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Agro-industrial by-products are generated in large quantities every year, and the adoption of environmentally
safe management strategies for these materials is of growing importance. Brewers’ Spent Grain (BSG), the
main by-product of the brewing industry, was used as substrate for biogas production through Anaerobic
Digestion (AD). BSG was digested both as a single substrate and in co-digestion with walnut residues (WN)
derived from timber trees. This lignocellulosic biomass is a by-product of wood production and therefore does
not compete with food resources. The selection of walnut residues was based on their chemical composition,
which allows improvement of the overall carbon-to-nitrogen (C/N) ratio of the feedstock. Anaerobic digestion
experiments were conducted in batch lab-scale bioreactors, using an inoculum-to-substrate ratio of 3:1 on a dry
weight basis. The results, normalized per unit of Volatile Solids (VS) showed that the co-digestion treatment
achieved a higher biogas yield than the mono-digestion of the individual biomasses, with a production of 9.6*10~
3 Nm3/gVS, compared to 7.4*103 Nm3/gVS for BSG alone and 4.5*10-3 Nm?%gVS for WN alone. The present
study aims to investigate the properties of each biomass which led to the improved production detected during
co-digestion tests. Key biomass parameters, influencing AD performances, were explored, such as C/N ratio,
fiber composition, and morphological structure of the organic material.
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1. Introduction

In response to the growing global demand for renewable energy, as well as the urgent need to reduce CO,
emissions and decrease reliance on fossil fuels, interest in Anaerobic Digestion (AD) for biogas production has
increased significantly in recent years (Sawatdeenarunat et al., 2015). The AD is a microorganism-driven process
that occurs naturally and involves four main stages. The first step is hydrolysis, during which complex organic
polymers are broken down into their monomeric units. This is followed by acidogenesis, where these products
are further converted into short-chain volatile fatty acids. In the subsequent acetogenesis stage, acetogenic
bacteria convert volatile fatty acids into acetate, CO,, and H,. Finally, methanogenic microorganisms convert
these intermediates into biomethane during the methanogenesis stage (Xu et al., 2019). In principle, anaerobic
digestion can utilize a wide range of organic biomass as feedstock, including residual by-products from the agri-
food industry, agricultural crop residues, livestock manure, and the organic fraction of municipal solid waste
(Adedeji & Chetty, 2021; Hagos et al., 2017). In particular, lignocellulosic biomass has attracted considerable
attention, especially when derived from the agri-food industry or generated as a residual by-product of industrial
processing. These biomass streams are particularly attractive because they represent waste or secondary
resources and therefore do not compete with food or feed production. These types of biomass are typically
lignocellulosic in nature, being mainly composed of cellulose, hemicellulose, and lignin, which together form a
rigid and recalcitrant structure that is difficult for microorganisms involved in anaerobic digestion to degrade
particularly limiting the hydrolysis step of AD (Khanal, 2009; Monlau et al., 2013). Consequently, the anaerobic
digestion of agri-food biomass often faces limitations associated with the structural complexity of these
materials, which can reduce process efficiency and lead to process inhibition. For this reason, pre-treatment
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strategies are often required to improve biomass accessibility and enhance biodegradability, and several studies
have focused on this aspect (Di Mario et al., 2024). An interesting study by (Li et al., 2018) investigated the
individual contribution of each fiber fraction to anaerobic digestion, also evaluating the effects of their
combinations. Their results showed that cellulose and hemicellulose individually produced higher biogas yields
compared to lignin, as expected. Moreover, the co-digestion of lignin and hemicellulose exhibited a synergistic
effect, improving AD performance compared to their mono-digestion. In contrast, the addition of lignin to
cellulose showed a stronger negative impact on biogas production than the co-digestion of lignin with
hemicellulose. Other factors influencing the dynamics of anaerobic digestion include the chemical composition
of the individual biomass, particularly the carbon and nitrogen content and their ratio (C/N). Indeed, the literature
reports that very low or very high C/N ratios can lead to process inefficiencies due to an imbalance in nutrient
composition and availability for the microorganisms involved in anaerobic digestion (Dai et al., 2016; Gambelli et
al.,, 2025). Considering these aspects, it is important to evaluate the co-digestion of distinct types of
lignocellulosic agri-food biomass. Due to their different fiber compositions, these substrates may lead to different
biogas yields depending on the mixing ratio used in co-digestion. The positive effects of co-digestion have been
widely investigated and reported in the literature, confirming that this low, or zero-cost approach can represent
an effective strategy to improve the biogas yield of anaerobic digestion (Dai et al., 2016; Di Mario et al., 2025;
Hagos et al., 2017; Umetsu et al., 2006). The aim of this work was to evaluate the effects of co-digestion, C/N
ratio, and the morphological structure of biomass on biogas yield using residual lignocellulosic materials.
Specifically, the selected substrates were Brewers’ Spent Grain (BSG), the main by-product of the beer industry,
and walnut residues from timber production. Both types of biomass represent non-food materials with high
potential for valorization. Their individual biogas yields were assessed, as well as the yields obtained from their
co-digestion, with a focus on the influence of their chemical composition and structural characteristics.

2. Materials and Methods
2.1 Biomass used and their chemical characterization

The biomass used in this study included Brewers’ Spent Grain and walnut residues from timber tree fields. BSG
was kindly provided by a brewery company in Perugia, while the walnut residues were harvested from a timber
field near the city of Perugia. The chemical characterization of these biomass types included the determination
of moisture content, volatile solids, and carbon and nitrogen contents. For walnut biomass, its three main
components, husk, shell, and kernel, were separated and analysed individually. Moisture content and volatile
solids (VS) were measured following standard procedures with minor modifications (Montegiove et al., 2024).
For moisture determination, approximately 2 g of each biomass sample were dried in an oven (TCN 50 Plus,
Argolab, Modena, Italy) at 105 °C until a stable weight was reached. The moisture content was expressed as
the percentage of weight loss relative to the initial wet mass. To quantify volatile solids, 2 g of the dried biomass
were placed in ceramic crucibles and incinerated in a muffle furnace (FM13, Falc, Bergamo, Italy) at 550 °C for
24 h. After cooling the crucibles were weighed again, and VS content was calculated as the difference between
the mass before and after combustion. Total organic carbon (TOC) content was measured using a TOC/TN
analyzer (multi N/C 2100, Analytik Jena GmbH, Uberlingen, Germany). Total Kjeldahl nitrogen (TKN) was
determined according to the official standard protocol (Kirk, 2002).

2.2 SEM and TGA analyses

The samples' morphology was analysed using a Scanning Electron Microscope (SEM, Vega -Tescan) Samples
were deposited on a conductive tape and gold-coated using an ion sputter coater and observed with the gun
operating at 15 kV. The analysis of the thermodegradative behaviour was performed by heating the samples
from 30 to 900 °C at 10 °C-min-1 under a nitrogen flow (250 mL-min-1) by using a Seiko Exstar 6300 (Seiko
Instruments Inc., Chiba, Japan). Thermogravimetric analysis (TGA) enables the identification of hemicellulose,
cellulose, and lignin fractions based on their characteristic thermal degradation ranges. These components
exhibit different biodegradability, with hemicellulose and cellulose being more readily degradable and lignin
more recalcitrant; therefore, their relative distribution is relevant for interpreting anaerobic digestion behavior.
Additionally, the residual mass after thermal degradation provides an indication of the presence of inert or non-
biodegradable fractions, which may influence the overall methane potential.

2.3 Anaerobic digestion process

The biogas potential of the selected biomass was assessed through laboratory-scale anaerobic digestion
experiments. Batch reactors consisting of two connected glass bottles were employed. The first bottle contained
the inoculum and the tested biomass, where the anaerobic digestion process took place. This bottle was
connected to a second bottle filled with deionized water, which was used to quantify the volume of biogas
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produced. Bioreactors operated under mesophilic conditions at 37 °C. The inoculum and substrates were
combined at a dry weight ratio of 3:1 and for co-digestion, the biomass fraction consisted of equal parts BSG
and WN (1:1). The reactors were loaded with individual biomass types, Brewery’s Spent Grain (BSG) and walnut
(WN), as well as a co-digestion mixture of BSG and WN. Since the tested biomass tended to float on the surface
of the mixture under static conditions, the reactors were periodically agitated to ensure proper mixing and
maintain contact between the substrate and the inoculum. For the latter biomass, the process was also carried
out by considering exclusively its kernel (KR). All experiments were performed in triplicate, and the results are
reported as the mean values + standard error.

3. Results and Discussion

As stated in the previous section, each sample has been tested in triplicate. Table 1 reports the average biogas
production, together with the level of uncertainty, expressed ad percentage. The table also indicates the time
period required to complete the anaerobic digestion process. Similarly, Figure 1 shows the cumulative biogas
production curves defined for each sample. Continuous curves describe the average cumulative biogas
production, while dotted curves describe, for each sample, the same parameter but with the maximum and
minimum values measured every day, in order to highlight the maximum difference observed between tests
carried out with the same sample.

Table 1: For each sample tested in this study: total amount of biogas produced, maximum difference observed
between experiments made with the same samples (each test has been made in triplicate) and time required
to complete the digestion process. BSG: Brewers’ Spent Grain; WN: Walnut; BSG+WN: Co-digestion of BSG
and Walnut; KR: Walnut Kernel.

Sample Biogas produced [Nm?3/gVS] Max deviation [%] Production time [days]
BSG 7.57*10° 14.29 72
WN 5.92*103 14.64 53
BSG+WN 1.04*1072 7.15 63
KR 9.34*103 11.44 38
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Figure 1: Cumulative biogas production, expressed as Nm3/gVS. BSG: Brewers’ Spent Grain; WN: Walnut;
BSG+WN: Co-digestion of BSG and Walnut; KR: Walnut Kernel.

The results proved that, by itself, BSG can be considered as a good biogas producer, with a mean production
of 7.57*10°* Nm3/gV'S. A slightly lower yield was reached with WN, which did not exceed 5.92*10-3 Nm3/gVsS.
Differently, when the sole kernel of WN was used, the production resulted significantly improved, with 9.34*10"
3Nm3/gVS of biogas. However, it should be considered that this latter test was carried out exclusively for better
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characterizing the process, or defining the potentialities of each component of WN, while an initial separation of
WN into its main components before AD, could not be taken into account for practical applications.

The most interesting evidence belongs to co-digestion tests, carried out with a mixture of BSG and WN. Those
tests revealed the highest biogas production per mass unit of biomass inserted in the bioreactors: a mean
production equal to 1.04*102 Nm%gVS was measured. The results highlighted a synergy between the two
species: their usage in mixture allowed to remove the limiting factors, typical of the two biomass used separately,
thus improving the overall process yield. According to the experimental procedure defined in Section 2.1, the
different species were analysed, and the most relevant results are resumed in Table 2.

Table 2: Characterization of the species tested in the present study. Walnut components (husk, shell, and
kernel) were analysed separately due to their different compositions. 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
TOC [% of DM] 31.84 37.10% 35.84 26.66
TKN [% of DM] 1.16 < 0.002* 2.20 3.9
C/N 27.45 NA 16.29 6.84

The results included in Table 2, motivate the higher production obtained in co-digestion. BSG showed a
significant biogas production; however, the low C/N ratio (6.84) denoted an excessively high availability of
nitrogen, if compared with the organic carbon. That value justifies the longer production period observed during
tests (72 days before reaching the process completion), in comparison with the other matrices. The abundancy
of nitrogen denoted high availability of nutrients for bacteria and ensured their activity for a longer time period.
However, the relative scarcity of organic carbon led only to a weak biogas production during the second half of
the digestion process. The opposite trend was observed for WN, whose corresponding C/N ratio was equal to
27.45, or approximately four times higher than BSG. The mixing of these two species allowed to overcome the
partial lack of carbon, observed for BSG and, at the same time, to enhance and extend the bacterial activity for
WN, thus converting a higher portion of organic carbon available for the process. The values measured for C/N
ratio were main criteria used to define the co-digestion option proposed in this research. In order to deepen the
reasons behind the marked synergy, observed between BSG and WN, in terms of overall biogas production,
the different samples were characterized via SEM and TGA, according to the procedure described in Section
2.2. Figure 2 reports FESES images for WN and its main components. FESEM images for BSG can be consulted
in recently published studies, made with the same procedure and the same instrumentation here adopted (Di
Mario et al., 2025). DTG and TG curves, for the same samples, are shown in Figure 3.
(3. 2% T3 & ~ e t -

- T

Figure 2: From left to right: FESEM images for walnut kernel, walnut shell and walnut husk. The images in the
upper row were acquired at lower magnification (scale bar: 100 um), providing an overview of the surface
morphology, whereas the images in the lower row were taken at higher magnification (scale bar: 20 um),
allowing a more detailed observation of the microstructural features.
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The microscopic morphology of the surface of walnut kernel reveals the presence of densely arranged
rectangular cells and an oil body membrane covering the substrate, the surface appeared smooth (Li et al.,
2024) while, in the case of walnut shell, a highly porous structure was evidenced (Liu et al., 2021) The
morphological investigation also confirmed that walnut husk resulted as an agglomeration of fibrous structures,
originating from native cellulose with typical fibrillar or fibrous morphology of cell-wall material (La Torre et al.,
2021; Savic and Savic Gajic, 2025).
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Figure 3: DTG and TG curves for walnut kernel, walnut shell and walnut husk.

TGA/DTG curves for green husk indicate that initial mass loss is caused by moisture evaporation and. The
significant mass loss reported at < 500 °C is presumably due to the volatilization of dominating components
(hemicellulose, cellulose, and lignin).

At temperatures higher than 500 °C, thermolytic rate decreases, leading to the formation of biochar through
carbonization, deoxygenation, and dehydrogenation Kim et al., 2025) Analogously, in the case of walnut shell,
at temperatures below 150 °C moisture evaporates, while the major pyrolysis zone of cellulose/hemicellulose
causes a mass loss of roughly 65% at temperatures ranging from 200 to 400 °C. At temperatures above 400
°C, lignin carbonizes slowly, yielding around 20% residual char (Zhu et al., 2026) The thermal degradation profile
of walnut kernel is slightly different from the other two wastes: walnuts contain a significant quantity of proteins
(up to 24% of the walnut seed weight), carbohydrates (12-16%), fiber (1.5-2%), and minerals (1.7-2%)
(Jahanban-Esfahlan et al., 2019). After removing humidity, seed cakes undergo thermal degradation in a single
stage between 150 and 500 °C, resulting in a mass loss of around 60 wt%.

In addition to the primary DTG peak, which indicates cellulose degradation, a shoulder at around 250 °C is
noticed, which can be read as volatilization without breakdown of fatty acids in the seed or degradation of the
most labile structures in proteins. The tiny shoulder at roughly 450 °C in the DTG curve indicates lignin structural
degradation in the kernel; the pattern observed for the DTG curve of the seed cakes confirms the seed's complex
and specific composition, as well as the interaction between the components (Butnaru et al., 2024).

4. Conclusions

The co-digestion of different biomass residual and/or agro-industrial wastes represents a promising option for
improving the biogas yield without adding further variables and cost to the production facility. Brewery’s Spent
Grain was tested with Walnut, and the results were briefly documented in this study. Walnut from timber trees
was selected for the research, since this product is not used for alimentation (it does not reach the requirements
of the demand) and, at the same time, is relatively easy to gather. Moreover, this raw product is quite diffuse in
area where walnut timber trees have been widely used as reforestation species as, for instance, the middle-
Italy. The promoting effect, due to the mixing of BSG with WN, was here experimentally proved. The various
samples were then analysed, in order to detect and characterize the reason behind the synergistic effect
denoted during anaerobic digestion tests.
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