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Climate change is increasingly threatening coffee production systems, intensifying the need for sustainable
valorisation pathways for coffee-derived residues. Among these, coffee cut stems (CCS) generated during
pruning activities remain largely underutilized, particularly their fine particle-size fraction, which is unsuitable for
thermochemical conversion routes. This study evaluates the biochemical methane potential (BMP) of untreated
fine CCS (<0.25 mm) under mesophilic anaerobic digestion conditions, aiming to quantify their biomethane yield
and assess their role within integrated coffee biorefinery schemes. Batch BMP assays were conducted using
three Inoculum-to-substrate ratios (ISR = 0.5, 1.0, and 1.5), without pretreatment or chemical supplementation.
Results showed methane yields between 125 and 167 mL CH,/g Volatile Solids (VS), with no statistically
significant effect of ISR. Despite moderate biodegradability, the fine CCS fraction demonstrated measurable
biomethane production, providing quantitative evidence that anaerobic digestion can complement
thermochemical routes by enabling energy recovery from otherwise problematic residues.

1. Introduction

Climate change is significantly transforming agro-industrial systems, affecting crop productivity and quality, while
progressively reducing the areas suitable for their development. Coffee is one of the most vulnerable products,
whose global production faces increasing risks due to rising temperatures, extreme rainfall variability, and
intensified drought (Pham et al., 2019). In Colombia, this scenario is particularly relevant due to the economic
and social importance of the crop, as coffee contributes nearly 12% of the agricultural gross domestic product
(GDP) for 2023 and represents the main source of income for more than a quarter of the rural (Betancourt et
al., 2024). Beyond its socioeconomic relevance, this scenario highlights the need for technically sound
valorization routes capable of effectively managing the increasing volume of coffee-derived residues. In this
context, the coffee value chain generates a wide variety of by-products such as pulp, mucilage, husk, parchment,
and wastewater from the wet-processing stage, which are often managed in a limited manner despite their high
valorization potential (Pongsiriyakul et al., 2024). In addition, the systematic valorization of agro-industrial by-
products not only contributes to diversifying the regional energy grid in coffee-growing areas but also mitigates
environmental pressures associated with inadequate waste management, thereby reinforcing circular-economy
frameworks within the sector (Tsigkou et al., 2025). Lignocellulosic residues derived from pruning activities such
as coffee husks and coffee cut stems (CCS) represent an additional yet largely underexploited resource stream.
These materials are characterized by substantial high contents of cellulose, hemicellulose, and lignin, making
them a structurally robust but underutilized fraction that is not valued in standard field management practices.
Processing by-products and lignocellulosic residues from cultivation can be integrated into biorefinery schemes
via thermochemical or biological routes, enabling the production of bioenergy and value-added products while
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strengthening circular-economy strategies in coffee-growing systems. Given this potential within biorefinery
schemes, CCS is ground to facilitate efficient conversion through thermochemical processes. The milling
process yields three distinct particle-size fractions: (1) coarse (> 1.18 mm), (2) medium (0.25 — 1.18 mm), and
(3) fine (< 0.25 mm). While coarse and medium fractions are compatible with gasification and pyrolysis, the fine
fraction performs poorly in these systems due to its propensity to promote tar formation and operational
instability (Cortazar et al., 2023). Nevertheless, the fine CCS fraction represents a viable substrate for anaerobic
digestion (AD), as its physicochemical properties support the biological conversion of lignocellulosic matter into
biogas and biomethane (Manyi-Loh and Lues, 2023). Moreover, reducing particle size increases the surface
area accessible for hydrolysis, reducing the crystallinity of cellulose, and therefore increases the biogas
production during AD (Awadalla et al., 2023). In this sense, while AD of lignocellulosic biomass has been widely
investigated, specific biochemical methane potential data for fine fractions of CCS under untreated conditions
remain unavailable, leaving their anaerobic valorisation potential within coffee biorefinery schemes poorly
defined (Serna-Jiménez et al., 2022). Therefore, this study evaluates the biomethane production potential (BMP)
of fine CCS fractions by determining their anaerobic biodegradability and methane yield, and by benchmarking
their performance against other lignocellulosic residues. In this context, the work does not aim to compare
thermochemical and biological conversion routes, but rather to assess how anaerobic digestion can complement
thermochemical pathways by enabling the valorisation of fine fractions that are otherwise unsuitable for energy
recovery. It is hypothesized that, despite their lignocellulosic recalcitrance, fine CCS can achieve measurable
biomethane yields under mesophilic conditions without pretreatment, thereby providing quantitative input for
their integration into biorefinery design.

2. Materials and Methods
2.1 Feedstock and Inoculum

The inoculum used in the BMP assays was sourced from a well-functioning mesophilic (35 °C) anaerobic
digester treating dairy wastewater at dairy processing facility. After collecting, the inoculum was stored at 4 °C
prior to use. CCS were collected as a lignocellulosic residue from coffee harvesting and pruning operations in
the municipality of Salgar (Antioquia, Colombia 5°57’50” N, 75°58’39” W). To overcome the structural
recalcitrance typical of coffee residues, the CCS were ground in a TRF 300 Super (Trapp®, Brazil) with a power
consumption of 3 HP. Besides, sieving of the ground CCS was performed in a Dimacro® mesh filter of different
sizes including No. 10, No. 12, No. 16, No. 25, No. 35, No. 45, and No. 60. The material was sieved to isolate
the fine fraction, defined by a particle size of < 0.25 mm, which was selected as the primary substrate due to its
potential for biogas production through AD, this fraction was stored at 4 °C. The fine CCS fraction was
characterized in terms of moisture, ash, total solids (TS), and volatile solids (VS) according to the Standard
Methods for the Examination of Water and Wastewater. Moisture and TS were determined by drying at 105 °C
following Method 2540B, while ash and VS were quantified by ignition at 550 °C according to Method 2540E.
These parameters were used to determine the organic load for the assays (Casallas-Ojeda et al., 2024) .
Moreover, CCS were characterized in terms of cellulose, hemicellulose, and lignin using method AOAC 971.18,
in an external laboratory accredited by the National Organism of Accreditation of Colombia (ONAC).

2.2 Biochemical Methane Potential (BMP) Assay

The BMP assay was conducted under batch conditions using 250 mL bottles with a working volume of 110 mL.
Three inoculum-to-substrate ratios (ISR = 0.5, 1.0, and 1.5, based on VS) were evaluated to identify the proper
organic loading for biomethane production. To reduce variability associated with microbial biomass, the
inoculum mass was kept constant across all reactors, while the substrate dosage was adjusted to achieve the
target ISR values. The volume was adjusted according to the ISR and was not fully completed to 80%. All
treatments were performed in triplicate, and blank assays containing inoculum only were included to correct for
endogenous methane production (Holliger et al., 2021). The reactors were incubated under mesophilic
conditions (35 £ 1 °C) in a Memmert IN260 Plus incubator. Prior to reactor assembly, the inoculum was stored
at 4 °C and subsequently equilibrated to room temperature to ensure adequate microbial activity at assay
initiation. The system was operated with manual daily homogenization, not chemical conditioning; no substrate
pretreatment, trace-element supplementation, or external buffering was applied, allowing biomethane
production to be assessed under minimally altered operational conditions. Methane generation was quantified
using the gas density (GD) method, based on simultaneous measurements of flask mass loss and vented biogas
volume at each sampling event. Biogas density was determined as the ratio between the removed gas-mass
and its standardized volume, and the methane mole fraction was subsequently calculated from the normalized
density difference between CO, and the sampled biogas using OBA online tool ® (Justesen et al., 2019). The
assays were continued until standardized BMP termination criteria were met, defined by daily methane
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production dropping below 1 % of the cumulative methane volume after blank correction, indicating the
completion of biodegradable organic matter conversion (Holliger et al., 2021). Final methane yields were
reported as normalized dry gas volumes under standard reference conditions.

2.3 Efficiency and power production

Equation 1 was used to calculate the biodegradability efficiency. In this case, VStnal represents the content of
VS after the anaerobic digestion of the CCS, while VSinitai represents the inlet content of VS. The biodegradability
efficiency is used to determine the conversion of CCS into biogas. Besides, the TS, ash and moisture of the
digestate were determined according to the methods described in section 2.1.

_ _ VSfinal
%BD = (1— Lo mmal) «100 (1)
Equation 2 shows the potential for producing energy from biogas where P is the power produced in MJ/year,
BMP is the biomethane potential (mL CHa4/g VS), mccs is the annual mass production of CCS, %VS is the
percentage of VS, and LHVch4 is the lower heating value of biogas (21.5 MJ/m?) (Argalis and Vegere, 2021)
and n is the efficiency conversion of biogas into power whose value was assumed to be 33% (Pdschl et al.,
2010).

P = BMP * m¢cg * (%VS) * LHVcy, ™"t (2)
2.4 Data analysis

A one-factor experimental design was employed to evaluate the effect of the ISR on the BMP. Welch'’s test was
applied to assess statistically significant differences between treatments when the assumption of equal
variances was not met (Silva et al., 2021). Specifically, Welch’s test was used to compare the following ISR
levels: 0.5 vs. 1.0, 1.0 vs. 1.5, and 0.5 vs. 1.5. The statistical analysis was carried out in the software R version
4.3.1 (R core Team, USA).

3. Results and Discussion
3.1 Substrate and inoculum characterization

Table 1 shows the TS, VS, ash, and moisture content of both the CCS and inoculum used for producing biogas
through AD. These values indicate that CCS are a highly dry biomass with high solids content (> 20%) with a
VS/TS of 97%, which are like those reported for woody residues of Coffea arabica with moisture contents lower
than 18.1%, TS up to 91%, and VS/TS higher than 90% (Mendoza Martinez et al., 2019). CCS characterization
revealed TS and VS values consistent with lignocellulosic residues commonly used in AD. High-solids systems
operate at TS = 20% and dry materials typically show TS levels of 80-95%, while VS/TS ratios above 80%
indicate high biodegradability (Pilarski and Pilarska, 2025). Additionally, the inoculum exhibited a pH of 7.61 +
0.03, determined by potentiometric measurement, indicating near-neutral conditions that are suitable for
anaerobic digestion and contribute to process stability. Based on the above, fine fraction of CCS might be a
suitable substrate for producing biogas through anaerobic digestion, despite the inherent recalcitrance of its
lignocellulosic structure. To overcome recalcitrance under a low-investment framework, alkaline and biological
pretreatments are the most viable options. Alkaline pretreatment using lime is suitable for rural settings due to
its low cost, safe handling, and effectiveness in lignin disruption without generating inhibitors.

Biological pretreatment (e.g., white-rot fungi) offers a low-energy and chemical-free alternative, although limited
by longer residence times. In small-scale systems, lime may be preferred due to its additional buffering capacity,
helping to mitigate VFA accumulation (Kim et al., 2016). However, alkaline pretreatment was not explored in
this study, as the primary objective was to assess the feasibility of utilizing fine CCS in its untreated form under
a low-investment approach.

Table 1: Physical characteristics of substrate and Inoculum in wet basis. (w.b)

Sample TS+SD VS £ SD VS/TS Ash  SD Moisture + SD
CCS  90.71%£0.20% 88.12% £ 0.08% 097  2.59% £ 0.20% 9.29% + 0.20%
Inoculum  3.16% £0.15%  2.74% £0.12%  0.86  0.42%  0.03% 96.84% £ 0.15%
ISR0.5  6.76%+0.34%  6.19%+0.33%  0.92  0.58% % 0.02% 93.12% + 0.46%
ISR1.0  4.96%+0.32%  4.50%+0.23% 091  0.52% +0.02% 95.04% + 0.32%
ISR1.5  4.32%+0.15%  3.81%+0.14%  0.88  0.51% +0.03% 95.74% £ 0.37%

* Data reported as an average + standard deviation (SD) for three different samples
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3.2 Biomethane potential

Figure 1 shows the cumulative methane yield for the fine fraction of CCS under different ISR. The BMP curves
exhibited a typical sigmoidal pattern for lignocellulosic materials, characterized by an initial lag phase followed
by an exponential production phase. According to Figure 1, the methane yield ranged between 125 mL CH4 / g
VS and 167 mL CH4 / g VS. However, Welch'’s t-test results indicate no significant effect of the ISR on biogas
yield (p-value > 0.05). This result indicates that the recalcitrance structure of the lignocellulosic matrix restricts
the hydrolysis stage in the early stage of the AD and consequently hinders the effect of the ISR (Xu et al., 2019).
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Figure 1: Cumulative CH, production during BMP assays of CCS

In comparison with other second-generation substrates produced during green coffee production, BMP of coffee
pulp and mucilage were higher than CCS, possibly associated with the low content of lignin. Table 2 shows, that
second-generation unpretreated substrates with high content of hemicellulose, and low content of lignin result
in a higher BMP. According to Li et al., (2018), the BMP of cellulose fractions are higher than hemicellulose and
lignin fractions. However, hemicellulose is easily degraded, and lignin is very difficult to digest. Since lignin is
an aromatic polymer with a rigid structure that as a barrier against enzymatic attacks, high content of lignin
hinders the degradation towards biogas production. (Hashemi et al., 2021). In the case of CCS, the low content
of hemicellulose (17.1 %) and high content of lignin (18.5 %) in comparison with other substrates might result
in the low BMP. Previous works shows that CCS has content between 37.35 - 40.39% of cellulose, 27.79 -
34.01% hemicellulose, 10.13 — 19.81% lignin, and the VS content is 82.12% (Garcia et al., 2018). Differences
could be attribute to the coffee variety. Furthermore, other factors such as the microbial consortium might affect
the BMP for second-generation substrates.

Table 2: Biomethane potential from second-generation feedstocks

Substrate %L %C %H %VS (mL (?HM4 '79 VS) Reference
Coffee Cut Stems (CCS) 185 36.0 17.1 97.0 167.0 This study
Coffee husk 175 320 145 92.9 159.0 (Chala et al., 2018)
Coffee pulp 155 316 85 92.3 245.0 (Chala et al., 2018)
Coffee mucilage 5.0 31.9 0.8 85.1 294.0 (Chala et al., 2018)
Wheat residue 7.3 347 292 68.9 281.2 (Ali et al., 2024)
Rice Husk 6.3 299 217 76.0 303.9 (Ali et al., 2024)
Birch 292 365 218 94.8 200.0 (Mulat et al., 2018)
Napier grass 10.2 401 323 94 .4 190.0 (Phuttaro et al., 2019)
Sugarcane trash 27.8 304 182  89.2 161.8 (Pa”'osezaor‘; Taparaju'
Sugarcane bagasse 273 377 217 91.7 187.9 (Paulose2a0n2d1 ;(aparaju,

L: Lignin, C: Cellulose, H: Hemicellulose, VS: Volatile solids are in dry basis
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3.3 Biodegradability analysis

The mass balance and phase transformation within the BPM reactors, as illustrated in the characterization of
the reactor matrix, further elucidates these efficiency results. Initially, the reactor composition is governed by
the specific ISR (Figure 2.a), where the total matrix is partitioned into a high moisture content and TS (Figure
2.b). A detailed fractioning of the TS reveals the distribution between ashes and VS (Figure 2.c), where the VS
associated with the substrate represents the fraction used to quantify substrate-specific conversion. The latter
represents the maximum potential organic matter available for AD. As the anaerobic process progresses, a
distinct degradation of the VS is observed, a fraction remains as recalcitrant remnant VS, while the
biodegradable portion is hydrolyzed into volatile fatty acids (VFAs). According to Manyi-Loh and Lues, (2023),
these VFAs constitute the intermediate carbon source that is effectively converted into biogas as shown Figure
2.d. Finally, the relationship between removed and non-removed biomass (Figure 2.e) underscores the inherent
limitation of untreated CCS, the significant fraction of non-removed biomass at the end of the assay confirms
the structural resistance of the lignocellulosic fibers, which correlates with the moderate conversion efficiencies
of 21.1 %, 16.2 % and 15.0% for ISR 0.5, 1.0, and 1.5, respectively. These conversion efficiencies are expressed
relative to the degradation of substrate volatile solids (VS), independent of the inoculum fraction. The apparent
decrease in conversion efficiency with increasing ISR does not indicate process inhibition. Instead, it reflects
the hydrolysis-limited nature of untreated coffee cut-stems, where increasing the proportion of inoculum raises
the amount of non-degradable volatile solids without significantly enhancing substrate accessibility. Despite the
modest yields, the use of the fine fraction (typically unsuitable for thermochemical routes due to tar-related
issues) represents a relevant advancement in the valorization of coffee residues. This approach improves
resource efficiency and strengthens circular economic principles within the coffee production chain. Although,
this may indicate increased process costs and environmental impacts, highlighting the importance of such
assessments for defining future biorefinery scenarios.
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T Salids 16.28% Soltds : SV remaining 12.49%
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Biomass
Biomass
Incoulum 96,99 % , Removed
Moisture 83.72% Moisture 83.72% Maisture 83.72%
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Figure 2: Percentage-Based Mass Balances in BMP Assays from ISR 1.0. a) Initial composition of the slurry; b)
composition of the slurry in terms of TS and moisture; ¢) composition of the slurry in terms of VS, ash, and
moisture; d) composition of the slurry after anaerobic digestion in terms of biogas production; e) net mass
balance.

3.4 Power production in small facility

Lastly, the power potential of CCS was calculated for a small facility located in the municipality of Salgar
(Colombia) where approximately 900 tons of CCS per year are yielded. Based on Eq. (2), the power production
from CCS would be up to 60 MWh/year that might substitute less than 1% of the energy consumption of the
small facility.

4. Conclusions

This study demonstrates that the fine fraction of coffee cut stems, typically unsuitable for thermochemical
processes, can be valorized through anaerobic digestion without pretreatment, contributing to more
comprehensive coffee residue management strategies. Although the lignocellulosic recalcitrance of CCS limited
volatile solids conversion and resulted in moderate methane yields, biomethane potentials of up to 167 mL
CH.,/g VS were achieved under mesophilic conditions. The absence of significant differences among inoculum-
to-substrate ratios indicates that hydrolysis constraints dominate system performance rather than organic
loading within the tested range. From a systems perspective, anaerobic digestion offers a complementary
pathway to thermochemical conversion by enabling energy recovery from fine particles that otherwise generate
operational issues such as tar formation. When scaled to a small coffee-processing facility, CCS-derived biogas
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could partially offset local energy demand while reinforcing circular-economy principles. Future work should
focus on applying suitable pretreatment strategies to enhance biodegradability and improve the integration of
CCS into multifunctional coffee biorefinery schemes.
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