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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 CH₄/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.
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 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.

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 CO₂ 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 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, VSfinal represents the content of VS after the anaerobic digestion of the CCS, while VSinitial 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. 

		Eq. (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 CH4/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/m3) (Argalis and Vegere, 2021) and h is the efficiency conversion of biogas into power whose value was assumed to be 33% (Pöschl et al., 2010).

*h*t 		Eq. (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). 
1. 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. 


[bookmark: _Ref221049127]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%
	0.97
	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%

	ISR 0.5
	6.76% ± 0.34%
	6.19% ± 0.33%
	0.92
	0.58% ± 0.02%
	93.12% ± 0.46%

	ISR 1.0
	4.96% ± 0.32%
	4.50% ± 0.23%
	0.91
	0.52% ± 0.02%
	95.04% ± 0.32%

	ISR 1.5
	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

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 CH₄ 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% (García 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
	BMP
(mL CH4/g VS)
	Reference

	Coffee Cut Stems (CCS)
	18.5
	36.0
	17.1
	97.0
	167.0
	This study

	Coffee husk
	17.5
	32.0
	14.5
	92.9
	159.0
	(Chala et al., 2018)
	Coffee pulp
	15.5
	31.6
	8.5
	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
	34.7
	29.2
	68.9
	281.2
	(Ali et al., 2024)

	Rice Husk
	6.3
	29.9
	21.7
	76.0
	303.9
	(Ali et al., 2024)

	Birch
	29.2
	36.5
	21.8
	94.8
	200.0
	 (Mulat et al., 2018)

	Napier grass
	10.2
	40.1
	32.3
	94.4
	190.0
	(Phuttaro et al., 2019)
	Sugarcane trash
	27.8
	30.4
	18.2
	89.2
	161.8
	(Paulose and Kaparaju, 2021)
	Sugarcane bagasse
	27.3
	37.7
	21.7
	91.7
	187.9
	(Paulose and Kaparaju, 2021)

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

3.2. 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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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; c) 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. 

3.3 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. 
2. 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 CH₄/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 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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Subject: Revision Paper ID 143: BIOMETHANE PRODUCTION FROM COFFEE CUT-STEMS UNDER A BIOREFINERY SCHEME

Dear IconBM2026, ISC Chairmen

Please accept my warm regards. 

We have received the comments from the reviewers of the article entitled: " Biomethane Production from Coffee Cut-stems Under a Biorefinery Scheme", and we appreciate the observations that allow us to improve our manuscript for publication. Below is the detail of the corrections made.


	REVIEWER # 1

	Comment
	Response to the comment

	The manuscript requires careful language revision, as several spelling, grammatical, and agreement errors were identified throughout the text. 

Examples:
• “Managing the increasing” (incomplete expression)
 
	The authors would like to thank the reviewer for their meticulous reading and for pointing out these linguistic oversights, which significantly improve the clarity of the manuscript. Following your suggestion, the incomplete expression “Managing the increasing” has been revised to “effectively managing the increasing volume of coffee-derived residues” to ensure a more precise and complete grammatical structure. This correction has been implemented in Section 1 (Introduction), second paragraph."

	•“Colombia´s National Accreditation Body” (incorrect apostrophe usage; should be Colombia’s)
	The authors sincerely thank the reviewer for identifying the punctuation error regarding the apostrophe usage. We agree that the use of the acute accent was incorrect. To address this and improve the formal tone of the manuscript, the phrase has been replaced with the official name of the institution: “National Organism of Accreditation of Colombia (ONAC)”. This change can be found in Section 2.1 (Feedstock and Inoculum)

	• “Grupo en Procesos Agroindustriales” (requires proper translation or standardization)
 
	The authors appreciate the reviewer's observation regarding the institutional names. We agree that all affiliations should be standardized in English to maintain consistency. The name of the research group has been translated and standardized to “Agro-industrial Processes Group”. This change has been implemented in the Affiliations section on Page 1."

	• “900 tons of CCS” (clarify time basis: per year?)
	The authors are grateful for this observation regarding the time basis of the feedstock supply. To ensure technical precision and clarity in the energy potential calculations, we have explicitly specified the time basis for the biomass production. The text has been updated to “900 tons of CCS per year”. This correction has been made in Section 3.3 (Power production in small facility).

	•	The abbreviation VS should be clearly defined at its first occurrence in the abstract.
	The authors appreciate the reviewer’s attention to detail regarding the use of technical abbreviations. To improve the manuscript's readability and follow standard academic conventions, the term 'Volatile Solids' has been fully defined at its first occurrence in the abstract, followed by its abbreviation in parentheses: “Volatile Solids (VS)”. This correction has been implemented in the Abstract and we kept the abbreviation through the manuscript. 

	The statistical significance of the data appears to have been properly addressed.
	The authors sincerely thank the reviewer for this positive assessment regarding the statistical analysis. 

	The inoculum requires better characterization, in contrast, CCS was well characterized.
	We appreciate the reviewer’s insightful comment. The CCS substrate was comprehensively characterized due to its direct relevance to the study objectives. In contrast, the inoculum was derived from a stable and well-functioning anaerobic digestion system, ensuring consistent microbial activity and buffering capacity.
Its characterization was intentionally limited to TS, VS, VS/TS ratio, ash content, and moisture, as these parameters are the most relevant for assessing organic matter content, biodegradability, and process performance in anaerobic digestion, while also ensuring direct comparability with the substrate. Additionally, pH was included due to its critical role in process stability. In this case, the granular inoculum contributes significantly to the system’s buffering capacity, making pH a key functional parameter. This has been incorporated in Section 3.1 as follows: “Additionally, the inoculum exhibited a pH of 7.61 ± 0.03, determined by potentiometric measurement, indicating near-neutral conditions suitable for anaerobic digestion and contributing to process stability”.
Given that the focus of this study is on substrate-specific biomethane potential under controlled conditions, further physicochemical or microbiological characterization of the inoculum was considered beyond the scope of this work and is not expected to significantly influence the conclusions.


	How was reproducibility ensured considering that manual daily agitation was applied? This procedure may introduce operational variability.
	The authors thank the reviewer for raising this important point regarding experimental reproducibility. We acknowledge that manual handling may introduce variability; however, several measures were implemented to ensure consistency.
First, a standardized protocol was followed in which each reactor was gently homogenized on a daily basis. This procedure was not intended as agitation but rather to maintain uniform distribution of solids and microbial contact, and it was applied consistently across all reactors following the same methodology.
Second, all experiments were conducted in triplicate to account for and quantify any potential operational variability. The low dispersion observed among replicates supports the reproducibility of the applied procedure.
. We briefly explained this in the methodology section: “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”. Please check section 2.2. 

	Since the system operated at 35 °C, water evaporation may have occurred. How was water vapor concentration accounted for in the gas volume measurements? Were corrections applied? Was gas composition analysed by chromatography (e.g., GC)?
	The authors thank the reviewer for this technically relevant question regarding gas measurement accuracy. We clarify that water vapor concentration was rigorously accounted for by using the Gas Density (GD) method protocols. The calculations performed through the OBA (Online Biogas App) tool automatically apply corrections for temperature (35 °C), headspace pressure, and water vapor saturation to convert the raw data into normalized dry gas volumes (0 °C, 1 atm).  We clarified that this method was used to calculate the Gas Density, as follows: “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 CO₂ and the sampled biogas using OBA online tool ® (Justesen et al., 2019).”  Please check paragraph 2 of section 2.2.


Regarding the second point, gas chromatography (GC) was not employed in this study. Instead, the GD method was used, which is an established and reliable gravimetric technique for determining methane content based on the density difference between CO₂ and the biogas mixture. This clarification has been incorporated into Section 2.2 (Biochemical Methane Potential Assay). The choice to avoid GC was intentional, as the study aims to promote simple, low-cost techniques that can be readily implemented by local farmers.




	REVIEWER # 2

	It should be clarified whether the efficiency refers only to the volatile solids (VS) of the
 substrate or to the entire system.
	The authors appreciate the reviewer’s request for clarification on the efficiency metrics. We have updated the manuscript to explicitly state that the biodegradability efficiency BD% refers to the entire system (Total Slurry). Due to the specific experimental design aimed at evaluating the global performance of the reactor matrix, the efficiency was calculated based on the total volatile solids VS transformation within the slurry. We believe this "systemic" balance is highly relevant for future industrial scaling, where the entire reactor volume must be managed as a single unit. This clarification has been added to Section 2.3 (Efficiency and power production).

	The text mentions that the volume was not completed to 80%, but it does not specify the exact final working volume or the headspace, which is critical for the gas density (GD) method mentioned. 
	The authors are sincerely grateful to the reviewer for highlighting the need for precise volumetric data, which is indeed fundamental for the reliability of the Gas Density (GD) method. We have corrected the reactor specifications in the manuscript: the assays were performed in 250 mL bottles. Furthermore, we have now specified the working volume of 110 mL. This precise measurement was consistently applied in the OBA tool algorithms to account for the gas phase mass and volume. These technical details have been updated in Section 2.2 (Biochemical Methane Potential Assay).

	Table 2 reports lignin (18.5%), cellulose (36.0%), and hemicellulose (17.1%) values &#8203; &#8203; for coffee stems (CS). However, the methods section mentions that this characterization was performed in an external laboratory, but it does not thoroughly discuss how these specific values &#8203; &#8203; compare to the Coffea arabica literature mentioned in section 3.1.
	Thank you for your comment, we add a brief explanation in the document, as follows: “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% (García et al., 2018). Differences could be attribute to the coffee variety”. Please check section 3.2. 

Moreover, we include that the method is the AOAC 937.18, as follows: “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)”. Please check section 2.1.

	The study concludes that recalcitrance limits yield. I would suggest including a brief theoretical
 discussion on which pretreatment (e.g., biological with fungi or alkaline chemical) would be
 most viable under the "low investment" scheme proposed in the article.
	The authors sincerely thank the reviewer for this constructive suggestion. We agree that discussing viable pretreatment options is essential for the 'low investment' context proposed in this study. Following your recommendation, we have added a brief theoretical discussion in Section 3.2 (Biomethane potential), as follows: “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.”

	Although the Welch test is mentioned, bar charts or a more detailed analysis of variance (ANOVA)
 in the results of Table 2 would provide a more robust comparison with other substrates.
	We appreciate the reviewer’s suggestion regarding the inclusion of ANOVA or graphical representations such as bar charts to strengthen the comparison. However, it is important to clarify that Table 2 compiles biomethane potential (BMP) values from different literature sources rather than from a single homogeneous experimental dataset. Therefore, the application of ANOVA or similar statistical comparisons is not appropriate in this context, as the underlying assumptions (e.g., homogeneity of variance, consistent methodologies, and comparable experimental conditions) are not guaranteed across studies.
In contrast, for the experimental data generated in this study, statistical analyses were rigorously performed. A classical ANOVA was not considered appropriate due to the intrinsic characteristics of cumulative methane production data, which do not meet key assumptions such as normality, homoscedasticity, and independence of observations. Specifically, methane production was measured as a cumulative variable over time, introducing temporal dependency and violating the assumption of independent residuals. Additionally, exploratory analysis indicated heteroscedasticity among ISR conditions and deviations from normality, particularly at higher ISR values.
To address these limitations, the Welch test was employed as a robust alternative, as it does not assume equal variances and is more suitable for datasets exhibiting heterogeneity. This test was systematically applied across all relevant pairwise comparisons (ISR 0.5 vs 1.0, ISR 0.5 vs 1.5, and ISR 1.0 vs 1.5), ensuring a statistically sound evaluation of differences between conditions.
Therefore, while statistical rigor was ensured for the experimental results, Table 2 is intended to provide a qualitative and contextual comparison based on literature data, supported by a discussion linking lignocellulosic composition (particularly lignin and hemicellulose content) with BMP performance, rather than a direct statistical comparison. A meta-analytical approach would be required to perform a statistically robust cross-study comparison; however, this falls beyond the scope of the present experimental study.


	Figure 2 is very informative, but the percentages refer to "Total Slurry" (where the inoculum
 is >96%). It would be more useful for the reader to see a balance referring exclusively to
 the substrate solids to better appreciate the actual conversion rate of the coffee biomass.
	We appreciate the reviewer’s insightful comment regarding the representation of the mass balance in Figure 2. We agree that expressing results on a substrate-solids basis can facilitate visualization of the specific conversion of the coffee biomass.
However, the decision to present the balance based on the “Total Slurry” was intentional, as it provides a system-level perspective that better reflects the actual operational conditions of anaerobic digestion processes. In BMP assays, particularly within the evaluated ISR range (0.5–1.5), process performance arises from the synergistic interaction between the substrate and the active microbial consortium provided by the inoculum. The inoculum is therefore not a passive component, but a key driver of process kinetics, buffering capacity, and overall system stability.
From an engineering standpoint, representing the system as total slurry is also essential for process scaling, as it reflects the real composition of the reactor matrix used to define key design parameters such as total reactor volume, mixing requirements, and digestate management in full-scale coffee-processing facilities.
Consequently, the system cannot be meaningfully decoupled into substrate-only contributions without neglecting this intrinsic synergy and the practical implications for scale-up. Expressing the balance exclusively on a substrate-solids basis may therefore lead to an incomplete interpretation of the system behavior, especially for lignocellulosic substrates where hydrolysis limitations dominate the process.
Importantly, substrate-specific conversion was rigorously addressed through methane yields expressed on a volatile solids (VS) basis, including correction for endogenous methane production from the inoculum. This ensures that the reported biomethane potential accurately reflects the net contribution of the coffee biomass, independently of the inoculum fraction.
To address the reviewer’s concern, the discussion in Section 3.2 has been clarified to explicitly highlight that the reported conversion efficiencies correspond to the degradation of substrate organic matter, even though Figure 2 represents the dynamics of the total reactor matrix.
We believe that this combined approach—system-level representation together with substrate-specific performance indicators—provides a more comprehensive and practically relevant understanding of the process, particularly in the context of real-world application and scale-up. This approach is consistent with standard BMP reporting practices.



	The text is in English and contains some minor errors:
 Section 2.1: "...according to the methods described in section 2.1". It should be "described".
 Section 2.3: "...where VSfinal represent...". It should be "VS_final represents" (missing third person
 agreement).
 Section 3.2: "...which are similarly to those reported...". It should be "similar".
 Section 3.2: "...recalcitrance structure of the lignocellulosic restricts...". The noun is
 missing; it should say "lignocellulosic biomass" or "matrix".
	All comments have been addressed. The indicated sections were revised to correct grammar, wording, and clarity accordingly.
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