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Abstract: The effects of co-digesting sewage sludge (SS) and horse waste (HW), the composition of
HW, and the ratio of HW:SS were studied using two semi-continuous digesters of 9.5 L of working
volume. These digesters were operated in parallel with the mono-digestion of SS in digester 1 (D1)
and the co-digestion of SS and HW in digester 2 (D2). In digester 2, there were two phases of digestion
(durations of 40 and 43 weeks, respectively). The composition of HW in the first phase was 85%
wheat straw (WS), 14% wood chips (WC), and 1% horse manure (HM), with 99% wheat straw (WS)
and 1% horse manure (HM) in the second phase. Variable ratios of HW:SS were studied in the
digesters. The co-digestion of sewage sludge (SS) and horse waste (HW) produced more biogas than
the mono-digestion of SS alone, with a maximum of 15.8 L·d−1, compared to 9 L·d−1 at the end of
the experiment. When comparing the results obtained in both phases, the production of methane in
phase 2 was 18 NmL·gVS

−1 higher than in phase 1. This slight increase in methane yield could be
linked to the absence of wood chips (WC), which is considered to have a diluting effect on methane
production. Therefore, this study shows that an organic loading rate (OLR) of 4.8 kgVS·m−3·d−1, a
ratio of HW:SS of 3, and a composition of HW (99% WS, 1% HM) should be respected in the actual
experimental conditions for a well-functioning anaerobic digestion.

Keywords: liquid state anaerobic digestion; co-digestion; horse bedding; horse waste; sewage sludge;
lignocellulosic biomass

1. Introduction

The utilization of conventional energy sources raises concerns due to a worldwide
growing demand, coupled with scarcity issues, and detrimental environmental impacts [1].
Consequently, many countries have set national renewable energy targets, aiming to re-
duce their dependency on fossil fuels and nuclear power [2]. In August 2015, the French
Energy Transition Law was established with the objective of a 50% decrease in electricity
production from nuclear power by 2025. Furthermore, by 2030, greenhouse gas emissions
and consumption of fossil fuels should be reduced by 40% and 30%, respectively, along-
side an increase in renewable energy use of at least 32%. Eventually, renewable energy
needs to contribute to 40% of electricity production, 38% of final heat consumption, 15%
of final fuel consumption, and 10% of gas consumption. Methane production through the
anaerobic digestion (AD) of biomass is considered to be one of the main pathways to help
reduce dependence on conventional energy sources. In 2015, biogas production, through
this means, in the European Union represented half of the global biogas production, with
18 billion cubic meters of methane [3]. AD is a widely applied process where organic wastes
decompose to produce energy while enabling the recovery of fibers and nutrients for soil
amendments. AD occurs when communities of competent microorganisms hydrolyze
organic material into sugars, amino acids, and fatty acids under oxygen-free conditions.
The various hydrolytic products undergo fermentation and methanogenesis. The final
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product of anaerobic digestion is biogas, mainly consisting of methane (60%) and carbon
dioxide (40%) [4]. Several organic residues can be suitable for biogas production, such
as agricultural waste and sludge from sewage treatment plants. However, the methane
potential performance of these materials relies on their biophysical and chemical prop-
erties, structure (particle size, heterogeneity, and water retention capacity), presence of
inert materials, and anaerobic biodegradability [5]. For example, agricultural waste is
mainly composed of lignocellulosic materials (i.e., cellulose, hemicellulose, and lignin),
which cannot be digested by themselves, owing to their crystalline structure and high
lignin content. This inherent property reduces their overall biodegradability by causing
hydrolysis to become the rate-limiting step [5]. Thus, the AD of wastewater treatment
sludge remains prominent in Europe. This is due to its local energy production role along-
side waste treatment solutions. In addition, the residual material in the digestion can be
used as a biofertilizer [6]. However, in the 2030 horizon in the top five EU countries, key
feedstocks projected for biogas production are manure (33%), agricultural residues (25%),
and sequential cropping (21%), with the highest potential to produce methane from AD
(France, Germany, Italy, Poland, and Spain-Biomethane production potential in the EU
by Guidehouse, 2022). Indeed, an innovative way to enhance agricultural waste energy
recovery is to integrate it into the AD of sludge. Then, the lignocellulosic substrate can
be digested alongside sludge in two different configurations: a liquid state AD operated
at a total solids content of 15% or less, or a solid state AD, generally operated at 15% or
higher [7]. Industrial wastewater will contribute to over 10% of the biomethane potential in
the EU by both 2030 and 2050 (Biomethane Production Potential in the EU by Guidehouse,
2022). Consequently, there is an increasing interest in the addition of agricultural waste as
a digestion co-substrate in Wastewater Treatment Plants (WWTP). Co-digestion offers the
advantage of processing multiple streams within a single facility, and combining wastes
with high microbial content, such as sludge, with a lignocellulosic substrate, to provide
a continuous supply of inoculum. This infusion of inoculum can boost the diversity and
abundance of useful microorganisms [8]. Enhanced management of agricultural waste and
the adoption of integrated solutions have the potential to reduce environmental impacts
through the implementation of methods that facilitate the recovery of both energy and
nutrients. As a result of these approaches, horse manure has naturally been considered a
viable substrate for AD due to its qualities. However, related studies remain scarce because
they are usually recovered when mixed with wood chips and/or straw, owing to their use
as bedding materials, which exhibit poor digestion performance. The present work is part
of a three-year study conducted to assess the possibility of combining agricultural waste
produced from a horse stable in the commune of Maisons-Laffitte (France) with sewage
sludge sourced from the WWTP of the neighboring municipality of Achères. This WWTP
is managed by the SIAAP, the syndicate responsible for the sanitation of wastewater in the
Greater Paris area. Maisons-Laffitte and SIAAP signed a partnership in 2017, supported by
the “Valoéquiboue” project, belonging to the MOCOPEE (French acronym for Modeling,
Control, and Optimization of Water Treatment Processes) research program created by the
research and development department of SIAAP. Valoéquiboue provides the scientific and
technical background to achieve the objective of the joint initiative between SIAAP and a
city renowned for its racehorse training centers. This study yielded three deliverables. The
first pertains to agricultural waste characterization at a laboratory scale, which includes
evaluating the biological and physicochemical properties, structure, and presence of the
inert materials, and the anaerobic biodegradability of the agricultural waste in horse stables.
The second deliverable focuses on the feasibility of studying a liquid state AD of urban
WWTP sludge combined with agricultural waste in a continuous mixed flow pilot scale,
which constitutes the present study. The last deliverable is a feasibility study of solid-state
AD in agricultural waste using digested urban WWTP sludge as the inoculum. Of note, the
first deliverable has already been published [9].
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2. Materials and Methods
2.1. Digesters

Two stainless steel double-walled 10 L digesters (CSTR-10S, Bioprocess Control, Lund,
Sweden), referred to as digesters 1 and 2 (D1 and D2, respectively), were operated under
stable mesophilic conditions (37 ◦C ± 1). The digesters were heated using thermostatically
regulated water circulation and mechanically stirred using internal propellers. Biogas flow
was measured every 30 min using a flow meter (BPC® µFlow: standalone gas flow meter,
Bioprocess Control, Lund, Sweden). The quality of the biogas was measured every 2 h
from a dedicated port opening using a dual-wavelength infrared analyzer (SWG 100 Biogas
Compact Analyzer, Gruter & Marchand, Nanterre, France). Temperature and pH were
monitored continuously using built-in probes connected to the system. The digester is
presented in Figure 1.
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Figure 1. Experimental setup of the continuous stirred-tank reactor (CSTR-10S, Bioprocess Control,
Lund, Sweden).

D1 and D2 were initially seeded with an inoculum taken from a full-scale mesophilic
anaerobic digester used to process municipal sludge at 37 ◦C. Both digesters were initi-
ated under similar conditions of constant organic loading rate (OLR) of sewage sludge
(SS) of 1.2 kgVS·m−3·d−1 until week 10 of the experimental campaigns, after which, co-
digestion was initiated in D2 only. The digestate in each unit was removed twice per
week and subsequently replaced with an equal amount of feed to maintain a constant
working volume.

2.2. Analytical Testing

The digesters were sampled twice weekly, analyzing total solids (TS) content, volatile
solids (VS) content, volatile fatty acids (VFA), and total alkalinity (TA). TS was obtained by
heating the samples at 105 ◦C for two days following the NFISO 11465 standard [10]. VS of
the sample was obtained by calcining the samples at 550 ◦C for 2 h following the NF U44-
160 standard [11]. The TA was measured following the NF EN ISO 9963-1 standards [12].
VFAs associated with AD, such as acetate, propionate, and butyrate, were analyzed by ion
exclusion chromatography coupled with conductivity detection.

This method involves segmenting a mixture of VFAs into fractions of individual acids
based on their electric charges. Therefore, it separates the fully and weakly ionized ions.
Following the separation process, the quantification of each acid was determined by its
specific conductivity signals, enabling the determination of its concentration within the
sample [13,14].
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It is important to highlight that the monitoring of VFA, TA, and pH serves as an
indirect method for identifying indicators of microbial dysfunction, which are influenced
by these specific factors.

2.3. Substrates

Liquid state AD operates at 15% TS or lower [7]. As feedstock, mixes of solid horse
manure and bedding were combined with liquid sewage sludge, displaying a TS value
of 3.5%, i.e., the lower end of the ranges described in the literature [15]. The agriculture
biomass used in this study was obtained from a horse stable in France (Eq’invest, Maisons-
Laffitte, France). Two types of bedding were selected: (1) a mixture of wheat straw (WS) and
wood chips (WC) containing horse manure (HM), which had a volumetric composition of
85%, 14%, and 1%, respectively; (2) a mixture of WS and HM with a volumetric composition
of 99%, and 1%, respectively. The horse stall bed was cleaned daily, and the mixture of waste
was stored in a container for a week. Samples were collected on the surface to acquire fresh
material and prepared using a quartering method to ensure sampling homogeneity. This
technique involves dividing the samples into four equal mounds, of which, two diagonally
opposite are discarded, while the remaining two are recombined to constitute a smaller
sample. These steps were repeated until the desired sample size was obtained. The samples
were collected over the course of a year to compensate for internal and seasonal changes.
Prior to testing, each sample was homogenized and dried at 60 ◦C for 48 h, to achieve proper
workability. All the material was passed through a 4 mm sieve shredder as a pre-step to
break down the fibrous content of the material. This also increases the specific surface area
and enhances the accessibility for the bacteria responsible for degradation [16,17]. Finally,
the SS was obtained weekly from a municipal WWTP (SIAAP, Achère, France), treating
1,560,000 m3·d−1 of wastewater. Samples were collected from the mixed SS batch of the
WWTP, yielding a mixture of various sludges coming from the primary sedimentation tank,
coagulation and flocculation chambers, and biological reactors.

2.4. Experimental Procedure

The configuration and operating conditions of AD were closely linked to the substrate
characteristics (VS, TS, and lignin content) and operating factors, such as organic loading
rate (OLR), and hydraulic retention time (HRT). OLR was expressed as the amount of VS
(kg) loaded into the digester per day, although not all added VS was bioavailable in the
AD process [5]. HRT was the average time that the microorganisms had to degrade the
substrate in the AD reactor expressed per day [18]. Digestion efficiency is defined by the
balance between OLR and HRT, depending on the reactor volume [19]. Digester1 (D1) was
loaded with the SS mono-substrate and used as a control. As such, D1 was operated at
a constant loading rate of 1.2 kgVS·m−3·d−1 throughout the entire experiment. Variable
OLRs were implemented in digester 2 (D2), which was continuously fed with a mixture of
SS, horse manure, and bedding. While SS OLR was kept constant with 1.2 kgVS·m−3·d−1,
the horse waste co-substrate loading was increased gradually until reaching the limit of the
liquid state AD (15% TS). The experiment was divided into two phases, with each phase
including a different type of horse bedding.

2.4.1. Phase 1: Bedding Mixture with WS and WC

Phase 1 of the experiment was carried out as a long-term study of over 40 weeks. The
horse waste used contained straw and wood in the aforementioned volumetric proportions
of 85% WS, 14% WC, and 1% HM.

The operational scheme of the test digester D2 is plotted in Figure 2a. While initially
both D1 and D2 were subjected to the same OLR, by week 10, the co-digestion started in
D2. The OLR of D2 gradually increased until the limit of the liquid state AD was reached
(15% TS Figure 2b). The mix ratio of horse waste and sewage sludge (HW:SS) increased
from 1:1 to 3:1, 4:1, 5:1, 6:1, and finally, 7:1 based on VS. Each ratio was sustained for
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3 HRT (corresponding HRT values are shown in Figure 2b) to ensure stabilization after
each intermittent increase in loading. Evidently, higher OLRs result in shorter HRTs [18].
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2.4.2. Phase 2: Bedding Mixture with WS

Phase 2 of the experiment lasted for 43 weeks. During this phase, the bedding material
used with horse manure was composed of wheat straw only for a final volumetric compo-
sition of 99% WS and 1% HM. Again, D1 was kept as the control with a constant loading
of 1.2 kgVS of SS·m−3·d−1, while D2 operated at variable co-digestion ratios and OLRs
after week 10. The operational scheme for the whole experiment is plotted in Figure 3a.
Similar to the previous campaign, the OLR of D2 was increased gradually, the mix ratio of
horse waste and SS (HW:SS) increasing from 1:1 to 2:1, 3:1, 4:1, and eventually, 5:1 based on
the VS. Importantly, this experiment did not enable reaching the limit of the liquid state
AD, for reasons that will be addressed in the next section. As previously, each change was
prolonged for three HRTs, with the corresponding values plotted in Figure 3b.
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3. Results and Discussion
3.1. Results of Phase 1
3.1.1. Process Stability

The VFA, pH, and alkalinity profiles provided information on the stability of the
digestion process. In week 10, the digesters were no longer operating at the same OLR. As
illustrated in Figure 4b, the TA concentrations slightly increased, reflecting the increase in
the loading rate. The pH remained stable at around 7.5 ± 0.2 over the whole of phase 1, with
a slight increase during the last two weeks linked to small differences in VFA accumulation
shown in Figure 4a. Process stability was also evidenced in Figure 4a,c, with a gradual
increase in the biogas production linked to the VS increase throughout the process. These
findings align with existing research, which demonstrates that combining sewage sludge
with organic solid waste in the digestion process can enhance nutrient levels in the digester.
This combination also helps prevent the accumulation of VFAs and dilutes harmful agents.
Therefore, this leads to greater process stability and higher biogas production [20].

Energies 2023, 16, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 4. Operational parameters of phase 1 in D2 including (a) volumetric biogas production and 
VFA; (b) TA and pH; (c) VS in and VS out. 

Despite the steady rise in OLR and the drop in HRT, continued stability was achieved 
throughout the 40 weeks, with the HW composition likely explaining this stability. 
Indeed, literature shows that HM and bedding materials have a favorable C/N ratio and 
the ability to stabilize the AD process [21]. The C/N ratio is a key parameter for a well-
functioning anaerobic digestion process. Research findings have shown that the ideal C/N 
ratio varies depending on the substrates used. To achieve an efficient biogas process, a 
ratio between 15 and 50 is recommended for the optimal methanogens activity. This is 
due to the fact that microorganisms use carbon 25 to 30 times faster than nitrogen [22]. It 
has been proven that a high C/N ratio signifies a low amount of nitrogen, which will be 
rapidly consumed by methanogens, resulting in inadequate nutrition of these 
microorganisms and a subsequent reduction in biogas production. Oppositely, a low C/N 
ratio indicates a significant nitrogen quantity, causing ammonia accumulation and a rise 
in pH levels, both of which are inhibitory to methanogens [23]. Therefore, achieving an 
equilibrium between carbon and nitrogen is crucial to establishing an optimal 
environment for methanogen activity, ensuring process stability, and promoting 
microbial growth, to enhance the overall process performance [24,25]. The optimal C/N 
ratio is dependent on both substrate and inoculum. Substrates with high C/N ratios, 
exemplified with HM and bedding materials, such as wheat straw and wood chips, and 
with C/N ratios of 32, 46, and 34, respectively [9] (Naji et al., 2023), might yield significant 
amounts of VFA. On the other hand, substrates with low C/N ratios, as demonstrated by 
our SS with a C/N ranging from 7 to 8 [26], exhibit a buffering capacity [23]. This highlights 

Figure 4. Operational parameters of phase 1 in D2 including (a) volumetric biogas production and
VFA; (b) TA and pH; (c) VS in and VS out.

Despite the steady rise in OLR and the drop in HRT, continued stability was achieved
throughout the 40 weeks, with the HW composition likely explaining this stability. Indeed,
literature shows that HM and bedding materials have a favorable C/N ratio and the ability
to stabilize the AD process [21]. The C/N ratio is a key parameter for a well-functioning
anaerobic digestion process. Research findings have shown that the ideal C/N ratio varies
depending on the substrates used. To achieve an efficient biogas process, a ratio between
15 and 50 is recommended for the optimal methanogens activity. This is due to the fact



Energies 2023, 16, 6595 7 of 13

that microorganisms use carbon 25 to 30 times faster than nitrogen [22]. It has been
proven that a high C/N ratio signifies a low amount of nitrogen, which will be rapidly
consumed by methanogens, resulting in inadequate nutrition of these microorganisms
and a subsequent reduction in biogas production. Oppositely, a low C/N ratio indicates a
significant nitrogen quantity, causing ammonia accumulation and a rise in pH levels, both
of which are inhibitory to methanogens [23]. Therefore, achieving an equilibrium between
carbon and nitrogen is crucial to establishing an optimal environment for methanogen
activity, ensuring process stability, and promoting microbial growth, to enhance the overall
process performance [24,25]. The optimal C/N ratio is dependent on both substrate and
inoculum. Substrates with high C/N ratios, exemplified with HM and bedding materials,
such as wheat straw and wood chips, and with C/N ratios of 32, 46, and 34, respectively [9]
(Naji et al., 2023), might yield significant amounts of VFA. On the other hand, substrates
with low C/N ratios, as demonstrated by our SS with a C/N ranging from 7 to 8 [26], exhibit
a buffering capacity [23]. This highlights the significance of co-digesting sewage sludge
with carbon-rich substrates to establish an optimal C/N ratio and nutritional adjustments
for microorganisms, thereby promoting a well-functioning AD process [27].

Additionally, WC, present here, contains a large amount of lignin (almost 20% of its
organic matter), with the latter known to be recalcitrant to anaerobic biodegradation [28].
Hence, the calculated OLRs were overestimated compared with the actual OLRs. This
stability is also explained by the presence of water in the liquid state anaerobic digestion
process, which contributes to the effective homogenization of the substrate mixture. It
also enhances the interaction between microorganisms and the substrates and reduces the
concentration of the inhibitors through dilution [29,30].

3.1.2. Productivity of the Process

The BMP value used in this study was 411 NmLCH4·gVS
−1 for SS [31], while 195.5

NmLCH4·gVS
−1 was measured for HW. The BMP of the mixture was calculated as the

relative sum of the BMP for both co-substrates.
Table 1 presents the OLR, HRT, and the corresponding ratios for each stage. The

data illustrate that higher OLR values lead to a decrease in HRT. This pattern has also
been observed in previous studies [32,33]. In addition, due to HW and the nature of
the co-substrate (mainly density), an increase in the HW:SS ratio will further promote
faster HRTs.

Table 1. Parameters of each stage of the phase 1.

Stage Ratio (HW:SS) OLR (kgvs·m−3·d−1) HRT (Days)

1 1:1 2.4 13
2 3:1 4.8 9
3 4:1 6 9
4 5:1 7.2 7
5 6:1 8.4 7
6 7:1 9.6 6

As evoked previously, the biogas curve (Figure 5a) showed an increased production
with increases in OLRs. The biogas production increased from 3.5 L·d−1 to 15.8 L·d−1,
with an increase in OLR from 2.4 kgVS·m−3·d−1 to 8.4 kgV·m−3·d−1 and ratios of 1:1 to 6:1,
respectively. However, the D1 control digester curve also shows a rise in production. These
changes in the SS substrate itself are a confounding factor in attempting to link the results
obtained with the sole increase in VS of HW. Examining the CH4 curve for the different
stages, it is evident that the properties of substrates have a high impact on the quality of the
biogas and that the increase in lignocellulosic biomass likely decreases the quality of the
biogas being generated. The biogas composition was at 64% CH4 for a ratio of 1:1, dropping
to 53% CH4 for a ratio of 6:1. This could be explained by hydrogenotrophic activity; based
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on the literature, a higher proportion of hydrogenotrophic methanogens operate within
lignocellulosic matter, yielding biogas with lower methane potential [34].
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Figure 5. Productivity of the process in phase 1 including (a) average biogas quantity and quality of
D2 (SS + HW) as well as average biogas quantity of D1 (SS only); (b) average methane yield of D2
and BMP.

Overall, methane yield production was stable at around 94 NmL·gVS
−1 ± 2 throughout

all stages (Figure 5b). Compared with the BMP calculated and the decrease in HRT, this
stability could be linked to the increased strength of the SS introduced from stage 3 onwards.
Stages 1 and 2, characterized by stable sewage sludge biogas production, clearly show that
co-digestion with an OLR of 2.4 and 4.8 kgVS·m−3·d−1 and feedstock ratios of 1:1 and 1:3,
respectively, will generate an actual methane yield three times lower than the calculated
BMP. This disparity can be directly attributed to the combination of a low HRT, elevated
OLR, and the biodegradability rate of the lignocellulosic biomass. Based on the literature,
higher VS load led to longer lag phases [35], while biodegradation of cellulose required
several weeks [21], and hydrolysis in complex polysaccharides was longer than in more
soluble substrates [36]. Furthermore, an elevated OLR could result in an excess of materials
for microorganisms to degrade, creating challenges in their complete degradation. As a
consequence, this situation can contribute to a reduction in BMP [37].

3.2. Results of Phase 2
3.2.1. Process Stability

The profiles of VFA, TA, and pH provided information on the stability of the AD
process. Co-digestion was implemented in D2 in week 13. VFA, pH, and TA values
remained constant, showing stability in the digester, as illustrated in Figure 6. Interestingly,
around week 25, a slight uptick in VFA was observed, lasting for about 10 days before the
system regained its stability. The increase in VS concentration (Figure 4c) might have led
to an increase in the substrate availability for microbial metabolism. As seen in Figure 6a,
biogas production was linked to VFA production and process stability. However, the
increase in biogas remained limited, which could be related to the accumulation of poorly
hydrolyzable compounds in the reactors [38].
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At week 41, D2, operating at OLR 7.2 kgVS·m−3·d−1, showed a substantial VFA spike.
The increase in VS may have presented an inhibitory effect on some of the stages involved
in anaerobic digestion. Notably, several studies showed that hydrolysis of lignocellulosic
material could be a rate-limiting step in the AD [5] and acid accumulation could cause
the process to overload [39]. Another explanation could be the short HRTs, where the
methanogens were briefly washed out of the process [40].

3.2.2. Productivity of the Process

The OLR, HRT, and ratio of each stage are shown in Table 2.

Table 2. Parameters of each stage in phase 2.

Stage Ratio (HW:SS) OLR (kgvs·m−3·d−1) HRT (Days)

1 1:1 2.4 15
2 2:1 3.6 11
3 3:1 4.8 9
4 4:1 6 8

The D1 control digester curve (SS) showed constant production, likely owing to the
stability of the SS feed parameters (Figure 7a). In contrast, the biogas production in co-
digestion increased from stages 1 to 3, with biogas of 5 L·d−1, 6.8 L·d−1, and 7.8 L·d−1,
respectively (Figure 7a). This increase can be attributed to the direct increase in VS, brought
about by each subsequent HW loading. At stage 4 (OLR of 6 kgVS·m−3·d−1 and ratio
4:1), however, the biogas production dropped, seemingly due to the inhibitory effects
on AD. This suggests that in similar conditions it might be best not to exceed an OLR
of 4.8 kgVS·m−3·d−1 and a ratio of 3:1 (i.e., the setup for stage 3 here, before the drop in
production) for a well-functioning AD. As shown in Figure 7a, the percentages of CH4
were approximately 60%, 57%, and 55% in stages 1, 2, and 3, respectively. As discussed
previously for phase 1, the drop in the quality of the biogas can be attributed to co-
substrate modifications (lignocellulosic biomass proportion increases). Methane yield
production was relatively stable at around 112 NmL·gVS

−1 ± 2 throughout stages 1 to
3 (Figure 7b), with barely half the calculated BMP. These results suggest that a continuously
mixed flow reactor with a high OLR may directly affect the HRT, thereby promoting
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significant washing out of the methane producers in the process. This phenomenon has
been similarly demonstrated in the existing literature, where a combination of high OLR
and short HRT may lead to VFA accumulation and bacterial washout, eventually leading to
process failure [33,41]. In contrast, the stage 4 drop in methane yield is attributable to VFA
accumulation. Comparing the results obtained in both phases, the production in phase 2
was 18 NmL·gVS

−1 higher than the output in phase 1. This slight increase in methane yield
may be attributed mainly to the absence of WC, after having accounted for the change in the
nature of SS. Indeed, previous literature shows that WS bedding tends to increase methane
production, whereas WC bedding has a diluting effect on the potential methane production.
In particular, ref. [42] shows comparable results to similar horse waste substrates. Several
studies highlight horse waste as problematic to digest in the liquid state of AD, as a higher
content of lignocellulosic and fibrous materials, such as straw and wood, have a negative
aspect of the process. Fibrous material in general also created problems by floating in
the top layer of the reactor, producing a non-homogeneous mixture [21]. Finally, solid
impurities, such as sand, disturbed the conventional liquid AD, causing sedimentation in
the digester [21]. It should be noted, however, that a higher biogas yield of co-digestion of
horse waste was observed with food waste, where the fibrous substrate present contributed
to the optimization of the C/N ratio [43].
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4. Conclusions

In conclusion, this study focused on the continuous liquid state anaerobic digestion
of sewage sludge in combination with horse waste to enhance biogas production. The
research was divided into two phases, each involving co-digestion with different bedding
mixtures with sewage sludge. Phase 1, utilizing the bedding mixture of wheat straw, wood
chips, and horse manure, demonstrated stable conditions over 40 weeks. The addition
of bedding materials positively affected nutrient levels and process stability, leading to
increased biogas production. Some limitations were observed at higher OLRs due to
the incomplete degradation of lignocellulosic materials, mainly present in wood chips.
Phase 2, which employed wheat straw bedding alone with horse manure, exhibited similar
stability and slightly higher methane production. Notably, the absence of wood chips in
phase 2 contributed to an enhanced methane yield, highlighting the importance of the
bedding mixture composition in the co-digestion process. Additionally, this study aimed
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to define the optimal combination of OLR and loading ratios. It has been demonstrated
that the most favorable biogas production outcomes were attained using a HW blend of
99% WS and 1% HM. Optimal biogas generation was observed when employing an OLR
of 4.8 kgVS·m−3·d−1 alongside a ratio of HW:SS of three. It is important to emphasize
that the optimal HW:SS ratio identified in this research paper corresponds to the ideal
homogenization and substrate preparation conditions at a laboratory scale. On an industrial
scale, a lower ratio may be encountered depending on several critical points in the digestion
process, such as the mixing and pretreatment of substrates. Overall, this study contributes
to the growing understanding of sustainable waste-to-energy strategies and offers guidance
for optimizing the core parameters suggested for a well-functioning anaerobic digestion.
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