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Abstract

Anaerobic co-digestion (AcoD) is a promising strategy to enhance biogas production and
improve the sustainability of wastewater treatment plants (WWTPs). However, information
regarding process scale-up and reactor performance following the interruption of co-
substrate feeding remains limited. This study evaluated the anaerobic co-digestion of
municipal mixed sludge (MMS) and fruit and vegetable peel purées (FVPP) in a 10.6 L semi-
continuously fed continuously stirred tank reactor (CSTR), operating under conditions
representative of municipal WWTP anaerobic digesters. Mono-digestion (AMD) and co-
digestion (AcoD) assays were conducted under mesophilic conditions and assessed through
process performance indicators. AcoD increased methane concentration from 58.50% to
60.75%, while total volatile solids (TVS) removal efficiency increased from 41.67% to 59.84%
in comparison with AMD. Total chemical oxygen demand (CODr) removal efficiency
also improved from 40.82% to 56.48%. Furthermore, H,S concentrations decreased from
approximately 350 ppmv during mono-digestion to 7 ppmv during co-digestion. An
additional mono-digestion trial (aAMD) performed after co-substrate withdrawal achieved
the highest specific methane production (0.27 L CHy/g~! TVS) and organic matter removal
efficiencies (63.73% for TVS and 67.55% for CODr, respectively). These results demonstrate
that co-digestion of MMS and FVPP improves methane quality, enhances organic matter
removal, and reduces HyS emissions, while maintaining stable reactor performance under
scale-up conditions and after the interruption of co-substrate feeding.

Keywords: biogas; centralized wastewater treatment plants; lab pilot-scale; methane yield;
peel pulps; waste management

1. Introduction

The global annual production of municipal sewage sludge surpasses 100 million tons
in wet weight [1,2]. As urbanization continues to accelerate and centralized wastewa-
ter treatment plants (WWTPs) expand, this volume is projected to increase significantly,
posing escalating challenges for safe disposal and resource recovery [3,4]. Traditional
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disposal methods, including incineration, landfilling, and land application, raise substan-
tial concerns related to pathogen spread, greenhouse gas emissions, and environmental
contamination with heavy metals and micropollutants. Therefore, the sustainable man-
agement of sewage sludge is a critical environmental and economic issue on a global
scale, especially within the frameworks of the circular economy principle and climate
neutrality objectives [5-7]. Addressing these challenges requires innovative approaches
that prioritize environmental safety, resource efficiency, and compliance with evolving
regulatory standards, ensuring that sewage sludge management aligns with sustainable
development goals.

Anaerobic digestion (AD) is increasingly recognized as a sustainable technology for
sludge stabilization and biogas production, offering an environmentally friendly alterna-
tive to traditional waste management practices [8-12]. It is a multi-step biological process
in which complex organic matter is converted into biogas through the coordinated ac-
tivity of different microbial groups. The process is commonly described by four main
biochemical stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. During
hydrolysis, complex particulate organic matter, such as carbohydrates, proteins, and lipids,
is enzymatically converted into soluble compounds, including sugars, amino acids, and
long-chain fatty acids. These products are subsequently fermented during acidogenesis into
volatile fatty acids, alcohols, Hp and CO,. During acetogenesis, longer-chain intermediates
and volatile fatty acids are further converted mainly into acetate, H, and CO,. Finally,
methanogenic archaea convert acetate and H, /CO, into CH4 and CO,, resulting in the
production of biogas [13,14]. Nonetheless, mono-digestion of municipal mixed sludge
occasionally encounters several limitations, including low carbon-to-nitrogen (C/N) ratios,
diminished methane yields, instability in the digestion process, and vulnerability to in-
hibitory substances such as ammonia and volatile fatty acids (VFAs) accumulation [15,16].
During wastewater treatment, two primary types of sludge are generated: primary sludge
(PS) and secondary sludge (SS). SS, in particular, presents management challenges due to
its relatively low biodegradability [17,18]. When combined, these sludge fractions form
municipal mixed sludge (MMS), which is typically subjected to anaerobic digestion (AD)
for stabilization and biogas production.

To address the limitations associated with mono-digestion, anaerobic co-digestion
(AcoD) has been proposed as an effective strategy. AcoD enhances nutrient balance,
stimulates microbial activity, and dilutes inhibitory compounds, thereby improving biogas
yields [19-24]. Among various co-substrates, food waste, especially fruit and vegetable
waste (FVW), is particularly attractive due to its high water content and abundance of
readily biodegradable carbohydrates such as sugars and starches. Additionally, FVW’s
high C/N ratio complements the nitrogen-rich composition of sewage sludge, facilitating
more balanced digestion processes [25,26].

Despite the well-documented benefits of AcoD, most research has focused on batch
experiments, synthetic feedstocks, or isolated sludge types (PS or SS). Although pilot-scale
studies have contributed significantly to the development of full-scale anaerobic diges-
tion systems, challenges associated with process scale-up remain an important research
topic [27-29]. Furthermore, some investigations rely solely on modeling approaches, such
as the Anaerobic Digestion Model No. 1 (ADM1), which can be limited by complexity and
data requirements [30-32].

Information regarding the transitional scale-up of co-digestion systems and reactor
performance following the interruption of co-substrate feeding remains limited, and ad-
dressing these knowledge gaps is essential to support the practical implementation of
anaerobic co-digestion in WWTPs, where fluctuations in the availability of external organic
residues may occur. Therefore, this study evaluates the anaerobic co-digestion of MMS
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and FVW under semi-continuous operation. The main objectives were: (i) to assess process
performance and stability following scale-up from a previously studied 2.1 L reactor to a
10.6 L continuously stirred-tank reactor (CSTR); (ii) to evaluate the effects of co-digestion
on methane production, biogas quality, organic matter removal and process stability; and
(iii) to investigate reactor behavior after the interruption of co-substrate addition, simu-
lating conditions that may occur in full-scale WWTP operation. In addition, this study
adopted an operational strategy specifically designed to reflect the constraints of full-scale
WWTPs. Rather than replacing a fraction of the municipal mixed sludge with the co-
substrate, as frequently considered in co-digestion studies [33-35], the sludge feed was
maintained, and fruit and vegetable waste was added as a supplementary substrate at a
ratio of 100:10 (MMS:FVW, wet basis). This approach allowed the evaluation of co-digestion
under conditions that preserve the sludge treatment capacity of the WWTP while assessing
the potential benefits of integrating an external organic waste stream into the anaerobic
digestion process. The findings contribute to the development of strategies for real-scale
implementation of anaerobic co-digestion, supporting energy self-sufficiency, reducing
operational costs, promoting the sustainable valorization of urban biowaste streams, and
contributing to carbon neutrality goals.

2. Materials and Methods

The diagram illustrated in Figure 1 depicts the sequence of activities conducted
during each laboratory study to facilitate the subsequent evaluation of scaling up to
a pilot laboratory phase and supports the future implementation of the process on an
industrial scale.
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Figure 1. Experimental flowchart of the semi-continuous anaerobic digestion study and timeline of the
R2.1 and R10.6 experimental trials. AMD: Anaerobic Mono-digestion; aAMD: Additional Anaerobic
Mono-digestion; AcoD: Anaerobic Co-digestion; CSTR: Continuous stirred-tank reactor; MMS:
Municipal mixed sludge; FVW: Fruit and Vegetable Waste; FVPP: Fruit and vegetable peel purées.
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2.1. Substrates

The MMS used in this work was collected from a municipal WWTP in Lisbon, Portugal.
It was composed of a mixture of thickened primary sludge and the excess secondary sludge
thickened by flotation, with an average primary-to-secondary sludge ratio of about 60:40.
Samples were transported to the laboratory under refrigerated conditions. The collection
was made at different times throughout the experimental period (totaling seven different
samples) to ensure that each trial represented the natural temporal variability of sludge
characteristics and operational conditions at the plant.

As a co-substrate, FVW was selected based on its high biodegradability and availability,
and included apple peels, banana peels, and carrot peels, which were mechanically pre-
treated using a food chopper (Hoffen, model PSP-H151, 350 W; Joinco Imp. e Exp., Lda.,
Lisboa, Portugal). Each peel type was chopped for 2 min with the addition of water at a
1:2 peel-to-water ratio (w/w), yielding fruit and vegetable peel purées (FVPP) that were
prepared at the start of each co-digestion trial.

After collection and preparation, the MMS and the FVPP were stored separately under
refrigerated conditions (4 °C) until their use for reactor feeding.

2.2. Trials in Reactor R2.1

The study identified by R2.1 in Figure 1 served as the baseline study for the present
work. The operational conditions established and validated in R2.1 were used as the
basis for the design and operation of the 10.6 L reactor (R10.6), enabling the evaluation of
process performance and stability during scale-up while minimizing the influence of major
changes in operating parameters. It investigated the comparison between a mono-digestion
scenario with MMS and a co-digestion scenario in which fruit and vegetable peel purées
(FVPP), specifically apple, banana, and carrot, were added (10% volumetric proportion).
The selected FVPP proportion was based on comprehensive physicochemical analyses [20].
These analyses revealed that apple peel purée (APP) contained the highest carbohydrate
content and demonstrated superior sugar preservation over time, while banana peel purée
(BPP) and carrot peel purée (CPP) exhibited similar compositional profiles and degradation
behaviors. Consequently, a blend comprising 40% APP, 30% BPP, and 30% CPP was selected
for subsequent co-digestion experiments with the microbial mixture substrate (MMS).

Mono- and co-digestion experiments were performed using a 2.1 L continuous stirred-
tank reactor (CSTR) operated under mesophilic conditions at approximately 37 £ 1 °C [36].
The hydraulic retention time (HRT) was set at 18 days for the mono-digestion assays based
on the municipal WWTP from which the sludge was collected, to reproduce the operating
conditions encountered in the full-scale anaerobic digesters, and 16 days for co-digestion,
to account for the additional volume introduced by the FVPP, which was added to the
MMS to evaluate the digestion efficiency and process stability. This approach (that was
maintained during the R10.6 trials) reflects a realistic WWTP implementation scenario,
where the amount of MMS fed to the reactors was maintained during both mono-digestion
and co-digestion phases. Co-digestion was achieved by supplementing the baseline sludge
feed with FVW at an MMS:FVW ratio of 100:10 (wet basis), rather than replacing a fraction
of the sludge feed.

2.3. Trials in Reactor R10.6

In this study (identified by R10.6 in Figure 1), a larger continuous stirred-tank reactor
(CSTR) with a working volume of 10.6 L was utilized. The operational conditions applied
in R10.6 were intentionally selected to replicate those previously validated in R2.1, allowing
the assessment of whether reactor performance, stability, and methane production could
be maintained following an approximately five-fold increase in working volume. The
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mono- and co-digestion scenarios (I-AMD and II-AcoD) were conducted under mesophilic
conditions with a temperature maintained at approximately 35 £ 1 °C (slightly lower
than in the previous assays). The same volume of MMS was used across all experimental
trials, and each scenario was operated for three HRTs after reaching steady-state conditions.
After completing the mono- and co-digestion trials, an additional mono-digestion test
(aAMD) was performed to assess the reactor performance without FVPP and to compare it
with the initial conditions, simulating a realistic full-scale scenario, in which the WWTP
might temporarily stop receiving the FVW. This final mono-digestion trial was designed
to simulate an operational strategy that could be adopted at WWTPs, where flexibility is
required to manage variations in the availability and logistics of co-substrate and sewage
sludge flows.

The laboratory unit comprising the CSTR of 10.6 L is shown in Figure 2. The CSTR
system was equipped with a peristaltic pump (Watson Marlow, 24 W) for substrate feeding,
a thermostat-controlled thermal blanket, and two stirring systems: a Janke & Kunkel IKA-
Werk RE 16 SOTEL (IKA-Werke GmbH & Co. KG, Staufen im Breisgau, Germany) unit
to homogenize the influent, and an RSLAB-13 (RSLAB series, China) overhead stirrer to
maintain biomass mixing inside the reactor. Daily biogas production was measured with a
gas meter (Bessel s.r.l.,, BSM-0, Perugia, Italy), while biogas composition (CH,, CO,, and
H,S) was analyzed weekly using an external LMSxi Multifunction Gas Analyzer, Gas Data,
Coventry, UK (not integrated in the system).
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Figure 2. R10.6 Lab-scale experimental setup: 1—CSTR; 2—Influent tube; 3—Peristaltic pump for
the influent; 4—Stirring system for the influent; 5—Thermometer; 6—Stirring system for the CSTR;
7—Effluent tube; 8—Gas meter; 9—Lab unit control panel; 10—External biogas analyzer.

The 10.6 L reactor was fed hourly during an average daily feeding window of 6 h.
During each feeding event, the influent was added in discrete portions, and the reactor was
stirred only during the feeding period to promote substrate homogenization. To improve
mixing, agitation was maintained for 2 min before and 2 min after each feeding event.
Outside the feeding window, the mixing system remained off. No separate inoculum was
added at the beginning of the study, since the reactor already contained biologically active
WWTP sludge biomass, which acted as the anaerobic microbial consortium for the process.
Both reactors (R2.1 and R10.6) were operated under semi-continuous feeding conditions,
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and substrate feeding and digestate withdrawal were performed during weekdays in
order to maintain the desired hydraulic retention time and constant working volume. The
operational conditions selected for both reactors were intended to reproduce, as closely
as possible, the anaerobic digestion conditions found in the municipal WWTP selected
for this study. In addition, the experimental parameters for the R10.6 reactor were based
on those previously applied and validated in the R2.1 reactor study described by [36],
allowing direct comparison between scales. This approach enabled the assessment of
process scalability while minimizing the influence of changes in operational parameters on
reactor performance.

2.4. Analytical Determinations

During the trials, several parameters were monitored daily, including pH and elec-
trical conductivity (EC) of influent and digestate (measured using an XS PC 50 VioLab
multiparameter with Electrode 201T DHS, Giorgio Bormac S.r.1., Modena, Italy). Reactor
temperatures were also recorded. Analytical determinations included total solids (TS),
total volatile solids (TVS), total and soluble chemical oxygen demand (CODt and CODs),
Kjeldahl nitrogen (Kjy), and ammonium nitrogen (N-NH4 ") for both influent and digestate,
following standard APHA methods [37]. Additional analyses included elemental compo-
sition via inductively coupled plasma optical emission spectrometry (ICP-OES, Thermo
Scientific iCAP 7000 series, Thermo Fisher Scientific, Bremen, Germany), and volatile fatty
acids (VFAs: formic, acetic, lactic, propionic, isobutyric, isovaleric, and valeric acids) that
were quantified by high-performance liquid chromatography (HPLC, Dionex ICS-3000,
Thermo Fisher Scientific, Bremen, Germany) with electrochemical detection.

Digestate alkalinity was determined as total alkalinity (TA) and bicarbonate alkalinity
(BA) according to Martin-Gonzalez et al. [38]. The C/N ratio was calculated by dividing the
TVS by 1.724 in accordance with Cuetos et al. [39] to obtain organic carbon and then dividing
it by the organic nitrogen (Norg, determined through the difference between Kjy and
N-NH,"). Total volatile suspended solids (TVSS) were also measured according to standard
APHA methods [37]. All assays were carried out in triplicate to ensure statistical reliability.

Key indicators of AD performance and stability were calculated, including organic
loading rate (OLR), gas production rate (GPR), specific gas production (SGP), specific
methane production (SMP), specific energy loading rate (SELR), and removal efficiencies of
TVS and CODr.

2.5. Statistical Analysis

To determine whether significant differences existed among the experimental trials re-
garding daily biogas production, a Kruskal-Wallis test was performed. This non-parametric
alternative to one-way ANOVA was selected because key parametric assumptions, partic-
ularly normality, were not met, as confirmed by the Shapiro-Wilk, D’ Agostino—Pearson,
and Anderson-Darling tests. When the Kruskal-Wallis test indicated potential differences,
Dunn’s post hoc test was applied for pairwise multiple comparisons to identify which
trials differed significantly. This methodology ensured robust statistical inference while
accommodating the non-Gaussian distribution of the dataset. All analyses were carried out
using GraphPad Prism (version 5.0), and statistical significance was defined at p < 0.05.

3. Results and Discussion
3.1. R10.6 Mono-Digestion Scenario—AMD

The physicochemical characterization of the influent and the digestate samples from
the R10.6 AMD scenario is presented in Table 1. As reported by Li et al. [40], the optimal
pH for anaerobic digestion varies across process stages: slightly acidic conditions (5.5-6.5)
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are favorable for hydrolysis and acidogenesis, whereas slightly alkaline conditions (7.0-7.5)
are preferable for methanogenesis. Throughout the trials, pH values remained within this
range, with influent average value of 5.92 + 0.19 and digestate average value of 7.55 £ 0.15.

Table 1. Physicochemical characterization of the influent and digestate from the AMD Scenario

X £+ o;n=3).

Parameters Influent Digestate
pH 5.92 +0.19 755 £0.15
EC (mS/cm) 2.45 £ 0.52 427 £0.17
TS (g/L) 29.54 £0.17 20.33 £0.21
TVS (g/L) 24.85 £ 0.14 14.51 +£0.12
TVS/TS (%) 84.12 71.37
CODr (g/L) 36.66 + 2.86 21.67 £ 0.67
CODs (g/L) 1.88 £ 0.04 1.58 £0.02
CODs/CODrt (%) 5.13 7.29
TVSS (g/L) ng. 13.19 + 0.06
N-NH4* (g/L) 0.39 £ 0.02 0.97 £0.01
Kjn (g/L) 2.04 £0.04 1.74 +0.02
Norg (g/L) 1.65 £0.03 0.77 £ 0.02
C/N 8.74 £ 0.23 10.97 £ 1.39
TA (mg CaCOs/L) ng. 3245 4+ 100
BA (mg CaCOs5/L) ng. 2940 + 120

n.q.: not quantified.

The TVS/TS ratio decreased from 84.12% in the influent to 71.37% in the digestates,
confirming organic matter degradation during the AD process. These values align with
those reported by Ferrer et al. [41], who observed 68-77% in MMS anaerobic digestion using
a5 L CSTR. Conversely, due to the low biodegradability of MMS, mainly because of the rigid
structure of sludge flocs and the presence of microbial cell walls in the secondary sludge
(Lu et al. [42]), the CODg/CODr ratio increased from 5.13% in the influents to 7.29% in the
digestates, reflecting the hydrolysis of particulate organic matter into a soluble fraction.

The C/N ratio of 8.74 in the influent, is in accordance with the 7.00-9.00 values reported
by Silva et al. [22] for MMS digestion. These values are still below the recommended range
(20:1-30:1) referred by Alehign et al. [43], confirming the relatively high nitrogen content
of MMS.

Total alkalinity remained below the maximum stability threshold of 4000 mg CaCO3/L
(Martin-Gonzales et al. [38]), with values of 3245 & 100 mg CaCOj3 /L. This contrasts with
Wang et al. [44], who reported 4183 mg CaCQOj3/L for anaerobic digestion of municipal
sludge without pre-treatment.

Elemental analysis of the digestate (Table S1 in Supplementary Material) revealed
a consistent enrichment of all macro- and micronutrients. Major cations (K, Ca, Mg)
and other macronutrients (P, S) increased in the digestate, reflecting the occurrence of
organic mineralization, and the increase in Ca?* concentration suggests its dissolution from
carbonate minerals.

Phosphorus and calcium are the elements in higher concentrations, and their incre-
ments in the digestate are consistent with the hydrolysis of complex organic compounds
from microbial biomass that occurs in the initial phase of the AD process. Sulphur enrich-
ment may result from protein degradation with partial retention in soluble form. Trace
metals essential for methanogenesis (Fe, Zn, Cu, Mn, and Ni) also increased, which can
be due to the release from organic complexes, and heavy metals (Mo, Cr, Cd, and Pb)
were detected at very low concentrations. Overall, the nutrients achieved in the digestates
highlights its agronomic potential in compliance with the EU Directive 86/278/EEC [45]
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regarding the use for agricultural purposes concerning the mineral composition, but further
assessment would be required, including evaluation of agronomic value, contaminants,
hygienic safety, and compliance with applicable regulations.

The study highlights the variability in trace element concentrations, which can be
influenced by factors such as sludge origin, treatment processes, and operational conditions
of the WWTP. Understanding these concentration ranges is essential for assessing potential
environmental impacts and for developing appropriate management strategies for the type
of sludge used as substrate in the AD process.

The results of VFAs concentrations in the influent and digestate for the AMD scenario
are shown in Table S2 (in Supplementary Material). Influent presented concentrations of
acetic acid (669 £ 89 mg/L), propionic acid (259 & 47 mg/L), butyric acid (221 4 35 mg/L),
isovaleric acid (184 + 39 mg/L), and valeric acid (75 &+ 24 mg/L). Digestate, however,
showed only residual concentrations of formic acid (3.3 £ 1.0 mg/L), indicating com-
plete consumption during AD. This aligns with Ferrer et al. [41], who observed no VFA
accumulation during 21-day AD at 38 °C.

Cumulative biogas production averaged ~107 L (Table 2), with daily production rates
of 597 £ 1.10L/d.

Table 2. Biogas production and composition from the AMD Scenario (X + o; 1 = 3).

Parameter Value

Biogas cumulative production (L) 107.48 £ 3.83
Average daily biogas production (L/d) 597 £ 1.10
CHy (% v/v) 58.50 £ 2.50
CO, (% v/v) 41.50 £+ 2.50
H,S (ppmv) 349.50 + 129.50
TVS removal efficiency (%) 41.67 + 1.54
CODr removal efficiency (%) 40.82 4+ 3.81
Temperature of the reactor (°C) 35.30 + 1.50

Methane content achieved 58.50 & 2.50%, whereas H;S averaged 349.50 ppmv. This
variation underscores the implications of working with real MMS samples, whose composi-
tion naturally fluctuates with changes in operational and management practices throughout
the year, but the values still remain below the 500-2500 ppmv range reported by Vu et al. [46]
for sewage sludge digestion, likely due to ferric chloride dosing in MMS. The removal
efficiencies exceeded 41% for TVS, while CODt removal averaged 40.82%, consistent with
Ferrer et al. [41], who mentioned TVS removal efficiency of 35.67%, whilst Silva et al. [22]
referred to efficiencies between 37 and 53%.

3.2. R10.6 Co-Digestion Scenario—AcoD

As previously noted, in the Co-Digestion (AcoD) scenario, 10% FVPP was incor-
porated into the MMS volume used in the AMD scenario, resulting in an HRT of
16 days. The physicochemical characterization of the FVPP is presented in Table S3 (in
Supplementary Material).

Because of its naturally acidic composition, FVW produced purées with pH values
below the optimal range for anaerobic digestion, as reported by Li et al. [40]. Specifically,
pH values were 4.43 £ 0.1. In terms of solids content, FVW, largely composed of readily
biodegradable organic matter [47,48], exhibited higher TS and TVS concentrations than
MMS in the AMD scenario (increasing from 29.54 & 0.17 to 36.36 & 2.3 in TS and from
24.85 4+ 0.14 to 33.60 + 1.8 in TVS). This difference was also reflected in the TS/TVS ratio,
which reached 92.40% in FVPP compared with 84.12% in MMS. The COD profile further
emphasized this difference. CODg represented 74.79% of the CODr, indicating that nearly
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three-quarters of the sample was immediately available to microorganisms, whereas MMS
values were far lower (average 5.13%). In addition, FVPP had a low organic nitrogen
content, resulting in relatively high C/N ratios of 81.36 £ 2.1.

The physicochemical characterization of the AcoD influent and digestate is summa-
rized in Table 3. As expected, co-substrate addition slightly reduced the influent pH
(5.46 = 0.12 vs. AMD assay value of 5.92 £ 0.19). A decline in EC was also observed in the
digestates (from 4.27 & 0.17 mS/cm down to 3.72 £ 0.74 mS/cm). The average influent
TVS concentration increased modestly under co-digestion (25.70 g/L) compared to mono-
digestion (24.85 g/L). CODr also increased in the influent and decreased in the digestates,
while CODsg followed the same trend. Notably, the CODg/CODr ratio in the influent rose
4.7% when comparing both scenarios (5.13 to 9.82). Comparable results were reported by
Silva et al. [22], who found TVS values between 21.8 and 23.9 g/L during co-digestion
trials of MMS with mango peel pulp. C/N ratios increased from 8.74 & 0.23 in the AMD
to 9.52 + 0.48 during AcoD, reflecting an average 9% improvement and underscoring the
value of FVPP as a co-substrate.

Table 3. Physicochemical characterization of the influent and digestate from the AcoD Scenario
(X £ 0;n=3).

Parameters Influent Digestate
pH 5.46 + 0.12 743 +£0.11
EC (mS/cm) 220+ 047 3.72 £0.74
TS (g/L) 31.71 + 0.68 14.53 +2.23
TVS (g/L) 25.70 + 0.64 10.38 + 1.84
TVS/TS (%) 81.03 71.54
CODr (g/L) 37.66 £ 24 16.34 +1.95
CODs (g/L) 370+ 0.2 0.86 £ 0.32
CODg/CODrt (%) 9.82 5.11
TVSS (g/L) ng. 9.71 £ 2.02
N-NH;* (g/L) 0.44 4 0.02 0.85 + 0.01
Kjn (g/L) 2.01 + 0.02 1.58 £ 0.03
Norg (g/L) 1.57 £ 0.01 0.74 £+ 0.02
C/N 9.52 £0.48 9.54 £+ 0.09
TA (mg CaCO;5/L) n.q. 2925 + 100
BA (mg CaCOs3/L) ng. 2265 + 90

n.q.: not quantified.

The acidity of FVPP also lowered digestate alkalinity slightly (from 3245 to 2925 mg
CaCOj3/L), though values remained well below the 4000 mg CaCO3/L stability threshold
reported by Martin-Gonzélez et al. [38]. Arhoun et al. [49], by contrast, observed TA values
of 3300-5800 mg CaCOj3/L and BA values of 22004000 mg CaCO3/L during AcoD with
80% MMS and 20% FVW.

Elemental analysis during co-digestion (Table S4 in Supplementary Material) showed
mineral enrichment across all parameters, with concentrations remaining below the limits
established in EU Directive 86/278/EEC [45] for agricultural applications.

VFA concentrations (Table S5 in Supplementary Material) increased in comparison
with the AMD scenario. In particular, the concentration of isovaleric acid in the influent
was approximately four times higher than that observed in the mono-digestion trials.
Additionally, FVPP contributed to elevated levels of acetic acid and introduced lactic
acid, with concentrations of 180 £ 55 mg/L in the influent. This marked increase in
VFA concentrations can be attributed to the higher fraction of readily fermentable organic
matter from the FVPP, which increased the overall substrate load relative to MMS mono-
digestion. This more easily degradable substrate likely promoted the formation of soluble
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intermediates before digestion, particularly acetic acid, while the presence of valeric and
lactic acids may reflect the specific composition of the fruit and vegetable peels and partial
pre-fermentation of the co-substrate prior to feeding. In the digestates, VFAs were present
at only low or residual levels, e.g., acetic acid (56 + 12 mg/L), propionic acid (12 + 4 mg/L),
and formic acid (3.1 & 0.5 mg/L) were detected. This lack of VFA accumulation indicates
that they were effectively metabolized and contributed to enhanced biogas production.

Li et al. [50] reported total VFAs of about 190 mg/g VS in AcoD experiments with 80%
sewage sludge and 20% food waste, with butyric acid being dominant (=110 mg/g VS),
followed by propionic acid (=30 mg/g VS) and lactic acid (=20 mg/g VS). At higher food
waste loadings (80-100%), VFAs rose further to 270280 mg/g VS.

The cumulative biogas production (Table 4) exceeded that of the AMD scenario by
approximately 6%, with average daily production surpassing 7 L.

Table 4. Biogas production and composition from the AcoD Scenario (X + o; 1 = 3).

Parameter Value
Biogas cumulative production (L) 113.65 & 0.62
Average daily biogas production (L/d) 7.10 £ 2.01
CHy (% v/v) 60.75 £+ 1.00
COsy (% v/v) 39.25 £ 1.00
H,S (ppmv) 6.50 + 4.50
TVS removal efficiency (%) 59.84 4+ 3.25
CODr removal efficiency (%) 56.48 £ 5.58
Temperature of the reactor (°C) 35.22 +1.03

Methane concentrations also improved (60.75 £ 1.00% vs. 58.50 + 2.50% in AMD).
Notably, H,S levels were greatly reduced, dropping from about 350 ppm in AMD to just
7 ppm in the AcoD assay. Removal efficiencies showed significant improvements: TVS
removal efficiency increased from 41.67% to 59.84%, while CODt removal efficiency rose
from 40.82% to 56.48%. Azarmanesh et al. [51] reported TVS removal efficiencies in the
range of 39.50-85.30%. Silva et al. [22] reported biogas productions of 9.98-12.34 L with
methane concentrations of 61-63% during AcoD trials using different MMS:Mango Peel
Pulp ratios, under a shorter HRT of 13 days.

The improved performance observed during the co-digestion assays may be associated
with the complementary characteristics of municipal mixed sludge and fruit and vegetable
peel purées. The readily biodegradable carbohydrates present in the fruit and vegetable
residues likely enhanced the hydrolysis stage, increasing the availability of soluble organic
compounds for subsequent biological conversion. Although microbial community char-
acterization was not performed in this study, the observed trends in VFA concentrations,
methane production, and process stability indicators are consistent with the expected
metabolic pathways involved in anaerobic digestion.

3.3. Scale-Up Assessment

To assess the impact of scaling up from a 2.1 L to a 10.6 L CSTR biodigester, a com-
prehensive comparison was conducted focusing on various performance and stability
parameters, contrasting data from the earlier study (R2.1) with current results (R10.6).
The comparison, specifically for the mono-digestion scenarios, is summarized in Table 5.
This evaluation aims to understand how increasing reactor volume influences opera-
tional efficiency, stability, and overall process robustness, providing valuable insights
for optimizing larger-scale biodigestion processes and ensuring reliable performance at
increased capacities.
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Table 5. Mono-digestion performance and stability parameters selected for scale-up comparison
between studies R2.1 and R10.6 (X % o; n = 3).

Parameter R2.1 R10.6
(2.1 L CSTR) (10.6 L CSTR)
OLR (g TVS/Lyeactor-d) 1.31 £0.20 1.39 £+ 0.03
GPR (L/Lieactor-d) 0.35 + 0.04 0.58 + 0.02
SGP (L/g TVS) 0.27 £ 0.03 0.42 + 0.03
SMP (L CHy/g TVS) 0.18 + 0.03 0.25 + 0.02
SELR (d1) 0.16 + 0.02 0.16 £+ 0.01
TVS removal efficiency (%) 42.81 + 3.75 41.67 £ 1.54
CODr removal efficiency (%) 43.14 + 5.02 40.82 + 3.81

Overall, the present study (R10.6) achieved superior performance. GPR increased by
66%, while SGP and SMP rose by 56% and 39%, respectively. SELR remained 0.160 d ~?, still
below the 0.40 d~! threshold (Evans et al. [52]) and removal efficiencies slightly decreased
(less than 3%).

For the Co-Digestion (Table 6), GPR and SGP decreased from 0.77 to 0.69 L/ Lyeactor-d
and from 0.44 to 0.39 L/g TVS, respectively. SMP remained essentially unchanged at 0.26 L
CHy4/g TVS, while SELR increased from 0.25 to 0.27 d~L. TVS removal efficiency improved
by ~9% while CODt removal efficiency slightly decreased by ~1.8%.

Table 6. Co-Digestion performance and stability parameters selected for scale-up comparison between
studies R2.1 and R10.6 (X & o; n = 3).

Parameter R2.1 R10.6
(2.1 L CSTR) (10.6 L CSTR)
OLR (g TVS/Lreactor-d) 1.61 + 0.07 1.61 £0.12
GPR (L/Lyeactor-d) 0.77 £ 0.07 0.69 + 0.01
SGP (L/g TVS) 0.44 + 0.03 0.39 + 0.03
SMP (L CH4/g TVS) 0.26 + 0.02 0.24 +0.02
SELR (d1) 0.25 4 0.02 0.27 + 0.05
TVS removal efficiency (%) 51.01 £+ 3.56 59.84 + 3.25
CODr removal efficiency (%) 58.36 £ 3.32 56.48 £ 5.58

Scaling up inevitably introduces operational challenges, like maintaining a stable
temperature within the reactor, which may have slightly affected the microbial activity
rate. Agitation also represented an important factor, since in the smaller reactor mixing
was performed every 2 h, whereas in the larger one it occurred only during the feeding
events, which likely resulted in less homogeneous mixing. Furthermore, multiple feedings
were carried out throughout the day in the larger reactor, in contrast to the single daily
feeding applied in the smaller system. The scale-up may also have increased foaming issues,
likely less pronounced in the smaller reactor, which could have promoted gas entrapment,
while the applied agitation intensity might not have been sufficient to release the retained
gas. Nevertheless, the overall results indicate that the scale-up achieved a performance
comparable to that of the smaller reactor, indicating that the increase in reactor volume did
not compromise the efficiency or overall system behavior, suggesting that the process was
robust to changes and maintained its functional stability.

3.4. Additional Mono-Digestion Trial—aAMD

The additional mono-digestion trial was designed as a short-term operational follow-
up experiment to simulate a temporary interruption in co-substrate supply, rather than
as an independent replicated scenario. Because the mono-digestion HRT was 18 days,
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this phase represented one complete hydraulic cycle under MMS feeding alone, providing
relevant information on reactor response, stability, and recovery after the preceding co-
digestion period. The physicochemical characterization of the influent and digestate is
shown in Table 7.

Table 7. Physicochemical characterization of the influent and digestate from the aAMD scenario
(X £ o;n=3).

Parameters Influent Digestate
pH 563 +0.21 740 £0.15
EC (mS/cm) 212 +0.53 3.11+1.20
TS (g/L) 34.21 +£0.14 13.65 £ 0.06
TVS(g/L) 27.27 £ 0.06 9.89 + 0.04
TVS/TS (%) 79.71 72.45
CODr (g/L) 49.33 £1.33 16.01 + 1.34
CODs (g/L) 440+ 0.10 1.40 £ 0.04
CODg/CODr (%) 8.92 8.74
TVSS (g/L) n.q 8.87 £ 0.04
N-NH4* (g/L) 0.452 + 0.01 0.751 + 0.01
Kjn (g/L) 1.99 +0.01 1.28 +0.01
Norg (g/L) 1.54 + 0.01 0.53 4 0.01
C/N 10.27 10.82
TA (mg CaCOs/L) n.q 3270 £ 100
BA (mg CaCOs3/L) n.q 2490 £ 80

n.q.: not quantified.

The pH value (5.63) of the influent was between the AMD (5.92) and AcoD (5.46)
scenarios, while the digestate pH (7.40) fell squarely within the optimal AD pH range
(7.0-7.5) reported by Li et al. [40].

The initial TVS concentration in this additional trial was 27.27 g/L, and the final TVS
concentration was 9.89 g/L, lower than the average 10.38 g/L measured during the AcoD
scenario. The influent TVS/TS ratio (79.71%) was slightly lower than that of the AMD
scenario (84.12%), indicating that although the organic matter content was higher, the
proportion of inorganic compounds in the total sample was also greater.

Regarding COD, both CODr (49.33 g/L) and CODg (4.40 g/L) reached their highest
concentrations in this trial. The CODt/CODs ratio (8.92%) was the second-highest recorded.
The influent C/N ratio also stood out, with a value of 10.27, higher than in both the AMD
and AcoD scenarios. Total alkalinity exceeded 3000 mg CaCOj3/L (specifically 3270 mg
CaCO3/L) but remained within the stability limits suggested by Martin-Gonzélez et al. [38].

VFA concentrations (Table S6 in Supplementary Material) were markedly higher. The
acetic acid in the influent concentration reached 1728 mg/L, the highest recorded in the
study, which led to 83 mg/L being detected in the digestate (still a relatively low value, but
the highest among all scenarios). Similarly, initial concentrations of propionic (938 mg/L),
isobutyric (187 mg/L), butyric (798 mg/L), and valeric acids (282 mg/L) were also the
highest observed. In the digestate, 19 mg/L of propionic acid and 11 mg/L of isobutyric
acid were detected, along with a residual 1.4 mg/L of formic acid. Figure 3 presents the
profile of the VFAs in the influent and digestate for the three scenarios.

Cumulative biogas production (Table 8) exceeded 120 L (122 L), corresponding to
6.78 L/d. Although this was the highest cumulative production recorded, average daily
production remained higher under co-digestion conditions (7.10 L/d). Methane concen-
tration increased slightly compared to the AcoD scenario (62.50% vs. 60.75%). H,S levels
rose from 6.50 ppm in AcoD to 147 ppm in this trial but remained below the AMD scenario
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(349.50 ppm). This additional trial achieved the highest removal efficiencies overall: 63.73%
for TVS and 67.55% for CODr.

VFAs profile in the Influent

Valeric acid (mg/L) I -
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Butyric acid (mg/L) - —
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Figure 3. VFAs profile in the Influent and Digestate for the three scenarios (AMD, AcoD, and aAMD).

Table 8. Biogas production and composition from the aAMD scenario (X & o; n = 3).

Parameter Results
Biogas cumulative production (L) 122.00
Average daily biogas production (L/d) 6.78 £ 1.64
CHy (% v/v) 62.50 = 0.50
CO; (% v/v) 37.50 £ 0.50
H,S (ppmv) 147.00 =+ 96.00
TVS removal efficiency (%) 63.73
CODr removal efficiency (%) 67.55
Temperature of the reactor (°C) 34.38 +£1.15

This effect may be related to the preceding co-digestion period, which likely promoted
adaptation of the anaerobic consortium to a more readily biodegradable substrate and
enhanced overall process stability. After the return to MMS mono-digestion, the biomass
may have remained in a more active metabolic state, supporting improved degradation of
the incoming feed, suggesting that the reactor maintained functional resilience after the
temporary interruption of co-substrate supply.

Regarding the variation in the performance and operational parameters throughout
the three scenarios (Figure 4), in the AMD trials with an average OLR of 1.39 £ 0.03 g
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TVS/Lreactor-d, the biogas yields were the following: GPR = 0.58 £ 0.02 L/Lyeactor-d,
SGP =0.42 + 0.03 L/g TVS, and SMP = 0.25 & 0.02 L CHy4/g TVS. These results are com-
parable to Silva et al. [22], who obtained SMP of 0.260-0.360 L CH,4/g TVS, and Ferrer
etal. [41] of ~0.270 L CHy/g TVS). SELR remained below the stability threshold of 0.40 d-!
(Evans et al. [52]).

AMD AcoD aAMD =@~ OLR (g TVS/Lreactord)
1.75 A 8- GPR (L/Lreactor-d)
—A— SELR (d)

1.50 A

1.25 4

Value

0.75 A

0.50 A

0.25 - H-‘—‘_—_///‘——‘

0.00 <, . , . . . , :
0 18 36 54 70 86 102 120
Time of assay (d)

AMD AcoD aAMD 8~ OLR (g TVS/Lreactord)
1.751 —— SGP (L/g TVS)
~#- SMP (L CHa/g TVS)

Value

0.75 A

0.50 1

./k/w
0.25 1 R

0.00 -+ . : . - . . ;
0 18 36 54 70 86 102 120
Time of assay (d)

Figure 4. Variation in the performance and operational parameters throughout the AMD, AcoD, and
aAMD scenarios.

During the AcoD scenario, the average OLR was 1.61 £ 0.12 g TVS/Lyeactor.d, slightly
higher than the AMD scenario (1.39 g TVS/ Lreactor-d), mainly due to reducing the HRT
from 18 to 16 days. Consequently, the daily organic load was greater, which influenced
SGP and SMP. Both indicators showed small decreases: SGP dropped from 0.42 + 0.03
t0 0.39 £ 0.03 L/g TVS, and SMP declined from 0.25 & 0.02 to 0.24-0.02 L CH,/g TVS. In
contrast, GPR improved, reaching nearly 0.70 L/Lyeactor-d compared with 0.58 L/Lyeactor-d
in the AMD scenario. Comparable findings have been reported in the literature. Miran-
zadeh et al. [53] observed SMP values ranging from 0.408 to 0.440 L CH4/g TVS in AcoD
of sewage sludge/mixed sludge with food waste, while Azarmanesh et al. [51] reported a
wider range (0.165-0.609 L CH4/g TVS) for trials with different sludge-food waste combi-
nations. SELR values also increased from 0.16 d ! in AMD to 0.27 d~! during AcoD but
remained well below the 0.40 d-1 stability threshold established by Evans et al. [52].
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The aAMD scenario had an OLR of 1.52 g TVS/Lreactor-d, and the GPR was
0.66 L/ Lyeactor-d, a value that fell between the AMD scenario (0.58 L/Lyeactor-d) and the
AcoD scenario (0.69 L/Lyeactor-d). The SGP (0.43 L/g TVS) was similar to that of the AMD
trials (average of 0.42 L/g TVS). Notably, the SMP reached the highest value (0.271 L CHy /g
TVS), and the SELR (0.31 d~1) was only slightly lower than the maximum observed in this
study (0.32 d~1, in the AcoD scenario).

Since the daily biogas production data did not satisfy the normality assumption nec-
essary for ANOVA, the Kruskal-Wallis test was employed (Table S7 in Supplementary
Material). Subsequently, Dunn’s post hoc test was conducted to identify specific differ-
ences between groups. This approach ensured a robust statistical analysis suitable for the
data distribution, and indicates no statistically significant differences among the trials,
suggesting that, although minor variations were observed, the median values did not differ
significantly according to the Kruskal-Wallis test and further confirmed by Dunn’s test.

These results indicate that the reactor maintained, and even improved, its performance
after the co-digestion phase, despite returning to mono-digestion conditions. The enhanced
removal efficiencies suggest that residual FVPP remaining in the system may have sustained
microbial activity and contributed to a more efficient degradation process. Overall, this trial
demonstrates the reactor’s resilience and capacity to maintain stable operation following
co-digestion, reinforcing its suitability for real-scale applications where fluctuations in
co-substrate availability may occur.

4. Conclusions

This study successfully demonstrated the scale-up of anaerobic co-digestion of munic-
ipal mixed sludge and fruit and vegetable waste from a previously studied 2.1 L reactor
to a 10.6 L continuously stirred-tank reactor operated under semi-continuous conditions,
representative of municipal wastewater treatment plants. The results confirmed that sta-
ble reactor performance was maintained following scale-up, supporting the feasibility of
implementing this co-digestion strategy at larger scales.

The addition of FVW as a supplementary co-substrate enhanced anaerobic digestion
performance. Compared with AMD, AcoD increased methane concentration from 58.50%
to 60.75%, improved TVS removal efficiency from 41.67% to 59.84%, and increased CODrt
removal efficiency from 40.82% to 56.48%. Furthermore, H,S concentrations in the biogas
decreased substantially from approximately 350 ppmv to 7 ppmv, improving biogas quality.
Following the interruption of FVW addition, the subsequent aAMD trial achieved the
highest specific methane production (0.27 L CHs/g TVS) and TVS and CODt removal
efficiencies (63.73 and 67.55%, respectively), demonstrating the resilience of the anaerobic
digestion process.

Overall, the findings indicate that co-digestion of MMS and FVW is a promising strat-
egy for enhancing methane production, improving organic matter removal, and reducing
H,S emissions, while maintaining stable operation during scale-up. The proposed approach,
based on supplementing rather than replacing the sludge feed, represents a practical path-
way for integrating external organic residues into WWTP anaerobic digestion systems,
contributing to resource recovery, energy self-sufficiency, and circular economy objectives.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/en19132998/s1, Table S1: Elemental analysis of the digestate
from the AMD scenario and the established EU limit range for sludge application in agriculture;
Table S2: VFAs of the influent and digestate from the AMD scenario; Table S3: Physicochemical
characterization of the FVPP used during the AcoD scenario; Table S4: Elemental analysis of the
digestate from the AcoD scenario and the established EU limit range for sludge application in
agriculture; Table S5: VFAs of the influent and digestate from the AcoD scenario; Table S6: VFAs of
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the influent and digestate from the aAMD scenario; Table S7: Kruskal-Wallis test for the daily biogas
production (L) of the three CSTR scenarios.
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Abbreviations

The following abbreviations are used in this manuscript:

aAMD Additional anaerobic mono-digestion

AcoD Anaerobic co-digestion
AD Anaerobic digestion

AMD Anaerobic mono-digestion
APP Apple peel purée

BA Bicarbonate alkalinity
BPP Banana peel purée

CODg Soluble chemical oxygen demand
CODry Total chemical oxygen demand

CPP Carrot peel purée

CSTR Continuous-stirred tank reactor
EC Electrical conductivity

FVW Fruit and vegetable waste
FVPP Fruit and vegetable peel purées
GPR Gas production rate

HRT Hydraulic retention time

Kin Kjeldahl nitrogen

MMS Municipal mixed sludge
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MPP Mango peel pulp

N-NH4* Ammonia nitrogen

Norg Organic nitrogen

OLR Organic loading rate

PS Primary sludge

SELR Specific energy loading rate
SGP Specific gas production

SMP Specific methane production
SS Secondary sludge

TA Total alkalinity

TS Total solids

TVS Total volatile suspended solids
TVSS Total volatile suspended solids
VFA Volatile fatty acid

WWTP  Wastewater treatment plant
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