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Abstract

Rapid population growth, urbanization, and industrialization are continuously increasing
global energy demand while intensifying climate change associated with fossil fuel con-
sumption. In this context, renewable energy production from organic waste has gained in-
creasing attention as a sustainable and environmentally friendly strategy. Anaerobic diges-
tion (AD) offers significant potential for simultaneous waste stabilization and biomethane
generation. However, many previous studies investigating lignocellulosic or nutrient-rich
substrates have relied on physical, chemical, or thermal pretreatment methods to enhance
biodegradability, despite their additional operational costs, energy consumption, and en-
vironmental impacts. Therefore, developing low-cost and pretreatment-free co-digestion
strategies remains an important research need. This study investigated the biomethane
production potentials of untreated chicken manure (CM) and duckweed (Lemna minor-
LM) collected from the final sedimentation tanks of wastewater treatment plants under
mono-digestion and co-digestion conditions. The study hypothesized that rapidly growing
and widely available LM biomass could enhance methane production without requiring
pretreatment. Among all reactors, CMO0.75 (75% of the total TS derived from CM and
25% from LM and inoculum) achieved the highest performance with a cumulative biogas
production of 5350 mL (74.2% of CH4) and a methane yield of 327 mL CH4/g VS, while
mono-digestion of CM resulted in the lowest methane yield of 104 mL CH4/g VS. The re-
sults demonstrated that LM biomass naturally proliferating in wastewater treatment plants
can be directly utilized as an effective co-substrate to improve biomethane production
from poultry wastes. The proposed approach provides a cost-efficient, eco-friendly, and
circular-economy-oriented alternative by eliminating the need for pretreatment while si-
multaneously valorizing problematic biomass generated in wastewater treatment facilities.

Keywords: anaerobic digestion; biomethane potential; chicken manure; co-digestion; Lermmna
minor; pretreatment-free digestion

1. Introduction

A continuous rise in global energy demand is stemming from rapid population growth,
accelerated urbanization, and industrial expansion, with projections indicating that total
primary energy consumption could reach 600-1000 EJ by 2050 [1,2] Urban areas now
account for around two-thirds of global energy use and are responsible for a significant
proportion of anthropogenic CO, emissions. The impact on the environment of using fossil
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fuels, including rising global temperatures, sea levels and more extreme weather, has led to
increased international climate-based initiatives to mitigate carbon emissions [3,4]. In this
context, the use of renewable energy and improving energy efficiency have become key
strategies to reduce climate-related risks [1]. Of all the renewable energy sources, biomass
is particularly notable due to its widespread availability, storability, and its potential to
support carbon-neutrality goals when sustainably managed [5].

The use of diverse organic waste streams, along with agricultural and forestry residues,
can help to partially replace fossil fuels and contribute to greenhouse gas mitigation [6].
Among the available conversion pathways, AD is a well-established and efficient bio-
chemical process for converting organic matter into biogas under anaerobic conditions.
The ability to operate continuously and its dual environmental and energy benefits make
biomass-based AD a strategically important technology in low-carbon renewable energy
systems [7,8]. Selecting a suitable substrate is critical for the efficiency and stability of
AD. Chicken manure (CM) is a promising organic residue because of its high organic
matter and nutrient content [9,10]. Despite its considerable biogas potential, AD of CM is
confronted with numerous operational challenges. The breakdown of nitrogen-rich sub-
stances like uric acid and proteins creates ammonium and free ammonia, which can inhibit
methanogenic microorganisms at high levels [11]. These challenges indicate that improved
management strategies are essential to enhance the stability and performance of AD when
using CM as a substrate. In this context, anaerobic co-digestion emerges as an effective
strategy, as it improves biogas production by combining substrates with complementary
characteristics. It balances key parameters such as the carbon-to-nitrogen (C/N) ratio,
nutrient composition, and buffering capacity to create favorable conditions for microbial
activity and methane production [12]. Several studies have examined the co-digestion of
CM with different organic substrates [13,14]. Duckweed (Lemna minor) is a small, floating
aquatic plant that is widely found in freshwater environments. It has gained attention as a
promising source of bioenergy due to its rapid growth, high biomass productivity, and rich
protein and starch content [15,16]. Compared to other bioenergy pathways, research into
using duckweed for biogas production is still in its early stages [16,17]. Existing studies on
duckweed-based AD have increasingly explored co-digestion strategies to enhance process
performance [16,18,19].

Previous studies have mostly used pretreated substrates or complex feedstock combi-
nations or focused on optimizing mixture compositions. While pretreatment can enhance
the biodegradability and methane potential of complex biomass, it introduces extra energy
demands, operational complexity and expenses [20,21]. Therefore, whether co-digestion
alone can provide a simple and effective strategy for biogas production from untreated
biomass remains insufficiently explored.

To address this research gap, the present study experimentally evaluates CM-LM co-
digestion as a pretreatment-free approach by comparing its biochemical methane potential
and process stability with those of CM and LM mono-digestion. Accordingly, the following
research questions are addressed: (i) Does untreated co-digestion result in a higher methane
yield than mono-digestion? (ii) Does it improve anaerobic digestion stability?

2. Materials and Methods

2.1. Feedstock Characterization

This study aimed to determine the biomethane potential (BMP) of both CM with high
protein content and LM formed in the final sedimentation tanks of wastewater treatment
plants. LM particles obtained from ASKI Tatlar Wastewater Plant, Sincan district of Ankara,
had a diameter of 2-3 mm, were round-shaped, and hard-shelled. Biodegradation of
LM is difficult due to the presence of lignin and cellulose in its structure [18]. Fresh CM
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was obtained from an egg-production facility housing approximately 900,000 chickens
in the Cubuk district of Ankara. The collected CM had initial TS and VS contents of
22.0 £ 1.2% and 14.6 £ 0.9%, respectively. Before reactor feeding, it was diluted with water
and passed through a sieve with a 2 mm aperture to remove feathers, eggshell particles,
and other undesirable materials and to obtain a homogeneous slurry suitable for injection
using graduated syringes. The total solid (TS) and volatile solid (VS), pH, and the COD
concentration of the inoculum, CM, and LM were determined before the study. The results
are provided in Table 1.

Table 1. Characteristics of feedstocks.

Feedstock Type TS, % (wlw) VS, % (wlw) COD, g/L pH
CM 12.14 8.91 152 6.30

LM 1.53 1.24 15.2 6.55
Inoculum 1.55 0.90 12.9 7.15

2.2. Experimental Procedure

The experimental procedure builds upon our preliminary conference study [22] and is
presented here with substantial methodological, analytical, and interpretative expansions.
A series of six pyrex borosilicate glass reactors with a working volume of 1.0 L was operated
anaerobically in batch mode at mesophilic temperature (35 £ 1 °C). The inoculum was
obtained from the anaerobic digestion unit of Tatlar Wastewater Treatment Plant (Ankara,
Tiirkiye) operating at mesophilic temperature. One reactor containing only the inoculum
was included as a blank control to account for background methane production. All
reactors were continuously mixed and temperature-controlled using a hot-plate magnetic
stirring system, operated at 200-250 rpm to ensure homogeneity. The temperatures of
the reactors were monitored by a stick thermometer attached to the outer surface of the
reactors and assumed to be 2 or 3 °C lower than inside the reactor. The temperature of the
samples was also monitored every week. The experiments were conducted over a period
of 30 days, which was considered sufficient to achieve substantial biodegradation of the
organic substrates and stabilization of biogas production. To evaluate the BMP values
of CM and LM, different substrate mixing ratios, given in Table 2, were applied across
the reactors. Except for the inoculum control, all reactors were prepared by adjusting the
volumetric proportions of CM, LM, and inoculum to achieve a constant TS loading of 13.6 g
per reactor. For example, to get the CM0.75 reactor ready for the operation, 693 mL of
inoculum, 84 mL of CM including a TS of 10.2 g, and 223 mL of LM includinga TSof 3.4 g
were injected into the reactor, as specified in Table 2. This approach ensured comparability
of the results by maintaining a consistent organic loading basis across all experimental
conditions. The designation of the reactors and their respective feeding compositions, and
the approximate TS and VS concentrations are presented in Table 2. Following preparation,
the reactors were gasified with nitrogen for 5 min each to get rid of the oxygen in the
reactors. Further, they were sealed and linked to the biogas collection system to initiate the
anaerobic digestion experiments.
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Table 2. Reactor designations and feeding compositions.

Reactor Vinoculum Winoculum Vem Wem Vim Wim Total TS  Total VS VSsub.
(mL) (g TS) (mL) (g TS) (mL) (g LM) (~g/L) (~g/L) (~g/L)
M1 890 13.8 110 13.6 - - 27.4 17.8 10.0
LM1 110 1.7 - - 890 13.6 15.3 12.0 11.1
CMO0.75 693 10.8 84 10.2 223 34 14.2 16.4 10.3
LMO0.75 305 4.7 28 34 667 10.2 149 13.5 111
CMLMO0.5 500 7.8 56 6.8 444 6.8 14.6 149 10.5
Inoculum 1.0 15.5 - - - - 15.5 8.9 -

V: volume (mL), W: weight (g), CM1: Chicken manure + inoculum, LM1: Lemna minor + inoculum,
CMO0.75: 75% of the total TS is from CM and 25% of the total TS is from LM + inoculum, LMO0.75: 75%
of the total TS is from LM and 25% of the total TS is from CM + inoculum, CMLMO0.5: 50% of the total
TS is from CM and 50% of the total TS is from LM + inoculum.

2.3. Analytical Methods

Biogas production from each reactor was quantified using a water displacement
system with inverted graduated cylinders. Gas volumes were recorded either daily or at
multi-day intervals, depending on the biogas production rate. A schematic representation
of the experimental setup and a photograph of the laboratory-scale system are provided
in Figure 1A,B. Well-mixed digestate samples (20 mL) were collected weekly through
the sampling port using a wide-bore graduated syringe for physicochemical analyses.
The reactor contents were thoroughly mixed before sampling to ensure a homogeneous
digestate consistency, and no clogging occurred during sample collection. The volume
removed during weekly sampling was taken into account when calculating the total
methane production. The methane content of the produced biogas was determined using
an Orsat gas analyzer at 34 day intervals, following the procedure described by [23].
Reactor pH and oxidation-reduction potential (ORP) were monitored weekly using a
bench-top multi-parameter instrument.

Sampling port
(syringe)

eedstock N
o Uy v Gradualed
Inoculum Cylinder

Hot-Plate
Magnetic
Stirrer

Water Trough

(A) (B)

Figure 1. Schematic representation of the laboratory-scale batch anaerobic digestion setup (A), a pho-
tograph of the experimental setup showing reactors, gas collection lines, and the water displacement
system (B) used for biogas measurement.

The residual chemical oxygen demand (COD) in the reactors was measured on a weekly
basis using a Hach Lange CADAS 200 spectrophotometer in combination with commercial
test kits (LCK 014). TS and VS contents of the inoculum, CM, and LM were determined
according to Standard Methods for the Examination of Water and Wastewater [24].
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3. Results and Discussion
3.1. Influence of Substrate Composition on Biogas and Methane Production

Accounting for the biogas production from substrates and inoculum together, the
cumulative biogas production and methane content obtained from the reactors are pre-
sented in Figure 2A. In accordance with the experimental results, the co-digestion reactors
generally showed higher observed performance than the mono-digestion ones. Among all
experimental groups, the CMO0.75 reactor exhibited the highest performance, producing
5350 mL of cumulative biogas (74.2% of CHj). The other mono- and co-digestion reactors
produced a cumulative biogas of between 1650 and 3150 mL. Due to the fixed TS loadings
of 13.6 g from substrates-only, the CM, LM, and the inoculum volumes changed in all
reactors (Table 2). Therefore, the CH4 contribution of the inoculum varied from one reactor
to another. To eliminate CHy4 production originating from the inoculum in the reactors, the
inoculum volumes fed to each reactor and the cumulative biogas production (1394 mL)
and CHy content (64%) of the inoculum reactor were used as the basis. Thus, the total
CHy production, CHy originating from substrate, and the CHy yields were calculated and
presented in Figure 2B.
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Figure 2. Cumulative biogas production and methane contents obtained from the reactors accounting

for substrates and inoculum together (A), total methane and substrate-derived methane (free of
inoculum contribution) production, and methane yield (B) of the reactors.

The total CH4 production attributable solely to the substrates increased in the following
order: CM1 (1033 mL) < LM1 (1285 mL) < CMLMO0.5 (1303 mL) < LMO0.75 (2280 mL) <
CMO0.75 (3355 mL). Methane yields were calculated using both the VS of the feed substrates
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and the combined VS of the substrates and inoculum, as presented in Figure 2B. After
accounting for the endogenous methane contribution of the inoculum, the substrate-based
methane yields ranged from 104 mL CH4/g VS in CM1 to 327 mL CH4 /g VS in CMO0.75.
Although the total methane production of CM1 was comparable to that of CMLMO0.5, a
larger proportion of the methane measured in CM1 originated from the inoculum because
of the higher inoculum volume. Consequently, despite the substantial organic content of
CM, CM1 showed a substrate-based methane yield similar to that of LM1. The biomethane
potential of CM has been reported to range from 200 to 360 mL CHy/g VS, depending on
its characteristics and the applied operational conditions [25,26]. The lower yield obtained
from CM1 may reflect incomplete conversion of particulate organic matter under the
applied reactor configuration and 30-day digestion period. Although ammonia inhibition
has been reported for CM-based anaerobic digestion [10], it could not be evaluated because
nitrogen, total ammonia nitrogen, and free ammonia concentrations were not measured in
the present study. Moreover, because the pH of CM1 did not exceed 7.5, the proportion
of free ammonia was expected to remain relatively low. Based on previous studies, the
higher observed performance in CM0.75 and LMO0.75 configurations may be associated
with the complementary characteristics of the co-substrates and the combined influence of
substrate composition and reactor conditions [27,28]. However, the specific mechanisms
responsible for the observed differences could not be determined as well as the results
did not confirm a synergistic interaction or demonstrate enhanced biodegradability of
the individual substrates. Previous studies have reported that co-digestion may improve
anaerobic digestion performance through complementary nutrient characteristics, dilution
of inhibitory compounds, and potentially more favorable C/N conditions [26,28]. CM
generally has a high organic nitrogen content due to its elevated protein content, and
its anaerobic degradation may result in ammonia accumulation, potentially inhibiting
methanogenic microorganisms, particularly under high organic loading conditions [11].
Co-digestion with a substrate having complementary characteristics, such as LM, may
therefore contribute to a more favorable substrate mixture. Nevertheless, because the carbon
and nitrogen contents, ammonia concentrations, and microbial community composition
were not measured, these possible mechanisms could not be verified. The results indicate
that untreated LM can be incorporated as a co-substrate in CM-based anaerobic digestion at
batch scale; however, its specific contribution to process stability and methane production
requires further investigation.

Importantly, these results were obtained without pretreatment of the substrate mix-
tures. Previous studies investigating LM-based anaerobic digestion have employed thermal,
mechanical, or chemical pretreatment methods to disrupt lignocellulosic structures and im-
prove hydrolysis efficiency [29,30]. However, because no direct comparison with pretreated
substrates was performed, the present findings indicate only the batch-scale feasibility
of pretreatment-free co-digestion and do not demonstrate equivalence or superiority to
pretreatment-based systems. In the present study, LM harvested directly from the final sed-
imentation tanks of a wastewater treatment plant was evaluated as a co-substrate without
pretreatment. The observed biomethane production indicates that this wastewater-derived
biomass has potential for direct use in AD. Because LM may accumulate rapidly in nutrient-
rich wastewater environments and create operational challenges in clarification units, its
recovery and utilization could contribute to both biomass management and renewable
energy production. The findings therefore suggest that naturally accumulated LM may
serve as a bioenergy feedstock without additional pretreatment. However, the practical
and economic feasibility of this approach should be validated through continuous reactor
studies and techno-economic assessment.
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The methane yield obtained in the CM0.75 reactor was also comparable to or higher
than several previously reported LM co-digestion studies where pretreatment was applied.
In recent years, several studies have reported improved methane production from CM
through co-digestion strategies involving different organic co-substrates. Alkhrissat and
co-workers [31] investigated the co-digestion of CM and perennial ryegrass and reported
enhanced methane yields under optimized substrate ratios. Similarly, co-digestion systems
involving poultry manure, food waste, municipal organic wastes, and agricultural residues
have been shown to improve digestion stability and methane generation through nutrient
balancing and dilution of inhibitory compounds. Nevertheless, many of these studies
relied on pretreatment methods, conductive additives, or external process intensification
strategies to enhance biomethane production. In contrast, the higher methane production
observed in the selected CM-LM co-digestion configurations was obtained using untreated
substrates without such additional interventions.

3.2. Comparative Evaluation of COD and Solids Degradation in Mono- and Co-Digestion Reactors

The pH values and TS, VS, and COD contents and removal rates obtained from the
reactors are presented in Figure 3A-D. The pH of the reactors ranged between 6.9 and 7.6
during the study, which is in the range where anaerobic microorganisms can actively grow
and populate in the process [29]. Only in the LM1 reactor, the pH declined to around 6.4
in the 1st week and then started to increase to neutral pH again after the 2nd week. This
may have occurred due to the partial biodegradation of particulate matter into VFAs at the
beginning of the study, which can lower the pH. As it is known, LM is a hemicellulosic
substrate rich in protein and has an outer shell resistant to biodegradation [18]. A slow
biogas production rate of the LM1 reactor in the first 10 days of the study supports the thesis
of solubilization of organic materials and pH decline in the first 2 weeks before becoming
an available compound for methane production. This is evident in Figures 2A and 3A.

Due to the natural content of the feed substrates and the inoculum, the TS, VS, and
COD concentrations of the reactors at the beginning of the study varied according to
the feeding rates of each substrate and inoculum, as shown in Figure 3B,C. The COD
concentrations of the reactors changed between 14.9 and 28.4 g COD/L at the start. At
the end of the study, the COD removal efficiencies of the reactors ranged between 41
and 70%, including the inoculum reactor. As shown in Figure 3C,D, the highest COD
removal efficiency was observed in the CMO0.75 reactor (70%), followed by LMO0.75 (58%)
and CMLMO.5 (55%), which of all benefited from the co-digestion effects. On the other hand,
CM1 and LM1 reactors presented a COD removal efficiency of 49 and 45%, respectively.
The results are aligned with the TS and VS removal efficiencies and methane production
performances of the reactors as presented in Figures 2 and 3. The difference in the COD
removal rates of co-digestion reactors, especially the CM0.75, compared to mono-digestion
reactors, can explain the difference in methane production and yield.

At the beginning of the study, the TS contents of the LM1, inoculum, LMO0.75,
CMLMO0.5, CM0.75, and CM1 reactors were 1.53%, 1.55%, 1.83%, 2.13%, 2.44%, and 2.74%,
respectively, as shown in Figure 3B. Because of the differences in particulate matter content
of the substrate mixtures and the biodegradation rates in the reactors, the TS removal rates
ranged between 21.8% (CM1) and 38.5% (CMO0.75) in the reactors, as shown in Figure 3D.
The results are in parallel with the methane production obtained from the substrate, where
the CMO0.75 and CML1 reactors presented the highest and lowest methane productions,
respectively. Besides, the second highest TS removal rate (37.1%) was observed at another
co-digestion reactor, LM0.75.
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Figure 3. The pH values (A), TS content (B), COD concentrations (C), and TS, VS, and COD removal
rates (D) of the reactors.

Co-digestion of the substrates improved the TS removal rates. Compared with LM1,
the higher TS removal rate obtained in CMLMO0.5 indicated improved overall degradation
performance when LM was co-digested with CM. Based on findings reported in previous
studies, this improvement may be associated with complementary nutrient characteristics
and a potentially more favorable C/N balance in the substrate mixture, as well as possible
effects on the microbial community [16,19,28,31,32]. However, because the carbon and
nitrogen contents were not measured in the present study, the contribution of the C/N
ratio could not be directly verified. The initial VS contents of the reactors ranged from
1.00% to 1.11%. At the end of the study, the VS removal rates of the inoculum, CM1, LM1,
CMLMO.5, LMO0.75, and CMO0.75 reactors were 18.53%, 36.80%, 38.67%, 42.11%, 51.19%, and
55.25%, respectively. Similarly, the co-digestion reactors, especially CM0.75 and LMO0.75,
presented higher VS removal rates compared to mono-digestion reactors. The VS removal
rates obtained in the co-digestion reactors are compatible with the results reported by Bay
an co-workers [33]. They reported a VS removal rate of 45-60% in co-digestion reactors
treating CM and municipal organic solid waste at various mixture ratios, stating that the
co-digestion enhanced the methane production and VS removal performances. In another
study, Gaur and co-workers [29] reported a VS reduction of 50% at the mixture of 2.5:1 of
LM and waste activated sludge without any pretreatment, which is almost the same as our
finding (51% VS removal) at the LM: CM ratio of 3:1. Even though the biodegradation of
the LM is more difficult compared to substrates such as manure or food waste, due to its
lignocellulosic content, the LMO0.75 reactor showed the second highest methane production
and VS removal results in the study. This result indicates the favorable overall performance
of the LM-rich mixture under the conducted batch conditions, although the mechanisms
responsible for this performance could not be determined.
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3.3. The Effects of Pretreatment-Free Co-Digestion

Chemical, thermal, and mechanical pretreatments are commonly employed to acceler-
ate the rate-limiting hydrolysis of structurally complex feedstocks in AD [26]. Anaerobic
co-digestion involves the mixing and simultaneous treatment of diverse waste streams to
enhance methane production efficiency. A pretreatment-free configuration may reduce
the number of unit operations and associated infrastructure; however, the extent of these
benefits depends on feedstock properties and site-specific operating conditions [34]. From
an engineering perspective, co-digestion can also improve the physical characteristics of the
feed mixture by adjusting its moisture and solids contents and facilitating mixing and ma-
terial handling. Combining waste with different characteristics may additionally provide
a more suitable feed mixture for biological conversion. Nevertheless, substrate selection
and mixing ratios should be carefully controlled because not every combination produces
the same digestion performance [27,34]. The results obtained from the experimental work
indicate a highly pronounced effect of CM and LM when they are co-digested, even in the
absence of feedstock pretreatment. Mono-digestion of CM and LM yielded remarkably low
performance, with 104 mL CHy/g VS and 116 mL CHy4/g VS, respectively. These reduced
performances can be attributed to the distinct metabolic bottlenecks.

Bi and co-workers [35] reported that CM mono-digestion may be susceptible to ammo-
nia inhibition because of its high nitrogen and uric acid contents. In contrast, LM contains
rigid lignocellulosic cell walls that may restrict rapid enzymatic accessibility when digested
alone [30,36]. In the present study, certain CM-LM mixtures exhibited higher overall
solids removal and methane production than the corresponding mono-digestion reactors.
However, these results do not demonstrate that mixing inherently enhanced the enzymatic
degradation of the lignocellulosic structure of LM. The observed improvement may instead
be associated with external process effects, including the complementary characteristics and
proportions of the substrates, dilution of potentially inhibitory compounds, and differences
in inoculum amount. Because enzymatic activity was not measured and these factors were
not independently controlled, their individual contributions to the observed performance
could not be determined. The co-digestion represents an optimal threshold, improving the
methane production performance from 1033 mL to 3355 mL and increasing the methane
yield to 327 mL CHy/g VS. This dramatic spike is driven by the complementary nutrient
profiles of the co-substrates. LM provides structural moisture, essential trace elements,
and a carbon-rich profile that dilutes and balances the nitrogen-heavy CM [26,30,35]. As
explained by Mata-Alvarez and co-workers [28], optimization of the carbon-to-nitrogen
ratio stabilizes the systemic pH and prevents the ammonia-related problems, enhancing the
metabolic efficiency of the methanogenic consortia without needing costly thermo-chemical
or physical pretreatments. However, increasing the proportion of duckweed further, as in
LMO0.75 and CMLMO0.5 reactors, causes a step-down in methane yields to 205 and 124 mL
CHy/g VS, respectively. This phenomenon is also reported by Negassa and Fikadu [18]
and Yadav and co-workers [30], which confirms that while co-digestion successfully un-
locks interactive benefits, the system remains highly sensitive to substrate mixing ratios,
requiring a dominant fraction of easily biodegradable volatile solids as in CM alongside a
measured volume of duckweed buffer to trigger the methane boost.

4. Conclusions

This study evaluated the biomethane production and organic matter removal perfor-
mance of untreated CM and LM under mono- and co-digestion conditions in mesophilic
batch reactors. Among the conducted configurations, CM0.75 achieved the highest cu-
mulative biogas production (5350 mL), methane yield (327 mL CH4/g VS), COD removal
efficiency (70%), and TS removal rate (38.5%). LMO0.75 showed the second-highest TS
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removal rate (37.1%) and a COD removal efficiency of 58%, while CMLMO0.5 achieved 55%
COD removal. In comparison, the COD removal efficiencies of the CM1 and LM1 mono-
digestion reactors were 49% and 45%, respectively. These results show that all co-digestion
configurations generally achieved higher observed methane production and organic matter
removal than the mono-digestion reactors under the applied experimental conditions.

The generally stable pH conditions supported anaerobic digestion, although a tempo-
rary decrease was observed in LM1 during the initial period. The subsequent pH recovery
and delayed methane production in LM1 were consistent with the slower conversion of
its particulate organic matter. Overall, the findings indicate that a CM-rich mixture, rep-
resented by CMO0.75, was the most favorable of the investigated substrate compositions
and that untreated LM can be incorporated into CM-based anaerobic digestion without
pretreatment. However, the results do not demonstrate a synergistic interaction or identify
the individual mechanisms responsible for the observed differences. All substrate-fed reac-
tors received the same substrate-derived TS loading of 13.6 g, while their substrate-derived
VS concentrations were comparable, ranging between 10 and 11 g VSsub/L. Methane
yields were normalized to the substrate-derived VS, and the endogenous methane contri-
bution of the inoculum was determined using the inoculum-only reactor. Thus, the reactor
configurations were compared on a consistent substrate-loading basis. Nevertheless, the
different inoculum amounts resulted in variations in the substrate-to-inoculum ratio, which
may have influenced degradation kinetics and the methane yields measured during the
30-day digestion period. Moreover, carbon and nitrogen contents, ammonia concentrations,
enzymatic activity, and microbial community composition were not measured. Therefore,
the contribution of these factors to the observed differences could not be determined, and
the findings should be considered specific to the conducted batch configurations. Further
studies using consistent substrate loadings and controlled substrate-to-inoculum ratios in
continuous and pilot-scale reactors should include detailed nutrient characterization, total
ammonia nitrogen and free ammonia monitoring, microbial analyses, and techno-economic
and life cycle assessments to validate and optimize the proposed approach.
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