Biomethane potential of wine lees from mesophilic anaerobic digestion
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Highlights
· Wine lees (WL) were suggested as a potential substrate for biomethane production
·  The wide range of WL characteristics led to varying biomethane potentials
· Overloads of COD in WL mostly in soluble forms led to inhibition of methanogenesis
· In this study, biochar supplementation didn’t mitigate the process’ instabilities
· High sCOD and wide variability of WL characteristics were critical issues
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Abstract
[bookmark: _Hlk95089679]Wine lees (WL) are undervalued residues from the wine-making process. Anaerobic digestion (AD) of WL is highly challenging due to the acidic pH and high content of readily biodegradable compounds. This study investigated the biomethane potential (BMP) of 3 WL samples through mesophilic batch tests fed with 2-3 % total solids. The influence of wood-based biochar (BC), considering 2 different BCs and doses (3 and 10 g L-1), was also assessed. BMP values up to 1.257 Nm3 kgVS-1 and 92-96 % soluble COD removal were recorded. However, the inhibition of methanogenesis was observed due to organic acids accumulation exceeding 21-24 g L-1. BC addition didn’t improve biomethane production in the considered experimental conditions. This study proved that WL is a highly attractive AD substrate, considering its high biodegradability and availability throughout the year, although the process must be carefully operated.
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Abbreviations:
AD: anaerobic digestion
BC: biochar
BR: Barbera
BS: Barbaresco
COD: chemical oxygen demand
GAE: gallic acid equivalent
S/I: substrate to inoculum ratio
SBP: specific biogas production
SWP550: soft wood pellets biochar, produced at 550 °C
ThBMP: theoretical biomethane potential 
TS: total solids
VS: volatile solids
WL: wine lees

1. Introduction
The wine-making industry has considerable importance around the world, with global grape production reaching 78 Mt in 2020 [1]. Italy, France and Spain are the top three world producers, with 12.3 million m3 of wine in 2019 [2]. Environmental concern related to wine-making can regard water and energy consumption, greenhouse gases emissions, use of pesticides and fertilizers, production of solid and liquid waste flows [3]. In details, 1000 kg of processed grapes produce 0.75 m3 of wine and 130 kg of marcs (or pomace) from pressing, 60 kg of lees from settling, 30 kg of stalks from destemming and 1.65 m3 of wastewater [4]. The reduction and the proper management of these wastes can improve the overall environmental performances of the wine production [5]. These wastes can be suitable feedstocks for biological or thermo-chemical treatments to produce bioenergy, to extract valuable chemicals as phenols, antioxidants, and tartaric acid, and for agricultural and environmental applications as composting or animal feed [6–8]. In Europe, pomace and lees were compulsorily used in distilleries according to EC 1493/1999 Council Regulation [9]. However, Council Regulations 479/2008/EC and 555/2008/EC permitted many of the abovementioned applications. Unfortunately, in some countries as Italy the adoption of these solutions remains unexploited, due to economic, bureaucratic, and technical barriers [10]. 
Anaerobic digestion (AD) is a well-established biological technology able to convert complex organic substrates into biogas, a renewable energy source, and digestate, a potential soil improver [11]. AD has been already adopted to treat winery wastewater [12], and pomace, stalks, seeds, and wine lees (WL), with methane productions in the range 0.1-0.5 Nm3 kgVS-1 [13]. Compared to other wine residues, fewer studies considered the AD of WL alone. A yield of 0.370 Nm3 CH4 kgVS-1 was observed during batch thermophilic AD of WL [14], and 0.876 m3 KgVS-1 during mesophilic AD of WL [15]. Biogas yields ranging 0.254-0.856 Nm3 kgVS-1 with 55-60 % methane were obtained from the mesophilic AD of WL [16]. 
Wine lees are the by-products remaining at the bottom of wine production tanks after fermentation, storage, or additional processing, including waste generated from filtering and centrifugation [17]. WL are composed by yeast cells, tartrates, proteins, and polysaccharides [18]. They present high COD (> 30,000 mg L-1) and are produced throughout the year (in contrast to other wine-making residues), hence WL could be a promising substrate for AD. On the other hand, WL also have acidic properties (pH values from 3 to 6), contain phenolic compounds (up to 1,000 mg L-1) [19], and during their AD organic acids are formed [15], all inhibitors of methanogenesis. To overcome these limitations, different strategies have been proposed to apply AD to WL: co-digestion with waste activated sludge [20,21], co-digestion with other winery wastes [21,22]; and pre-treatment via electro-oxidation [13]. 
Biochar (BC) is the solid residue produced during the thermo-chemical treatment of biomass in absence or with limited air. As carbonaceous porous material, BC can be used as adsorbent and catalyst in many environmental applications[24,25]. BC addition can improve the AD of readily biodegradable substrates [26-28] also in presence of inhibitory substrates [29,30]. BC has been reported to increase the buffer capacity of AD system, act as biomass support, and accelerate the syntrophic degradation of organic acids [31]. BC also enhances digestate quality as soil improver [32]. To our knowledge, the supplementation of BC to the AD of WL without any pre-treatment has been poorly explored, with only one study available [13]. However, the existing literature related to the analysis of BC role in the AD of other substrates [33] suggests that BC addition to WL may relieve organic acids’ stress and mitigate inhibition phenomena. The overall novelty of this study consists in the investigation of the AD of WL as single substrate in mesophilic conditions (37 °C) focusing on the control of methanogenesis and on the limitation of inhibition phenomena. Specifically, this study had two main novelties and objectives: 1. Investigating if AD constitutes a valid technology to treat WL: three WL samples, collected in different phases of red wine-making fermentation (1, 5 and 10 months after the harvesting), have been considered as substrate to account for its qualitative variability along the year. AD tests were performed adopting a substrate-to-inoculum ratio equal to 1:2, feeding 2-3 % total solids in batch and fed-batch modes, and applying (or not) pH adjustment. 2. Exploring the application of BC to control AD inhibition phenomena: two different BC samples deriving from woody biomass have been supplemented to the digesters, and the effect of different doses (3 and 10 g L-1) was researched.

2. Materials and methods
2.1. Materials
The substrates consisted of wine lees (WL) derived from Barbaresco (BS) and Barbera (BR) red wines’ production in Piedmont (Italy). This study was based on four experiments of AD tests (Table 1): WL from Barbaresco in experiments 1 (BS1) and 2 (BS2), sampled respectively in July 2019 and February 2020; WL from Barbera (BR) in experiments 3 and 4, sampled in October 2020. Multiple WL samples were considered, to account for the variability in the composition of the substrates, depending on the phases of the wine fermentation process. BR were collected at the beginning of the fermentation, one month after the harvesting of the grapes; while BS were collected 5-10 months after the harvesting, when the fermentation process was forward. BS1 was characterized and stored in a freezer until the AD tests.
The inoculum employed in the AD tests consisted of anaerobic digestate from a mesophilic digester serving a large-scale wastewater treatment plant in Piedmont. The inoculum was sampled before each set of AD tests and stored at 37 °C in a water bath for 5-7 days [33]. 
Two biochar (BC) samples, both deriving from woody biomass, were supplemented to the AD tests. The first BC sample (SWP550) is a standard material supplied by the UK Biochar Research Centre (UKBRC, Edinburgh, United Kingdom, www.biochar.ac.uk). SWP550 was produced through slow pyrolysis of soft wood pellets in a pilot-scale rotary kiln pyrolysis unit at 550°C for 30 min [34] . The second BC sample was produced the pyrolysis of wood pallets (B-BC) at 1000 °C in an industrial scale pyrolysis unit; the B-BC was provided by the Institute for Chemical and Fuels from Alternative Resources (ICFAR, www.icfar.ca) at the Western University of Ontario, Canada. Before their addition to the digesters, the BC samples were manually powdered in an agate mortar.

2.2. Anaerobic digestion tests
The AD tests were carried out in mesophilic conditions at 37 °C (Table 1). Each reactor consisted of a 0.5 L Duran glass bottle, connected to a gas sampling apparatus (see Section 2.4). Substrate and inoculum were added to each reactor implementing a substrate to inoculum ratio (S/I) equal to 1:2 expressed as volatile solids (VS), that was adjusted respect to a previous study (S/I equal to 1:1) to minimize acidification [13]. The total solids (TS) content of WL in the digesters was tuned to 2-3 % by adding distilled water. The pH of the substrate was adjusted to 7.5 by adding NaHCO3. The reactors were not supplied with any solution of macro- and micro-nutrients. 

Table 1. Experimental conditions applied in the anaerobic digestion of wine lees
	
	experiment 1
	experiment 2
	experiment 3
	experiment 4

	Starting date
	January, 2020
	February, 2020
	November, 2020
	November, 2020

	Duration (days)
	20
	15
	37
	27

	Temperature (°C)
	37
	37
	37
	37

	Type of WL
Sampling date
	Barbaresco (BS1)
July, 2019
	Barbaresco (BS2)
February, 2020
	Barbera (BR)
October, 2020
	Barbera (BR)
October, 2020

	Working volume (L)
	0.4
	0.25
	0.4
	0.4

	S/I
	1:2
	1:2
	1:2
	1:2

	TS content (% bw)
	2
	2
	3
	3

	pH adjustment 
	no
	yes
	yes
	yes

	Methane measurement
	gas analyser
	washing solution
	washing solution
	washing solution

	Feeding mode
	batch 
	fed-batch
	batch
	batch
	batch

	Biochar
	-
	-
	SWP550
	-
	B-BC
	-
	B-BC
	-

	Biochar dose (g L-1)
	0
	0
	10
	0
	3
	0
	10
	0

	ID
	BS1
	BS1-FB
	BS2-BC
	BS2-C
	BR3-BC
	BR3- C
	BR4-BC
	BR4-C

	No. reactors biogas 
	3
	3
	2
	2
	3
	3
	3
	3

	No. reactors methane
	3
	3
	1
	1
	3
	3
	3
	3



The headspace of each digester was purged with nitrogen for 3 minutes to eliminate air. The digesters were closed with a polypropylene GL45 screw cap and connected to the gas sampling apparatus (see Section 2.4). In total, this study was based on the results obtained from 42 reactors (Table 1). For each WL sample, 6 reactors were operated (3 for biogas measurement and 3 for methane). A “control” group of 6 reactors filled with substrate and inoculum (and no BC) was also operated, as well as a “blank” group (6 reactors containing only inoculum). The only except to this experimental design concerned experiment 2 of the tests, where 2 digesters have been operated for biogas measurement and 1 for methane. The digesters were placed in a temperature-controlled water bath set at 37 ± 1 °C. The mixing was provided manually twice a day. The tests were concluded when the marginal biogas or methane production was below 1 % of cumulative production for 2-3 consecutive days. At the beginning and at the end of each experiment, samples of digestate were collected and characterized (see Section 2.4).
Different experimental conditions (additional to the ones just described) have been adopted in the AD of sample BS1 (experiment 1) to investigate the stress of the AD system due to the high COD of the WL. In details, two feeding modes were investigated, batch mode (BS1) and fed batch mode (BS1-FB). In batch mode, 2 % TS substrate was added to the inoculum at the beginning of the tests with S/I equal to 1:2. Fed batch mode provided a final 2 % TS substrate content by means of four 0.5 % TS supplements, supplied every 2 days [22], so that the final S/I reached 1:2. Unlike other experiments, pH adjustment to 7.5 by NaHCO3 was not provided to test the system in the worst conditions. 
The net effect of BC on the AD process was explored in experiment 2 with sample BS2 (BS2-BC) by supplementing 10 g L-1 of SWP550 BC, in agreement with literature [28,29], and considering a control group (BS2-C). In experiments 3 and 4, the effect of BC dose on methane production from sample BR was investigated by supplementing 3 g L-1 (BR3-BC) and 10 g L-1 (BR4-BC) of B-BC, considering control groups without BC (BR3-C and BR4-C).

2.3. Kinetic analysis
To assess the performance and kinetic of AD, the cumulative biogas and methane production curves were fitted by the modified Gompertz equation (eq. 1):
						(1)
Where B(t) is the cumulative biogas/biomethane production (Nm3 kgVS-1) at time t (d); P is the biogas/biomethane potential of the substrate (Nm3 kgVS-1); Rmax is the maximum production rate (Nm3 kgVS-1 d-1); λ is the lag phase (day); e is the Euler’s number. The kinetic parameters were estimated using non-linear regression analysis by the least squares method in Microsoft Excel 2016 [35]. The goodness of fit of the functions was estimated by the coefficient of determination (R2).

2.4. Analytical methods
The samples of substrates, inoculum, and digestate collected at the beginning and at the end of the AD tests were stored at 4 °C until the analyses. The physic-chemical features of inoculum and WL samples were achieved from 4 replicates each. Total solids (TS) and volatile solids (VS) were obtained according to Standard Methods [36]. The pH was recorded with a benchtop pH meter (pH80+DHS, XS Instruments). Total and soluble chemical oxygen demand (tCOD and sCOD, respectively), and the total organic acids were measured with colorimetric tube tests (Nanocolor, Macherey-Nagel, Germany) via photometric determination (photometer PF-12Plus, Macherey-Nagel). The total phenolic content at 280 nm was determined according to the method described by Ribéreau-Gayon [37] by an Onda UV-30 Scan spectrophotometer, and expressed as mg L-1 of gallic acid equivalent (GAE). The samples were centrifuged at 6000 rpm for 10 min (Z206A, Hermle Labortechnik, Germany) and the supernatant was filtered through a 0.45 µm syringe filters before the analyses of sCOD, organic acids and total phenolic content. 
The BC samples SWP550 and B-BC were characterized respectively at the UKBRC and at the ICFAR as described in a previous study [38]. 
Biogas and methane productions were monitored periodically through a volumetric method fully described elsewhere [39], except in experiment 1. In experiment 1, biogas production was monitored by the volumetric method exposed above, while methane content was analyzed by a portable gas analyzer (Optima 7 Biogas, MRU, Germany). Biogas and methane productions of the inoculum (blank group) were subtracted from each tested condition. Biogas and methane productions were normalized to standard temperature and pressure (0 °C, 1 atm) and expressed as Nm3 kgVS-1.

2.5. Sensitivity analysis
The theoretical biomethane potential (ThBMP) was estimated from the COD of the substrate, since 1 kg of COD is equivalent to 0.35 m3 of methane at standard temperature and pressure [40]. The ThBMP (Nm3 kgVS-1) was calculated according to eq. 2:
									(2)
Where CODS is the chemical oxygen demand of the substrate (kg L-1), VSS is the volatile solids of the substrate (kg L-1), 0.35 as Nm3 methane kgCOD-1.
All analyses were conducted in triplicates. Mean values and standard errors were determined; error propagation was used in case of derived variables.
The final biogas and methane yields were analysed using unpaired Student’s t-test or one-way analysis of variance (ANOVA) at α = 0.05. Significant differences were detected using Fisher’s Least Significant Difference (LSD) post-hoc test (α = 0.05). The statistical analysis was carried out by means of the Data analysis extension of Microsoft Excel 2016.

3. Results and Discussion
3.1. Characterization of materials
The physic-chemical features of the inoculum and the substrates are shown in Table 2. The mesophilic digestate used as inoculum had 2.3 % TS (56 % VS), and pH around neutrality. Considering the 3 WL samples, two from Barbaresco red wine (BS1 and BS2) and one from Barbera red wine (BR), they have been sampled at different times of the wine-production fermentation. While BS1 and BR samples presented TS around 13.6 %, TS of BS2 was lower (2.1 %), with 67-70 % VS in all cases. The pH values were acidic, ranging 3.4-3.9. In all WL samples, high concentrations of tCOD were detected (173-362 g L-1), where for BR around the 79 % was sCOD. Therefore, most of the COD was present in readily biodegradable forms, in good agreement with other studies [14,21] reporting high tCOD values in WL composed by readily biodegradable compounds as organic acids, sugars, and alcohols. In our study, significant concentrations of organic acids were also present in the soluble fraction of WL samples (6.3-7.2 g L-1). However, due to their variable level of fermentation related to the date of sampling (Table 1) and to their different contents of solids, the organic acids of BS2 (expressed as g gTS-1) were 5.5 and 5.4 times higher than those of BS1 and BR, respectively, and the tCOD of BS2 was 3.8 and 2.9 times larger. In detail, the type of grape, its origin, and winemaking technologies are reported to be the key factors that influence the variability of the substrate [14]. The solid fraction of WL is made by microorganisms (yeast and bacteria), insoluble carbohydrates, phenols, lignin, proteins, organic salts; the liquid fraction is composed by ethanol and organic acids [41]. The total phenolic content in BR was equal to 483 mgGAE L-1 in agreement with literature [42].

Table 2. Characterization of inoculum and substrates of anaerobic digestion tests, consisting of wine lees from Barbaresco (BS) and Barbera (BR) wines. Wine less samples were collected at different times of the wine fermentation: October, February, and July. Results are reported as mean with standard error between brackets. ND: not detected.
	Parameter (unit)
	Inoculum
	Wine lees

	
sampling date
	
	BS1
July, 2019
	BS2
February, 2020
	BR (3-4)
October, 2020

	TS (% bw)
	2.3 (0.15)
	13.59 (0.01)
	2.21 (0.003)
	13.56 (0.03)

	VS (% bw)
	1.29 (0.07)
	9.5 (0.3)
	1.53 (0.02)
	9.1 (0.1)

	VS (% TS)
	56.4 (1.4)
	70.0 (1.8)
	69.1 (0.7)
	67 (1)

	pH (-)
	7.0 (0.1)
	3.88 (0.02)
	3.35 (0.02)
	3.52 (0.01)

	tCOD (gO2 L-1)
	29.0 (5.6)
	279 (4)
	173 (0)
	362 (4)

	tCOD (gO2 gTS-1)
	1.3 (0.3)
	2.05 (0.03)
	7.82 (0.01)
	2.67 (0.03)

	sCOD (gO2 L-1)
	0.39 (0.01)
	ND
	ND
	285.2 (0.7)

	sCOD/tCOD (%)
	1.67 (0.02)
	ND
	ND
	78.7 (0.9)

	Organic acids (mg CH₃COOH L-1)
	159 (79)
	7080 (220)
	6310 (70)
	7150 (270)

	Organic acids (mg CH₃COOH gTS-1)
	7 (4)
	52 (2)
	285 (3)
	53 (2)

	Total phenolic content (mgGAE L-1)
	ND
	ND
	ND
	483 (9)



Considering BC samples, both exhibited favourable properties for their use as additive in AD process [31]. The complete characterization of SWP550 can be found in a previous study [39]. Wood consists mainly of cellulose, hemicellulose, lignin, and some inorganic compounds [43]. Therefore, woody BCs present a large porous structure, high contents of fixed and total C, and low ash content [43,44]. SWP550 and B-BC had quite large surface area (25.9 and 88.4 m2 g-1, respectively) and total pore volume (0.027 cm3 g-1 for SWP550). High surface area and porous structure can favour microbial immobilization on BC, leading to a major resistance to inhibitory compounds as organic acids, and improve the direct removal of toxic compounds through sorption mechanisms [31]. The pH of SWP550 was slightly alkaline, due to the low ash content (1.25 % wt). Both SWP550 and B-BC had high carbon contents (85.5 % wt SWP550, 90.4 % wt B-BC). B-BC had relatively low contents of H, N, and S, respectively equal to 0.99 %, 0.7 %, and 0.01 %. In case of SWP550, H (2.77 % wt) and O (10.36 % wt) contents were significant, suggesting the presence of superficial acidic and oxygen functional groups, important for the redox-active properties of BCs [45], as confirmed by the H/C and O/C molar ratios. Due to its redox properties BC may act as a temporary electron acceptor and donor during AD, supporting the faster syntrophic degradation of intermediates as organic acids by microbes [31]. The larger C content and lower H content of B-BC may be due to a higher temperature of production [46].
3.2. Biogas and methane production
In order to assess the BMP of the WL samples (BS1, BS2 and BR), the AD tests were managed according to different experimental conditions: with BS1 in batch (BS1) and fed batch (BS1-FB) mode (experiment 1); with BS2 in batch mode with and without addition of SWP550 (experiment 2); and with BR in batch mode with and without addition of two doses of B-BC, 3 g L-1 and 10 g L-1 (experiments 3 and 4, respectively). The results of the AD tests are shown in Figure 1, reporting the cumulative specific biogas (SBP) and methane production (SMP) curves for the given substrates, and the fitting with the modified Gompertz model. In overall, WL presented high BMP values, up to 0.744 Nm3 kgVS-1 for BR lees and 1.257 Nm3 kgVS-1 for BS sample, proving that they may be a promising substrate for AD, despite the significant risks of instabilities. Inhibition of methanogenesis was also observed (in BS2), probably due to the accumulation of organic acids. The addition of BCs, both SWP550 and B-BC, did not improve biomethane production from WL under the adopted experimental conditions. The details of the results of the AD tests are discussed as follows.

Figure 1. Cumulative specific biogas production (SBP) and cumulative specific methane production (SMP) with Modified Gompertz fitting (dashed line): (a) SBP for Barbaresco wine lees 1 in batch mode (BS1) and fed-batch mode (BS1-FB); (b) SMP for BS1 and BS1-FB; (c) SBP for Barbaresco wine lees 2 with SWP550 (BS2-BC) and without biochar (BS2-C); (d) SMP for BS2-BC and BS2-C; (e) SBP for Barbera wine lees with and without 3 g L-1 of B-BC (BR3-BC and BR3-C, respectively), with and without 10 g L-1 of B-BC (BR4-BC and BR4-C, respectively); (f) SMP for BR3-BC, BR3-C, BR4-BC and BR4-C.
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In experiment 1, the trends of SBP differed based on the feeding mode (Figure 1.a), between batch (BS1) and fed-batch (BS1-FB). The latter exhibited a “stair-like” profile due to the adaptation of the system to the consequent additions of substrate. In details, while BS1 showed one sharp peak at day 2 (0.434 Nm3 kgVS-1d-1), BS1-FB had 4 lower peaks up to 0.298 Nm3 kgVS-1d-1, delayed by 1 day after the corresponding feeding events, which occurred on days 0, 3, 6, and 9. Despite the different kinetics, after 20 days the SBP values were not significantly different (p > 0.05) (Table 3), equal to 1.273 ± 0.013 for BS1 and 1.193 ± 0.060 Nm3 kgVS -1 for BS1-FB. The high COD of BS1 didn’t produce any overload of organic acids intermediates. The final BMP values of BS1 and BS1-FB were 0.744 Nm3 kgVS-1 and 0.705 Nm3 kgVS-1, respectively (Figure 1.b). These values accounted for 73 % and 64 % of the respective theoretical BMPs calculated from the COD of BS1 (1.03 ± 0.03 Nm3 kgVS-1) (Figure 2.a). This means that in both feeding modes at least two thirds of the organic matter was converted to biomethane. The average methane content (Figure 2.b) was 58 ± 2 % and 55 ± 4 %, respectively, confirming the good performance of AD in both feeding modes. In fed-batch mode, the overall organic load is distributed over time, thus preventing potential overload problems. In this experimental condition, the S/I ratio of 1:2 was sufficient to prevent overloads even in batch mode.
In experiment 2, the SBPs values obtained from BS2-BC and BS2-C (Figure 1.c) after 15 days were lower than those of experiment 1, respectively equal to 0.775 Nm3 kgVS -1 and 0.948 Nm3 kgVS -1. A significant impact of 10 g L-1 of SWP550 BC on biogas production from BS2 was not observed (p >0.05) (Table 3). 

[bookmark: _Toc111041645][bookmark: _Ref111042064]Table 3. Results of the sensitivity analysis: one-way ANOVA at α = 0.05 with Fisher’s Least Significant Difference (LSD) post-hoc test and unpaired t-test at α = 0.05. A significant difference (p < 0.05) is identified by different letters.

	Parameter
	test
	F or t
	p value
	experimental condition
	average value
	Std Error
	Post-Hoc test

	SBP
[Nm3 kgVS-1]
	2
	1.315
	0.259
	BS1
	1.273
	0.013
	

	
	
	
	
	BS1-FB
	1.193
	0.060
	

	
	3
	-3.380
	0.183
	BS2-BC
	0.775
	
	

	
	
	
	
	BS2-C
	0.948
	0.030
	

	
	4 - 5
	5.545
	0.024
	BR3-BC
	1.823
	0.028
	a

	
	
	
	
	BR3-C
	1.866
	0.016
	a

	
	
	
	
	BR4-BC
	1.736
	0.030
	b

	
	
	
	
	BR4-C
	1.829
	0.018
	a

	SMP
[Nm3 kgVS-1]
	4 - 5
	1.825
	0.260
	BR3-BC
	1.091
	0.081
	

	
	
	
	
	BR3-C
	1.234
	0.002
	

	
	
	
	
	BR4-BC
	1.113
	0.046
	

	
	
	
	
	BR4-C
	1.257
	0.011
	



Despite the addition of SWP550, methanogenesis was inhibited during the AD of BS2, possibly due to a sudden accumulation of readily biodegradable compounds, as suggested by the high theoretical BMP (Figure 2.a). Lower SMP values, compared to experiment 1, were observed (Figure 1.d) with 0.094 Nm3 kgVS-1 for BS2-C and 0.081 Nm3 kgVS-1 for BS2-BC, corresponding to nearly 2 % of their theoretical BMP (3.96 ± 0.04 Nm3 kgVS-1). In both cases the average methane content was around 10 % (Figure 2.b).

Figure 2. Results of anaerobic digestion tests for experiments 1 to 4: (a) Theoretical and experimental biomethane potentials (BMP), where the ratios between experimental and theoretical BMP (%) are reported as numerical values; (b) Average methane contents during anaerobic digestion tests. Results are reported as mean with standard errors. 
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[bookmark: _Hlk95810352]In experiments 3 and 4, high SBPs (Figure 1.e) were observed for BR3-C and BR4-C, equal to 1.866 ± 0.016 Nm3 kgVS-1 after 37 days and 1.829 ± 0.018 Nm3 kgVS-1 after 27 days, respectively. The SBP curves overlapped until days 3-4, when the growth of BR3-C suddenly slowed down until day 9, reaching a comparable biogas yield after a longer time at the end of AD. The different behavior may be ascribable to the different inocula employed in experiments 3 and 4, and to their adaptation to the system. In experiment 4, the sharp release of intermediate compounds during acidogenesis probably required some sort of adaption for the inoculum. As observed for SWP550, the SBP value of BR4-BC was slightly lower than BR4-C, while BR3-BC was not significantly different from BR3-C (Table 3). None of the two doses had beneficial effects on biogas production from BR sample. The SMP values obtained from BR (Figure 1.f) were promising and remarkably higher than BS, ranging 1.234-1.257 Nm3 kgVS-1 for the control groups. These SMP values accounted respectively for 88-90 % of the theoretical BMP (Figure 2.a), clearly indicating an almost complete degradation of the organic compounds in the WL. Their average methane content was around 66-69 % (Figure 2.b). Despite the similar nature of BS1 and BR lees (see Section 3.1), their SMP values were different, maybe due to the higher tCOD in BR and the initial pH adjustment to 7.5 provided just for BR in experiments 3 and 4 (see Table 1). Consistently with the SBPs, neither dose of B-BC (BR3-BC and BR4-BC) significantly affect (p > 0.05) the SMP respect to the control groups (Figure 1.f and Table 3). Consistently, conversions of theoretical BMPs around 78-80 % (Figure 2.a) and methane contents of 60-64 % (Figure 2.b) were observed when B-BC was supplemented. In overall, WL presented high BMP values during mesophilic AD, up to 0.744 Nm3 kgVS-1 for BR lees and 1.257 Nm3 kgVS-1 for BS sample, proving that WL may be a promising substrate for biomethane production, despite the significant risks of instabilities. Inhibition of methanogenesis was also observed (in BS2), probably due to the accumulation of AD intermediates as organic acids. The addition of BCs, both SWP550 and B-BC, did not improve biomethane production from WL under the adopted experimental conditions. Similarly, literature provides a wide range of methane productions during the AD of WL, resulting from a high variability of WL characteristics depending on the wine making process. As in experiments 3 and 4 of the present study, a BMP of 0.876 m3 KgVS-1 was recorded during the mesophilic AD of WL [15]. A BMP of 0.370 Nm3 kgVS-1, corresponding to the 80 % of its thBMP, was observed during thermophilic batch tests of WL [14]. However, low biogas productions were also detected during the mesophilic AD of WL from red wine with electro-oxidation pre-treatments, ranging 0.181-0.25 m3 kgVS-1 with 58 % average methane content [13].

3.3. Kinetic analysis
The results of the fitting of experimental SBP and SMPs are in Figure 1, and the kinetic parameters calculated for experiments 1 to 4 are in Table 4. In overall, the modified Gompertz equation exhibited a good fit against the experimental SBP and SMP curves, with R2 values higher than 0.980 and 0.957, respectively (Table 4). In general, in case of biogas, the lag phase λ values were relatively low (0.1-1.5 days), probably because of the availability of soluble readily degradable compounds in all WL samples. Despite few studies assessed the kinetics of AD of winery wastes [13,47], they shown an absence or a short lag-phase confirming that hydrolysis was not the rate-limiting step in AD of wine lees. In case of methane, in experiment 2, λ was larger in presence of SWP550 during AD of BS2. In experiment 3, as observed in Section 3.2, the AD of BR required a longer adaption period of inoculum than in experiment 4, with λ ranging 3.9 d and 0.6-1.4 d, respectively. The maximum production rate (Rmax) is related to the growth rate of bacteria. Considering biogas production, Rmax ranged between 0.07 and 0.46 Nm3 kgVS-1d-1. Despite BS1 exhibited the highest Rmax, this did not correspond to the largest SBP, which occurred for BR. The AD of BR lees in experiments 3 and 4 was longer, requiring 27-37 days compared to 20 days observed for BS1, but it reached the largest conversion of organic matter to biogas. 
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Table 4. Kinetic parameters derived from the fitting of experimental biogas and methane production curves with the modified Gompertz model: biogas/methane potential (P); maximum biogas/methane production rate (Rmax), lag-phase (λ), coefficient of determination (R2). ND: not detected.
	
	Biogas
	Methane

	Experimental conditions
	P
(Nm3 kgVS-1)
	Rmax
(Nm3 kgVS-1d-1)
	[bookmark: _Hlk93480640]λ
(days)
	R2
(-)
	P
(Nm3 kgVS-1)
	Rmax
(Nm3 kgVS-1d-1)
	λ
(days)
	R2
(-)

	BS1
	1.253
	0.457
	0.35
	0.998
	ND
	ND
	ND
	ND

	BS1-FB
	1.241
	0.132
	1.49
	0.980
	ND
	ND
	ND
	ND

	BS2-BC
	0.774
	0.195
	0.78
	0.996
	0.197
	0.007
	3.30
	0.957

	BS2-C
	0.942
	0.277
	0.93
	0.990
	0.126
	0.007
	1.64
	0.988

	BR3-BC
	1.972
	0.075
	0
	0.988
	1.242
	0.048
	3.89
	0.994

	BR3-C
	2.049
	0.070
	0
	0.989
	1.467
	0.048
	3.96
	0.995

	BR4-BC
	1.781
	0.129
	0.51
	0.995
	1.199
	0.075
	1.44
	0.993

	BR4-C
	1.844
	0.130
	0.06
	0.994
	1.333
	0.078
	0.57
	0.996
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In case of methane production, Rmax ranged between 0.007 and 0.078 Nm3 kgVS-1d-1. The lowest values were obtained for BS2, where inhibition occurred. Conversely, the largest values were recorded for BR in experiment 4 where inhibition phenomena did not occurred (0.078 Nm3 kgVS-1d-1), significantly higher than those reported by other authors [22,47].The experimental SMP values of BS1 were not fitted since the number of experimental data was not sufficient due to the methane sampling method (Section 2.4). Finally, the addition of BC did not exhibit beneficial impacts on the kinetic parameters.

3.4. Digestate characteristics
Samples of substrate, inoculum and digestate were analyzed in all tested conditions (Figure 3). The removal of organic matter was promising when methanogenesis was not inhibited. The removal of tCOD (Figure 3.a) was in the order BR4 (49-57 %) > BR3 (49 %) > BS1 (39-40 %) > BS2 (17 %), in good agreement with biogas and methane productions. In experiments 3 and 4, the high removal of sCOD (92-96 %) suggested that the conversion of soluble organic matter was almost complete. In contrast, in experiment 2, the removal of sCOD was marginal (12-20 %), due to the inhibition of methanogenesis happened with BS2. Unfortunately, in experiment 1, the removal of sCOD was not assessed due to some problems happened during the tests. The initial pH values (Figure 3.b) of the inocula were between 7.4 and 7.7 in all cases, due to the pH adjustment to 7.5 (except in experiment d 1). At the end of AD tests, the pH values of the digestate ranged from acidic (when inhibition of AD occurred) to slightly alkaline when methanogenesis was complete. In experiment 1, the final pH values of BS 1 and BS1-FB decreased but remained in the optimal range for methanogens, respectively equal to 7.28 and 7.24. In contrast, in experiment 2, the final pH dropped to 5.5 at the end of AD of BS2 despite the presence of SWP550, indicating inhibitory conditions for methanogens. Apparently, the addition of 10 g L-1 of SWP550 was not effective in mitigating the pH drop caused by the rapid accumulation of organic acids.

Figure 3. Characteristics of digestate before and after the anaerobic digestion of wine lees: (a) Removal of total COD (tCOD) and soluble COD (sCOD); (b) pH and total phenolic content; (b) Organic acids.

[image: Graphical user interface
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The AD of BR resulted in final pH values in the alkaline range, equal to 8.2 in experiment 3 and 8.0 in experiment 4, without significant differences between B-BC and control groups. Further, in experiments 3 and 4, the total phenolic content of the digestate was analysed to investigate the effect of AD process on polyphenols. Excessive concentrations of these compounds, commonly present in WL, can be inhibitory for the AD process [19]. In overall, the total phenolic content ranged from 116 to 154 mg L-1 GAE, slightly lower in the BC amended groups (119-135 mg L-1) than in control groups (136-152 mg L-1), maybe suggesting a certain adsorption capacity of BC. However, in experiment 3, polyphenols tended to accumulate during the AD, increasing by 8 % for BR3–BC and 13 % for BR3–BC. In experiment 4, the total phenolic content was slightly reduced during AD by 14 % for BR4-BC and by 7 % for BR4–C.
Figure 3.c shows the concentration of organic acids before and after AD. In experiment 1, the initial organic acids concentration (676 g L-1) of BS1 and BS1-FB was reduced by more than 90% in both cases. In experiment 2, the organic acids accumulated during AD. The initial concentration of organic acids of BS2-BC and BS2-C was higher than in experiment 1, respectively equal to 1125 g L-1 and 1198 g L-1, accounting for around 3 % of the initial sCOD concentration. At the end of AD, organic acids raised by 19 and 20 times for BS2-BC and BS2-BC, up to 21 and 24 g L-1, representing respectively 58 % and 68 % of the residual sCOD concentration. The degradation of organic acids by acetogens and methanogens was likely too slow to contrast their rapid production by acidogenic bacteria during the first days of AD, resulting in the pH drop and the failure of methanogenesis. The supplementation of BC did not mitigate the accumulation of organic acids. In experiments 3 and 4, the initial organic acids concentrations were reduced in presence of B-BC respect the control group by 53 % in experiment 3 and by 40 % in experiment 4. At the end of AD, organic acids were removed by 52 %, 77 %, and 66 % for BR3-BC, BR4-BC, and BR4-C, respectively. Just in case of BR3-C, organic acids increased by 4 % at the end of the AD process. 
In overall, the high removal of tCOD and sCOD were consistent with the significant methane productions from BS1 (experiment 1) and BR (experiments 3 and 4). However, in case of BS2, overload occurred with accumulation of organic acids (Figure 3.c) and the inhibition of methanogenesis (Figure 1.d).

4. Conclusions
This study investigated the BMP of WL through AD batch tests at 37 °C, obtaining BMP values up to 1.257 Nm3 kgVS-1 and 92-96 % sCOD removal. Inhibition of methanogenesis was detected when the concentration of organic acids reached 21-24 g L-1. The addition of BC didn’t improve the BMP in the considered experimental conditions, as it was not able to contrast the effect of the accumulation of organic acids. In conclusion, WL may be a promising substrate for AD process, but the high sCOD and wide variability of WL characteristics are critical issues. The proper management of the organic loading rate and the provision of adequate alkalinity are crucial for a stable AD system. Due to the availability of WL throughout the year, the AD of WL may provide a reliable and stable source of biomethane. Further, AD could stabilize a putrescible waste and avoid uncontrolled emissions of greenhouse gases into the atmosphere, thus increasing the sustainability of the wine making industry. The results of this study can provide valuable insights into the optimization of the AD process of WL. However, further research is needed to find more stable conditions for the AD of WL especially during continuous AD experiments.
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