lower total ammonia and volatile fatty acid (VFA) concentrations, as
outlined in Table 2 (1898 mg·L−1 and 1.65 g·L−1 compared to 2140 mg·L−1 and 1.94 g·L−1

for ammonia and VFA, respectively). The lower organic content in the post-treated inocu-
lum suggests that fermentation processes were still ongoing in the post-treatment tank.
Similarly, the higher concentration of total ammonia in the post-treated inoculum suggests
the continuing degradation of residual organic nitrogen that was not fully decomposed in
the methanogenic thermophilic reactor [41]. This could be attributed to the high nitrogen
content of the feedstock used in the full-scale biogas plant, which includes agro-industrial
waste (Section 2.2), as well as the mesophilic temperature of the post-treatment tank with
an 8–9-day HRT. The conditions in this tank still allow anaerobic digestion reactions to
occur, facilitating the conversion of organic carbon into methane and CO2 and organic
nitrogen into ammonia and ammonium. Furthermore, the elevated ammonia content in
the post-treated inoculum may explain its higher alkalinity, as ammonium ions contribute
to total alkalinity [42,43].

Since this study involved seven loads of SS sampled at different times, their variations
are presented in terms of minimum, maximum, and mean values, as illustrated in Table 2.
The VFA concentration of SS and its organic content, represented by the VS/TS ratio, are
graphically depicted in Figure 2. The VS/TS ratio varied between 74.1% and 84.76%, indi-
cating a high degradable fraction in the SS sample [44]. Figure 2 shows that some SS loads
exhibited notably high total VFA concentrations, surpassing 10 g acetic acid equivalent
(aace)·L−1. This can be attributed to the initial fermentation of simpler components within
the thickeners of the WWTP upstream. The C/N ratios of SS loads ranged from 9.07 to
13.32, which is lower than the optimal range of 15–30:1 for AD [45]. This suggests a high
nitrogen content in the feedstock, potentially posing a risk of ammonia inhibition [27]. The
TS content of the SS loads, as outlined in Table 2, ranged from 5.05% to 7.18%, which is
relatively high compared to the values typically reported for wet AD (2–5.5%) [46]. This can
be attributed to the thickening of the SS samples and the high proportion of primary sludge
in the feed (60%), which generally has a higher solids content than secondary sludge [47].
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Table 2. Characterization parameters of feedstock and inocula. FM—fresh matter; aace—acetic acid
equivalent; TS—total solids, and VS—volatile solids.

Parameter Unit
Sewage Sludge Post-Treated

Inoculum
Fresh Thermophilic

InoculumMin Max Mean

TS %FM 5.1 7.2 5.8 ± 0.7 1.6 2.2
VS %FM 4.1 5.3 4.6 ± 0.4 0.8 1.3

CODt g·L−1 53.3 101.5 81.8 ± 15.6 13.3 14.9
Ammonia mg·L−1 86.1 279.0 138.0 ± 65.7 2140.0 1898.0

pH - 5.34 6.03 5.60 ± 0.21 8.41 8.91
Alkalinity g·L−1 1.59 2.26 1.92 ± 0.27 11.90 10.47

VFA * g aace·L−1 6.46 10.42 8.16 ± 1.55 1.94 1.65
TKN g·L−1 1.70 2.80 2.25 ± 0.35 2.39 2.07
TN mg·L−1 1.79 2.91 2.34 ± 0.39 2.44 2.12
C %TS 36.83 41.80 39.55 ± 1.78 - -
H %TS 5.22 6.05 5.65 ± 0.29 - -
O %TS 27.88 32.70 31.08 ± 1.60 - -
N %TS 3.25 4.39 3.80 ± 0.35 - -
S %TS 0.38 0.54 0.45 ± 0.05 - -

C/N - 9.07 12.07 10.53 - -
B0-th NmL·(gVS)−1 461.30 508.38 489.43 ± 17.05 - -

* VFA was measured as mg of aace per L.
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Figure 2. Organic content and total volatile fatty acids (VFA) of the seven loads of sewage sludge
(SS). Pink circles represent the volatile solids/total solids (VS/TS) of each of the seven loads of SS for
each week of the experiment. E1, E2, and E3 denote the three feeding events applied in weeks 4, 7,
and between weeks 9 and 10.

3.2. Effect of the Start-Up Strategy on the Stability of Anaerobic Digesters
3.2.1. Comparison Between R1 and R2 in Terms of Gas Production Rate

GPR was studied in both reactors to reflect the activity of AD microorganisms in
response to the applied start-up strategies involving strategies of seeding, feeding, and
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temperature increase. Figure 3a illustrates the variations in the weekly means of GPR in R1
and R2.
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Figure 3. Variations of weekly means of gas production rate (GPR) and hydraulic retention time
(HRT) (a), FOS/TAC and pH (b), and ammonia (c) in reactors R1 and R2.
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Throughout the experiment, both reactors generally exhibited similar GPR trends
except during weeks 3, 5, 7, and 8, as shown in Figure 3a. At the start of the experiment,
R1 and R2 experienced lag phases of three and two weeks, respectively, due to the direct
temperature shift from room temperature to 55 ◦C, with R1 requiring an additional week
for adaptation. These results align with findings from batch digesters processing chicken
manure and swine wastewater at 55 ◦C (25 days) and 35 ◦C (20 days), respectively [48].
However, a shorter lag phase was reported by Angelidaki et al. [49] in a batch biodegra-
dation test of source-sorted organic fraction of household municipal solid waste at 55 ◦C,
which lasted only seven days.

A statistically significant difference between the weekly mean GPR of R1 and R2 was
observed in week 3 (0.06 ± 0.06 and 0.34 ± 0.18 Lbiogas·d−1·Lreactor

−1 respectively), with a
corresponding p-value of 0.006. In week 4, the GPR values in both reactors were modestly
influenced by the first increase in the feed from 0.97 to 2.43 g VS·d−1·Lreactor

−1 during E1,
as this event was preceded by a four-day feeding suspension.

While GPR remained stable in R1 between weeks 4 and 5, it declined by 40% in R2(with
respective p-values of 0.1 for week 4 and 0.8 for week 5). This period coincided with a
feeding suspension in both reactors due to VFA accumulation in R1, as indicated by the
FOS/TAC ratio exceeding 1 (Figure 3b). Additionally, R2 exhibited a relatively lower GPR
compared to R1 in weeks 9 (1.53 ± 1.07 and 1.42 ± 1.03 Lbiogas·d−1.Lreactor

−1 in R1 and R2
respectively, p-value of 0.3) and 15 (2.12 ± 0.09 and 2.05 ± 0.08 Lbiogas·d−1.Lreactor

−1 in R1
and R2 respectively, p-value of 0.9) This behavior could also be attributed to feed suspension
caused by low methane production in R1, suggesting higher anaerobic microbial activity in
R2 compared to R1.

The abrupt change in the organic load during E2 led to a 20% reduction in GPR
for R1, whereas GPR continued to rise in R2 (with a p-value of 0.07). This discrepancy
underscores the greater adaptability of microbial communities in R2 to OLR variations
compared to R1. Additionally, R1 took two weeks to fully recover from E2. Following the
increase of the OLR to 4.42 g VS·d−1·Lreactor

−1 during weeks 9 and 10, the GPR peaked
in week 11 for both reactors, reaching 2.21 ± 0.17 and 2.44 ± 0.20 Lbiogas·d−1·Lreactor

−1 in
R1 and R2, respectively, with a significant difference (p-value of 0.04) (Figure 3a). This
peak indicates the adaptation of microbial populations to high OLRs in both reactors,
demonstrating that their degradation capacity was robust enough to handle E3, particularly
the high OLR at this stage of the experiment. From week 12 onward, GPR remained
relatively stable in both reactors, with mean weekly biogas production of 2.03 ± 0.15 and
2.08 ± 0.51 Lbiogas·d−1·Lreactor

−1 in R1 and R2, respectively (p-values ranging from 0.2 to
0.9). These values are higher than those reported in the literature of thermophilic reactors
started up with SS (0.11–0.41 Lbiogas·d−1·Lreactor

−1) [33,34]. This discrepancy could be
attributed to several factors, including the higher OLR, the use of thicker sludge samples in
this study, differences in reactor design, and the lower HRT (12 days in this experiment
compared to 20–40 days in previous studies) [50,51].

3.2.2. Comparison Between R1 and R2 in Terms of FOS/TAC and pH

FOS/TAC and pH variations are shown in Figure 3b. Throughout the experiment, pH
values ranged from 7.39 ± 0.28 to 7.85 ± 0.09 in R1 and from 7.63 ± 0.27 to 7.86 ± 0.01 in R2.
These values remained above the lower limit of the optimal pH range for AD (6.8–7.4) [52].
Since AD microorganisms can tolerate a pH range of 6.5 to 8 [53], the pH conditions in both
reactors remained favorable for biogas production throughout the experiment. Between
weeks 5 and 10, when E1, E2, and E3 occurred, R1 exhibited a slight pH decline compared
to R2 (Figure 3b). This decrease corresponded with three peaks in the FOS/TAC values in
R1 during weeks 5, 8, and 10 (p-values of 0.009, 0.06, and 0.24), occurring approximately one
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week after each event. In contrast, R2 displayed two FOS/TAC peaks, appearing one week
after E1 and E3 (Figure 3b), though these values remained lower than those observed in R1.
Notably, E2 did not significantly impact R2, likely because the VFA concentration in the SS
load for E2 was lower than in E1 and E3 (Figure 2). The FOS/TAC peak observed upon E3
supports this observation, as the maximum FOS/TAC value (0.92) coincided with the SS
load having the highest VFA content (10.42 g aace·L−1) (week 10 in Figures 2 and 3b).

Unlike R2, R1 was more affected by the OLR fluctuations than by VFA variations in
the SS load. The peaks in FOS/TAC observed in both reactors indicate that the rate of VFA
production from organic components temporarily exceeded the rate of VFA degradation.
The subsequent decline in FOS/TAC after each peak reflects the reactors’ ability to recover
through increased acid degradation activity [54]. Furthermore, during this period of
perturbation (weeks 5–10), FOS/TAC values remained higher in R1 than in R2, indicating
greater instability in R1. Upon stabilization (week 12), the FOS/TAC ratio in both reactors
stabilized around 0.5, with R2 showing a slightly higher value. Significant differences were
observed in weeks 12 and 13 (p-values of 0.018 and 0.016, respectively).

3.2.3. Comparison Between R1 and R2 in Terms of Ammonia Concentration

Figure 3c illustrates the evolution of weekly means of ammonia concentration in R1
and R2. Similar trends were observed in R1 and R2, with high values at the beginning
of the experiment and progressive decrease until stabilization from week 11 onwards.
Mean values of 1213 ± 45 and 1263 ± 49 mg·L−1 were reached in R1 and R2, respectively.
According to El-Fadel et al. [8], these values are slightly higher than the lower range value
associated with inhibitory effects on AD (1200–4900 mg·L−1).

3.2.4. Stability of Thermophilic Anaerobic Digestion of Sewage Sludge

The stability of both reactors was continuously monitored to detect potential severe
perturbations that could lead to reactor failure. To prevent such failures, precautionary
measures, including feed suspension, were implemented whenever one or more monitoring
parameters showed signs of decline. AD instability was assumed when an increase in
FOS/TAC coincided with a decrease in methane production [55]. Overall, the start-up
strategy proved successful, ensuring a relatively smooth transition to stable operation
within 13 weeks. However, both reactors experienced some perturbations, primarily
reflected in fluctuations in FOS/TAC values. Corrective measures were implemented
by controlling the organic loading rate (OLR) through periodic feed suspension to allow
for the degradation of excessive VFAs [49]. As a result, feeding was halted multiple
times throughout the experiment, ranging from one to four days per week, to suppress
fermentative activity whenever the FOS/TAC value exceeded 0.4. Feeding was resumed
when biogas production increased or when the FOS/TAC value decreased, indicating
improved process stability.

The 0.4 threshold for the FOS/TAC was fixed based on the literature, as higher
values were known to lead to unfavorable conditions for AD microbial populations [56].
Nevertheless, both reactors tolerated even higher values of FOS/TAC (1.5 and 0.92 in R1
and R2, respectively) (Figure 3b) without experiencing severe perturbations, particularly
in pH levels. Indeed, the FOS/TAC ratio is a well-known indicator of digester stability
as it reflects the balance between VFA content and the buffer capacity of AD systems [57].
However, balanced methanogenic activity can still be maintained under VFA concentrations
observed in perturbed digesters [55]. According to Kroeker [55], inhibition of methanogenic
activity is primarily attributed to the unionized form of VFA, whose levels increase when pH
decreases. Therefore, since pH variations remained within the neutral range in both reactors
(between 7.2 and 8.1), bacterial degradation activity continued smoothly and stably despite
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the elevated VFA levels (high FOS/TAC). This finding aligns with McMahon et al. [29],
who considered a FOS/TAC value exceeding 1 to be an indicator of AD stress.

Furthermore, the C/N ratio of SS loads ranged from 9.07 to 12.07 (Table 2), which
represents a potential risk for AD due to possible ammonia accumulation [58]. However,
nitrogen presence could also be beneficial in thermophilic AD systems [59]. Thermophilic
temperature promotes the decomposition of nitrogenous compounds into ammonium
bicarbonate [60], which buffers the acidification caused by VFA accumulation. In this study,
a neutral pH (7.2–8 and 7.3–8.1 in R1 and R2, respectively) was maintained throughout
the experiment without the need for neutralizing agents. On the other hand, the relatively
high ammonia levels did not pose a critical risk to methanogenic activity, as the inhibition
of acetoclastic methanogenesis occurs only with free ammonia, which forms based on pH
levels [45,46,61,62]. Since the pH in both reactors remained neutral (Figure 3b), only a small
fraction of total ammonia was converted to free ammonia [63].

3.3. Effect of the Start-Up Strategy on the Performance of Anaerobic Digesters
3.3.1. Comparison Between R1 and R2 in Terms of the Methane-Base Biodegradability

BdCH4 and OLR variations are shown in Figure 4a.
The trends in the weekly means of BdCH4, shown in Figure 4a, closely resemble the

trends of GPR in Figure 3a. However, more pronounced differences between R1 and R2 are
observed in BdCH4 (Figure 3a). This larger discrepancy could be attributed to a transient
increase in CO2 production in R1, indicating higher acidogenic activity in this reactor
compared to R2. At the start of the experiment, both reactors exhibited a lag phase in
BdCH4, reflecting a slower growth rate of methanogens compared to the VFA degradation
rate [64]. This imbalance was resolved two weeks later in R2 and three weeks later in
R1. The most notable differences between R1 and R2 occurred in weeks 4, 7, and 8, with
significant differences in weeks 4 and 8 (p-values of 0.01), suggesting that R2 adapted
better to E1 and E2 than R1. Between weeks 3 and 4, the OLR was increased from 0.97
to 2.43 g VS·d−1·Lreactor

−1 (E1), resulting in BdCH4 values of 12.97 ± 4.76% for R1 and
36.24 ± 13.56% for R2 in week 4 (Figure 4a). However, a further increase in OLR by
0.45 g VS·d−1·Lreactor

−1 between weeks 4 and 5 led to a decline in methanogenic activity in
R2, with BdCH4 dropping to 14.86 ± 2.82% in week 5. This reduction could be attributed to
a four-day feeding cessation in week 5, compared to a two-day cessation in week 4.

In week 7, following E2, BdCH4 in R1 dropped to 12.18 ± 2.34%, while in R2, it
continued its gradual increase, reaching 27.40 ± 12.59%, before jumping to 47.54 ± 11.09%
in week 8 (Figure 4a). This reflects a higher methane production rate in R2 compared
to R1. Additionally, the difference in methane production between the two reactors was
greater during E1 and E2 than during E3 (Figure 4a), likely due to the establishment of
acclimated microbial populations in both R1 and R2 by this stage. The relative decrease
in methanogenic activity in R1 persisted for an additional week after E2 (week 8). In
response to E3, BdCH4 peaked in both reactors during week 12, reaching 68.57 ± 4.84% and
71.55 ± 6.62% in R1 and R2, respectively (Figure 4a). At steady-state, BdCH4 in R1 and R2
converged to 61.83% and 62.34%, with corresponding methane production rates of 0.31 and
0.32 LCH4·d−1·(g VS)−1, respectively.

3.3.2. Comparison Between R1 and R2 in Terms of Volatile Solid Removal Efficiency

VS removal percentages of R1 and R2 are shown in Figure 4b. A peak can be observed
in week 5 upon E1, followed by a decrease in VS removal between weeks 7 and 9 after E2
(Figure 4b). After the first step increase of OLR in E1 (Figure 4a), both reactors responded
with an increase in biodegradation capacity with VS removal of 77 and 75% in R1 and R2,
respectively. This increase in the conversion rate of organic matter coincides with a decrease
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in methane production (Figure 4a), suggesting that while substrate consumption continues,
methanogenic activity is inhibited, allowing other microbial processes to persist [65]. The
rise in OLR stimulates VFA production, which may exceed the methanogens’ capacity to
convert VFAs into methane [66]. This is further supported by the increase in the FOS/TAC
ratio in R1 and R2 (Figure 3b), reaching 1.06 ± 0.09 in R1 and 0.65 ± 0.03 in R2, respectively.
The high VS removal values observed in R1 and R2 at week 5 reflect the specialization of
hydrolytic and acidogenic communities under thermophilic conditions [67].
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Additionally, R1 did not exhibit lower methane production than R2 during E1, suggest-
ing similar methanogenic activity. In contrast, Wu et al. [26] reported a reduced diversity
of methanogenic archaea when the system was started with inoculum preserved at a low
temperature (15 ◦C), whereas inocula stored at higher temperatures (35 ◦C) maintained
greater microbial diversity. This discrepancy could be attributed to differences in opera-
tional and storage conditions (i.e., temperature ranges and durations) between the two
studies. Therefore, further research should focus on microbial community dynamics in
inocula preserved under varying temperature conditions to better understand their impact
on anaerobic digestion performance. On the other hand, E2 had a stronger impact on R1
and R2 than E1 in terms of VS removal efficiency, causing a decrease in the degradation
capacity of microorganisms lasting three weeks. The effect of E2 on VS removal could
also be accentuated by the change in the SS load with higher VS/TS content (Figure 2).
The recovery of VS removal efficiencies in R1 and R2 in week 10, along with methane
production (Figure 3a,b), may indicate the restoration of AD processes through microbial
community restructuring and metabolic adjustments, as reported in the literature [68,69].
For instance, OLR shocks have been shown to drive microbial adaptation by upregulating
the acetoclastic pathway while downregulating hydrogenotrophic pathways [69]. However,
this remains an assumption, as microbial populations were not analyzed in this study. From
week 10 until the end of the experiment, the VS removal percentage in R1 and R2 stabilized
at around 63% in both reactors.

3.3.3. Performance of Thermophilic Anaerobic Digestion of Sewage Sludge

Despite significant fluctuations in the OLR due to variations in the feed condi-
tions, both reactors exhibited high productivity. Methane production rates monitored
using the BdCH4 index responded well to the feeding and temperature increase strategies
(Figure 3a). Towards the end of the experiment, methanogenic activities in R1 and R2 be-
came sufficiently high to process SS at OLR of 3.5–3.8 g VS·d−1·Lreactor

−1 (Figure 4a.). The
steady-state methane production rates achieved were 0.31 and 0.32 LCH4·d−1·(g VS)−1

in R1 and R2, respectively. These results are comparable to those reported in previ-
ous tests using a thermophilic pilot-scale digester processing thickened waste-activated
sludge (0.27 LCH4·d−1·(g VS)−1) [70]. Similarly, the VS removal efficiencies in R1 and
R2 (63%) were higher than those reported for thermophilic AD systems processing SS
(50–53%) [51]. However, the VS removal efficiency remains lower than that of mesophilic
AD systems (75%) [61] and thermophilic AD systems fed with lower OLR (86% for
2 g VS·d−1·Lreactor

−1) [71].

3.4. Steady-State Operation and Mass Balance

Steady-state conditions were systematically studied in this research for both R1 and R2
to understand the impact of the inoculum on the start-up duration. Mass balances further
confirmed the stability of the systems, enhancing the interpretability of the results.

Biogas production stability was achieved simultaneously in R1 and R2 in week 12,
whereas CODt of digestate stabilized one week earlier in R2 (week 11). pH variations
remained below 10% of the mean value (7.65 and 7.73 in R1 and R2, respectively) throughout
the experiment in both reactors. The difference in CODt stabilization in R1 and R2 suggests
a higher rate of SS degradation in R2, which resulted from the use of the fresh thermophilic
inoculum compared to the post-treated inoculum. Compared to start-up studies where the
same temperature increase strategy was applied, the present experiment took more time to
reach a stable biogas production rate [50]. This delay may be attributed to fluctuations in
feed quality and the higher OLR applied. According to Bortoloti et al. [31], fluctuations in
feed quality can disrupt the equilibrium between fermentative and methanogenic processes,
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potentially causing stress in AD systems. Indeed, the properties of SS samples fluctuated
throughout the experiment, requiring microbial communities to readapt to new feedstock
quality. For instance, the VFA of sludge samples varied between 6.46 and 10.42 g aace·L−1

between samples 3 and 4 (Figure 2), which could have prolonged the start-up period.
The degradation efficiency of organic matter (CODt) and the mineral mass balance

(effluent ash content) were within 90–98% in both reactors, indicating successful mass
balance achievement at steady-state. Regarding TN, R1 did not reach a satisfactory mass
balance percentage (85% compared to 90% in R2), which could be attributed to the onset
of nitrogen accumulation in the reactor. Additionally, a margin of error may have been
introduced by the heterogeneity of the samples analyzed, which could account for the 15%
difference between the TN of influent and effluent in R1.

3.5. Correlation Between Influent Properties Variability and Reactors’ Response

Influent variability, driven by feedstock availability, is often unavoidable in full-scale
biogas plants, making it difficult to control the OLR, which can pose a risk to process param-
eters. For example, fluctuations in nitrogen and organic concentrations in food waste have
been shown to impact biogas production [72]. In contrast, variability in crude carbohydrate,
protein, and lipid concentrations in the influent did not significantly affect biogas and
methane production. Instead, carbohydrate degradability provided a better explanation
for the variability in biogas and methane production [73]. Therefore, correlations between
the characteristics of the seven SS loads used in the experiment and reactors’ outputs were
investigated to determine whether the variations of SS load properties contribute to the
process parameters variability or not.

Figure 5 shows the Pearson correlation matrix between alkalinity, VS/TS, VFA, TN,
CODt of SS, biogas, methane content, and digestate FOS/TAC in R1 and R2. Four strong
correlations were depicted: (1) between reactors’ methane and biogas production (0.96,
p-value < 0.05), (2) between TNsludge and CODsludge (0.72 p-values < 0.05), (3) between
Alkalinitysludge and biogas (−0.74 p-value < 0.05) and (4) between Alkalinitysludge and methane
production (−0.8 p-value < 0.05) (Figure 5). The significant correlation between biogas and
methane yields indicates that the composition of the biogas remained consistent throughout
the experiment. Specifically, the methane percentage in the biogas did not decrease in
favor of an increase in CO2 due to the applied start-up strategies, as shown in Figures 3a
and 4a. As for TNsludge and CODsludge, a part of TN nitrogen consists of organic nitrogen.
Consequently, an increase in TN leads to an increase in COD [74]. Even though positive
correlations between alkalinity and both biogas and methane production are expected [75],
an increase in biogas and methane production was observed with the decrease in SS samples’
alkalinity. This could be attributed to the imbalances that may be induced by the additional
alkalinity introduced by the feed to the AD system. Indeed, an increase in alkalinity could
lead to a rise in pH, which in turn might inhibit methane-producing microorganisms [76].
Furthermore, high alkalinity is often associated with a high concentration of ammonia [77].

Moderate correlations between SS properties and reactors’ characteristics were no-
ticed in the correlation matrix. Correlation coefficients of 0.56 (p-value < 0.05), 0.53
(p-value < 0.05), 0.57 (p-value < 0.05), and 0.53 (p-value < 0.05) were reported between
CODsludge and FOS/TAC, CODsludge and methane, TNsludge and FOS/TAC and CODsludge and
biogas of both reactors respectively (Figure 5). These correlations are the result of the strong
aforementioned intercorrelations. As for the VS/TS of SS, it was moderately correlated to
methane production of reactors with a coefficient of 0.55 (p-value < 0.05) (Figure 5).



Sustainability 2025, 17, 5020 16 of 22

 0.31 -0.13 -0.27 -0.02 -0.56 -0.48 -0.42

-0.02 -0.64 -0.11 -0.61 -0.80 -0.74

 0.56  0.57 -0.35  0.07  0.19

 0.72  0.07  0.53  0.53

-0.15  0.00  0.02

 0.55  0.42

 0.96

ns ns ns ns *** ** *

ns *** ns *** *** ***

*** *** * ns ns

*** ns ** **

ns ns ns

*** *

***

VFA_sludge

Alkalinity_sludge

FOSTAC

COD_sludge

TN_sludge

VSTS_sludge

Methane

Alka
lin

ity
_slu

dg
e

FOSTAC

COD_s
lud

ge

TN_slu
dg

e

VSTS_s
lud

ge

Meth
an

e

Biog
as

-1.0 -0.5 0.0 0.5 1.0

Pearson's
Correlation

ns p >= 0.05; * p < 0.05; ** p < 0.01; and *** p < 0.001

Figure 5. Correlation matrix between properties of the seven loads of sewage sludge (SS) and reactors’
parameters during the 17-week start-up of R1 and R2, with the level of significance (p-value).

3.6. Overall Differences Between R1 and R2

The performance of two inocula samples extracted from the same biogas plant but
from a thermophilic digester and a post-treatment mesophilic tank was assessed through
the application of three feeding events. R2 exhibited better adaptation to variations in the
OLR, imposed by influent variability, than R1 and maintained a higher methane production
rate throughout the experiment. The rate of hydrolysis and acidogenesis was higher in R2
during the first two weeks, leading to relatively high total VFA levels (high FOS/TAC).
Starting from week 3, a balance between these initial steps and methanogenesis was
achieved, resulting in a noticeable increase in methane production in R2, as shown in
Figure 4a. For R1, during the transition period, it is hypothesized that fewer hydrolytic and
fermentative bacteria acclimated to thermophilic temperature were active, which could
explain the lower VFA levels observed during the first three weeks.

Upon the application of the feeding events (E1), imbalances in the rate of different
AD steps became more pronounced, as indicated by high FOS/TAC and low methane
production. After the first increase in OLR during week 4, feed suspension in weeks 5, 9,
and 14 negatively affected methanogenic activity in R2. This led to a decrease of BdCH4

with 57%, 37%, and 15%, respectively, while in R1, BdCH4 slightly decreased in weeks 5 and
14 and increased in week 9. Despite the lack of microbiological analysis due to logistical
constraints, the decrease in methane production following feed suspension suggests a
higher number of active thermophilic methanogens in R2 compared to R1.

With regards to effluent quality, R1 and R2 had similar values throughout the ex-
periment, with a slightly better COD removal efficiency in R2 and a better VS removal
efficiency in R1. After the establishment of steady thermophilic AD, the difference between
all parameters monitored in R1 and R2 values became minimal. The same observation was
reported by Liu et al. [13] during a comparison of different inocula, leading to a similarity
in microbial compositions of the compared reactors upon steady-state. The short-term
(8–9 days) preservation of inoculum under mesophilic temperatures had a minimal impact
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on the start-up phase and resulted in steady-state performance comparable to that of a fresh
thermophilic inoculum. Similar results were observed when mesophilic-preserved sludge
was stored for 60 days under low feeding, demonstrating consistent methane production
in a semi-continuous system [26].

In contrast, a low-temperature stored inoculum (15 ◦C) showed poor performance
even after 30 days of operation in the same study. However, batch experiments have yielded
different findings, where digested SS stored at room temperature (22 ◦C) exhibited 63%
higher methane production compared to mesophilic-stored inoculum [24]. Additionally,
digested pig manure stored at 37 ◦C and 4 ◦C showed similar methane production, while
digested sludge stored at 4 ◦C had 20% higher methane production than that stored at
37 ◦C [24]. On the other hand, the use of preservation agents such as agar gel produced
differing results, where digestate stored at room temperature exhibited better methane
production than that stored at 4 ◦C [23]. These contradictions may result from differences
in the microbial communities of the inoculum, as the composition of the inoculum depends
on the operational conditions of its origin. For example, discontinuous feeding has been
shown to enhance microbial diversity, increasing the resilience of microorganisms against
overloading events [78].

Moreover, the impact of preservation techniques—including temperature, duration,
feeding, and preservation agents—on process parameters in semi-continuous conditions,
and not just on specific methane production, remains underexplored. This highlights the
need for further research in this area. Previous studies on inocula have not consistently
demonstrated a clear impact on AD performance [79], and in some cases, the starting
inoculum did not significantly influence digester outcomes [12,57,80]. However, since R1
and R2 were operated under similar conditions, the only difference being the mesophilic
post-treatment of the inoculum, the observed differences in performance between R1 and R2
are likely attributable to the inocula. This variation in inoculum, combined with the adopted
feeding strategy, led to better acclimation of R2 to extreme feeding events, particularly E1
and E2, but poorer performance during feed suspension (E3). In contrast, R1 exhibited
a typical response to high organic loads, characterized by a decline in methanogenic
activity followed by recovery after feed suspension. These findings suggest that a fresh
thermophilic inoculum is better suited than a mesophilically stabilized one for rapid and
aggressive start-up under thermophilic AD conditions.

Furthermore, the results of this study are directly applicable to full-scale operations, as
the digestates used to inoculate R1 and R2 were sourced from an actual biogas plant rather
than from pure laboratory cultures, which are often difficult to obtain in large quantities
for industrial applications. This enhances the real-world relevance of the findings. The
degree of post-digestion of the inoculum can serve as a practical performance indicator
to help engineers and plant operators select the most suitable inoculum, particularly in
thermophilic AD processes and during temperature transitions. Feeding variability, both
in quantity and quality, is another factor that increases the relevance of directly applying
the findings of this study to full-scale biogas plants. In real-world conditions, feeding rates
primarily depend on feedstock availability since redirecting organic waste or storing it
for extended periods can result in odor issues, greenhouse gas emissions, and additional
tipping fees. Addressing this variability can thus help reduce start-up duration and improve
the system’s resilience to fluctuations in feeding. Moreover, selecting the appropriate
inoculum can minimize environmental risks such as methane flaring caused by process
failures or the disposal of partially biodegraded organic material due to inefficient digestion.
Finally, choosing an inoculum with high operational resilience to stress conditions, such as
fluctuating feedstock availability, can help lower the operational costs of biogas plants by
ensuring process stability and maximizing methane yields [16].



Sustainability 2025, 17, 5020 18 of 22

4. Conclusions
A start-up of two digesters seeded with digestates from a full-scale biogas plant,

sampled from a thermophilic digester, and a mesophilic post-treatment tank was performed.
R1 was seeded with the mesophilically post-digested thermophilic digestate, whereas R2
was seeded with the fresh thermophilic one. Three extreme feeding events were applied to
compare both inocula in terms of resistance to influent variability.

Correlation analysis between the SS samples’ properties and digesters’ parameters
revealed the impact of sludge alkalinity on biogas and methane production. Variations in SS
quality during early HRT periods of the experiment negatively impacted the performance
of reactor R1. The changes introduced in R1, intended as precautionary feeding measures,
had a subsequent negative impact on the performance of R2. Since both reactors were fed
likewise, the methane production rate in R2 was held because of feed suspension. Thus, in
the context of discontinuous adaptive feeding, the reactor seeded with the mesophilically
post-digested thermophilic digestate was more sensitive to high organic loads, whereas the
reactor seeded with fresh thermophilic digestate was more affected by feed suspension. To
the best of the authors’ knowledge, the effect of digestate post-treatment before seeding
on the start-up of thermophilic systems has not been previously assessed. Therefore, the
findings of this study, combined with well-established digestate characteristics, could assist
biogas plant operators and engineers in developing indicators to evaluate the potential of
different inocula, thereby enabling robust, case-specific start-up decisions that enhance the
environmental benefits of AD.
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