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[bookmark: _Hlk495475023]The main residual of beer production, referred as Brewery’s Spent Grain (BSG), is an excellent raw biomass for biogas production. However, the C/N (organic carbon/organic nitrogen) ratio is not centered within the optimal range defined for the anaerobic digestion process, suggesting that the process efficiency could be enhanced by addition of appropriately selected agricultural residuals. In this regard, walnuts, produced from wood-production trees and therefore non-food-competitive, were selected. Walnuts show higher organic carbon content than BSG and their addition can mitigate the abundancy of nitrogen, typical of this latter biomass. Moreover, the presence of shredded woody walnut shell, will make the residual digestate highly predisposed for final composting, since the presence of solid and, at the same time, highly bio-degradable, woody particles, could ensure higher permeability to the whole residual, thus favouring the aerobic reactions required for the final composting. The present study deals with biogas production from sole BSG, sole walnuts and mixtures containing both. The results were discussed in terms of overall quantity of biogas produced, time duration of the whole process and daily production. 
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Introduction
The adoption of a circular economy approach for agro-industrial waste management is crucial to counteract the climate change and to satisfy the growing demand of energy and raw materials (Hingsamer and Jungmeier, 2019).
In this context, the so-called second and third generation biorefineries represent the currently most widespread solutions, since the usage of dedicated cultivations is minimal, while the exploitation and valorisation of residual biomass is predominant (Liu et al., 2020; Wainaina et al., 2020). The agro-industrial residual is firstly fractionated into its main intermediates, or carbohydrates, proteins, fats and lignin. Each intermediate is then processed and transformed into high value-added products, as bio-fertilizers, bio-stimulants, protein hydrolysates, ammino acids, polyphenols, biomethane, biohydrogen, and so on (Edwiges et al., 2018).
In particular, biomethane is produced through the anaerobic digestion (AD) of residual biomass. The microbial activity leads to a gaseous mixture mainly consisting of methane (50-75%) and carbon dioxide (25-50%) with possible traces of H2S, N2, H2, NH3 and others Carlsson et al., 2012). The anaerobic digestion is a microorganism-driven process and is the sum of four sequential step, each of them depending of different bacterial strains, named: hydrolysis, acidogenesis, acetogenesis and methanogenesis (Fortunati et al., 2016).
The biomethane yield strongly depends on the composition of the digested substrate: easily biodegradable components, as carbohydrates, makes the process easier and faster, compared to, for instance, lignin, which requires longer degradation times (Ahring et al., 2015).
Residual showing abundancy of organic compounds can be considered as the most attractive substrates, since the organic matter can be decomposed into biogas and, at the same time, the direct disposal in the environment is often discouraged and, in some cases, forbidden, due to elevated chemical oxygen demand (COD) of them (Syaichurrozi et al., 2026). In this context, the AD process favours the biodegradability of biomass, transforming it into biogas and liquid organic fertilizers (Kowalczyk-Jusko et al., 2023; Ningsih et al., 2024).
The most relevant parameter in determining the biogas yield, is the carbon to nitrogen ratio (C/N). The carbon component, strictly related to the COD of biomass, represents carbohydrates, while nitrogen is related to proteins. The degradation of carbohydrates mainly leads to the production of volatile fatty acids, while the degradation of proteins to total ammonia nitrogen. Excessively elevated C/N ratios mean accumulation of volatile fatty acids, which damage the microbial cells, denaturing their proteins, thus lowering their activity and the overall biogas yield (Deublein and Steinhauser, 2008). Concentrations of volatile fatty acids higher than 2 g/l inhibit the rate of cellulose hydrolysis, thus lowering its conversion into biogas. Concentrations higher than 4 g/l inhibit the conversion of glucose while, concentrations above 6 g/l have a direct impact on the methane to carbon dioxide ratio (Siegert and Banks, 2005).
Conversely, excessively low C/N ratios favour the accumulation of total ammonia nitrogen, due to the degradation of proteins and strongly inhibit the methanogenic activity (Fotidis et al., 2014). If the total ammonia nitrogen exceeds 1.5 g/l, the AD process may result inhibited, while concentrations above 30 g/l can be considered poisonous for the process (Sung and Liu, 2003).
The most promising option to keep the C/N ratio within the optimal range, consists of carrying out the AD process with mixtures of different substrates. The so-called anaerobic co-digestion process (ACoD) allows to achieve high biomethane yields, without the needs of any pretreatment and additional operative cost (Di Mario et al., 2024).
Previous studies proved the feasibility of co-digesting Brewery’s Spent Grain (BSG) with residual of oil production (Di Mario et al., 2025) and with local weed plants, as Lemna Minor (Gambelli et al., 2025). The present study deals with ACod of BSG with walnuts produced by wood-dedicated walnut trees, which are not destined to the food sector.
Materials and Methods
2.1. Biomass characterization
The biomass used in this study consisted of Brewers' Spent Grain (BSG) and walnuts from timber trees. Walnuts are composed of three main parts: kernel, shell, and husk.
Prior to starting the experiments, the biomasses were chemically characterized, and the results are reported in Table 1.

Table 1. Chemical characterization of the biomasses used in the experiment. DM = Dry Matter; TOC = Total Organic Carbon; TKN = Total Kjeldahl Nitrogen
	
	Husk 
	Shell
	Kernel
	BSG

	Humidity [%]
	65.09
	81.59
	87.65
	78.30

	Volatile Solids [%]
	90.83
	98.24
	97.69
	96.91

	Ash [%]
	9.17
	1.76
	2.31
	3.09

	TOC [% of DM]
	31.84
	37.10%
	35.84
	26.66

	Organic substances [% of DM]
	63.68
	74.2
	71.68
	53.32

	TKN [% of DM]
	1.16
	< 0.002*
	2.20
	3.9

	C/N 
	27.45
	NA
	16.29
	6.84


* Below the method detection limit; NA: Not Applicable
2.2. Anaerobic digestion and biomethane quantification
The potential for biogas production from the tested biomass was evaluated by measuring biogas production through the Anaerobic Digestion (AD) process. Experiments were conducted in batch laboratory-scale bioreactors operating under mesophilic conditions (37 °C). The inoculum and biomass were mixed in a specific ratio of 3:1 based on dry weight. Biomethane production was quantified using an alkaline trap containing 0.5 M NaOH and thymolphthalein as a pH indicator. This trap selectively absorbs carbon dioxide, allowing methane to pass freely to the final collection vessel. In this way, the two gas components are completely separated, enabling accurate measurement of both the total biogas volume and the methane fraction. The experimental bioreactors were filled with sole BSG, sole WN, sole WNK, and a co-digestion mixture of BSG and WN.
In this work, the energy produced from each bioreactor was estimated based on the biomethane generated and considering the lower heating value (LHV) of CH₄ as 52 MJ/kg.

Results and Discussion
Figure 1 shows the cumulative biomethane production for the four tested treatments. The biomethane content in the biogas mixture for each bioreactor was as follows:
· BSG: 59.58 %
· WN: 53.84 %
· WNK: 70.57%
· BSG + WN: 69.48%
Among the tested substrates, WNK exhibited the highest biomethane content, followed by the co-digestion of BSG and WN, sole BSG, and finally sole WN.
Figure 1 also highlights differences in the production kinetics. WNK reached its maximum biomethane yield in a shorter time compared to the BSG+WN co-digestion, requiring 38 and 63 days, respectively. In contrast, sole WN completed the anaerobic digestion process after 53 days, while sole BSG required the longest digestion time (72 days).
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Figure 1. Cumulative biomethane production of the tested biomasses. Values are reported as the mean of three replicates ± SD.

In this context, the addition of WN to BSG had a positive effect, as it reduced the time required to complete the process and increased methane productivity compared to sole BSG. Another important aspect to consider is that the use of the sole kernel requires mechanical separation of the three nut components, resulting in an energy-intensive process that negatively affects the overall energy efficiency.
The positive effect of co-digestion, resulting in an increased biomethane yield compared to BSG, can be attributed to the improved C/N ratio of the substrate. Indeed, adding WN to the mixture increases the C/N ratio, thereby enhancing biomethane productivity (Deublein and Steinhauser, 2008).
Figure 2 shows the energy produced by each bioreactor for all tested samples. Since these values were calculated based on biomethane production, the observed trend mirrors that of biomethane concentration. The highest total energy production was obtained for WNK, followed by BSG+WN, BSG, and WN. A particularly interesting result is shown in Figure 3: the energy produced per gram of the co-digestion sample is higher than the sum of the energy produced by the same mass of BSG and WN when digested separately. This finding suggests that the co-digestion of these two biomasses likely induces a synergistic effect on microbial communities, enhancing both the process kinetics and the overall performance of anaerobic digestion.
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Figure 2. Energy produced by each bioreactor. The background bars represent the average daily energy production, while the foreground bars indicate the total energy produced.
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Figure 3. Total energy produced (MJ/g VS) by 1 g of co-digested biomass compared to the sum of 0.5g of BSG and 0.5g of WN digested separately
Conclusions
The co-digestion of BSG and WN proved to be the most effective strategy for energy production, as it resulted in both the highest biogas yield and the highest methane concentration only after the WNK. This approach also significantly increased the energy produced per gram of biomass compared to the individual substrates, which is particularly relevant in the context of potential process scale-up. Although the sole walnut kernel showed the highest individual performance, its use at an industrial scale would require mechanical separation of the nut components, an energy-intensive process that reduces overall energy efficiency. 	
For these reasons, the results of the co-digestion represent the most balanced and practical solution from a circular economy perspective, where the combined use of two different by-products maximizes energy recovery while remaining feasible for industrial implementation.
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