


Optimization of Drum-Kiln Pyrolysis for Woody and Agricultural Biomass: Influence of Temperature and Residence Time on Biochar Yield and Ash Content
Abstract
The thermochemical conversion of lignocellulosic biomass into biochar represents an effective strategy for the sustainable management of agricultural residues and the production of stable carbon-rich materials for soil improvement. Low-cost drum-kiln systems provide a practical and decentralized approach for biochar production, particularly in rural agricultural settings. However, the influence of operational parameters on biochar yield and composition requires further evaluation. In this study, the effects of pyrolysis temperature (350–550 °C) and residence time (30–120 min) on biochar yield and ash formation were investigated using a factorial experimental design. Six biomass feedstocks-Conocarpus erectus, eucalyptus branches, acacia pruning residues, rice straw, wheat straw, and pigeon-pea stalks-were characterized through proximate analysis to assess feedstock variability. Optimization experiments were conducted using Conocarpus erectus as a representative woody biomass under controlled drum-kiln pyrolysis conditions. The results showed that biochar yield decreased from 39.8 % at 350 °C and 30 min to 21.0 % at 550 °C and 120 min, while ash content increased from 3.2 % to 11.8 % with increasing pyrolysis severity. The reduction in biochar yield was attributed to enhanced volatilization of organic components at higher temperatures, whereas the increase in ash content resulted from the concentration of inorganic mineral constituents within the char matrix. Optimal operating conditions were identified at 375–400 °C with residence times of 45–60 min, which provided a favorable balance between biochar yield and ash content which provided a favorable balance between biochar yield and physicochemical stability. Overall, the study demonstrates that optimized drum-kiln pyrolysis can produce efficient and stable biochar, offering a cost-effective and sustainable approach for agricultural residue management and decentralized biomass valorization.
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1. Introduction
Biochar is a carbon-rich material produced through the thermochemical conversion of biomass under oxygen-limited conditions. It has attracted considerable attention due to its potential to improve soil fertility, enhance soil water retention, mitigate greenhouse gas emissions, and contribute to long-term carbon sequestration in agricultural systems (Lehmann & Joseph, 2015; Chen et al., 2022; Yaashikaa et al., 2020). In addition to soil improvement, biochar production represents an effective strategy for valorizing lignocellulosic biomass residues while reducing environmental impacts associated with conventional waste disposal practices (Leng et al., 2021; Tomczyk et al., 2020). Agricultural and forestry residues constitute abundant renewable biomass resources that can be converted into biochar through pyrolysis. Globally, large quantities of crop residues are generated each year, many of which are burned in open fields, leading to significant air pollution and nutrient losses (Jain et al., 2014; Panwar et al., 2022). In India, agricultural activities generate more than 500-1053 million tonnes of crop residues annually, and a considerable portion of these residues is disposed of through open-field burning, contributing significantly to particulate emissions and greenhouse gas release (Chauhan et al., 2022; Kumar & Singh, 2021). Conversion of these residues into biochar provides a sustainable alternative to residue burning while simultaneously producing a stable carbon-rich material suitable for soil amendment (Lehmann & Joseph, 2015; Chen et al., 2022). The characteristics of biochar are strongly influenced by the chemical composition of the biomass feedstock. Lignocellulosic biomass primarily consists of cellulose, hemicellulose, lignin, and inorganic mineral components, and the relative abundance of these constituents determines the thermal degradation pathways during pyrolysis (Tomczyk et al., 2020). Woody biomass typically contains higher lignin content and lower ash levels compared with herbaceous residues, which often results in biochars with higher fixed carbon content and greater structural stability (Ronsse et al., 2013; Leng et al., 2021). Among the various thermochemical conversion technologies, slow pyrolysis is widely employed for biochar production because it maximizes solid char yield. Slow pyrolysis generally occurs at temperatures between 300 and 600 °C, with relatively long solid and vapor residence times that favor carbonization reactions and the formation of stable aromatic carbon structures (Yaashikaa et al., 2020; Panwar et al., 2019). During pyrolysis, biomass undergoes complex thermal decomposition reactions including depolymerization of cellulose and hemicellulose, cleavage of functional groups, and progressive condensation of lignin-derived structures, ultimately leading to the formation of a carbon-rich solid matrix (Leng et al., 2021). Among the operational parameters governing pyrolysis, temperature and residence time are considered the most influential factors affecting biochar yield and physicochemical properties. Increasing pyrolysis temperature generally promotes devolatilization and secondary cracking reactions, which decrease biochar yield but increase aromatic carbon formation and mineral concentration in the resulting char (Sun et al., 2017; Zhao et al., 2018). Conversely, lower temperatures typically result in higher char yields due to incomplete volatilization of organic components (Tomczyk et al., 2020). Residence time also significantly influences biochar characteristics by controlling the duration of thermal exposure and the extent of secondary reactions between vapors and the solid matrix (Solar et al., 2016; Zhao et al., 2018). Extended residence times can enhance devolatilization and structural rearrangement within the char matrix, thereby affecting ash concentration, surface area, and carbon stability (Sun et al., 2017). Although laboratory-scale pyrolysis reactors provide precise control over process parameters, decentralized biochar production in agricultural regions often relies on low-cost kiln technologies, particularly drum kilns. Drum-based pyrolysis systems are simple, low-cost technologies that are widely used for decentralized and small-scale biomass conversion, particularly in rural and on-farm biochar production systems (Mitra et al., 2025; Samsudin et al., 2025; John et al., 2024). Previous studies have demonstrated that small-scale kiln systems, including drum and retort kilns, can efficiently convert agricultural residues and woody biomass into biochar with promising applications in soil amendment and environmental management (John et al., 2024; Pokharel et al., 2025; Unsomsri et al., 2025). However, the efficiency and physicochemical characteristics of biochar produced in kiln-based systems are strongly influenced by operational parameters, particularly pyrolysis temperature and residence time, which regulate biomass decomposition, carbonization processes, and mineral concentration in the resulting biochar (Ungureanu et al., 2025; Parvari et al., 2025; Atinafu et al., 2025). Recent studies have highlighted the importance of optimizing pyrolysis parameters such as temperature and residence time to improve biochar yield and physicochemical properties (Ahmed et al., 2024; Marin et al., 2025; Ungureanu et al., 2025). Despite the increasing use of drum kilns for decentralized biochar production, systematic studies evaluating the combined effects of pyrolysis temperature and residence time on biochar yield and ash content remain limited. A clearer understanding of these parameters is essential for optimizing drum-kiln operation and improving the efficiency of biochar production from agricultural residues. 
2. Materials and Methods
2.1 Biomass feedstocks
Various biomass feedstocks representing both woody and agricultural residues were selected for characterization and pyrolysis experiments. Woody biomass included Conocarpus erectus, eucalyptus branches, and acacia pruning residues, whereas agricultural residues consisted of rice straw, wheat straw, and pigeon-pea stalks. These feedstocks were selected because lignocellulosic residues are widely available in agricultural production systems and represent significant sources of underutilized biomass suitable for thermochemical conversion processes such as pyrolysis and biochar production (El-Fawal et al., 2025; Saldarriaga & Lopez, 2025; Fang et al., 2025). Woody biomass residues were collected from pruning operations within the Forest College and Research Institute (FCRI), Mulugu, while agricultural residues were obtained from farmers’ fields in Mulugu village, Telangana, India. These materials represent commonly available biomass resources in the region and are typically generated as by-products of forestry management and agricultural activities. All collected biomass materials were air-dried under ambient conditions to reduce initial moisture content and subsequently chopped into smaller pieces to facilitate handling and ensure uniform pyrolysis. Prior to the experiments, the feedstocks were further dried to achieve a moisture content of approximately 8–10%, which helps ensure stable thermal conversion and reproducible pyrolysis performance. Representative samples of each feedstock were analyzed to determine proximate properties, including moisture content, volatile matter, fixed carbon, and ash content, using standard biomass characterization procedures. These parameters are widely used to evaluate the thermochemical behavior and suitability of biomass feedstocks for biochar production (Borges et al., 2025; Wang et al., 2025; Oyebamiji et al., 2025). The proximate characteristics of the selected feedstocks are presented in Table 1. 
2.2 Drum kiln pyrolysis system
Pyrolysis experiments were conducted using a 200-L cylindrical steel drum kiln fabricated at the Forest College and Research Institute (FCRI), Mulugu, Siddipet, based on the low-cost drum kiln design developed by the Central Research Institute for Dryland Agriculture (CRIDA), India (Fig 1a & 1b).  The kiln was designed to enable decentralized biochar production from lignocellulosic biomass under field conditions. The drum was equipped with several perforations at the base to facilitate controlled primary air entry during the ignition and initial combustion stages. A square opening (approximately 16 × 16 cm) was provided at the top of the drum to allow biomass loading and ignition. During operation, the drum was elevated above the ground using three supporting bricks, creating a gap beneath the base to promote airflow and improve combustion efficiency during the start-up phase. The top opening was fitted with a removable metal lid, which could be sealed using a clay–soil mixture to restrict oxygen supply during the pyrolysis stage. Limiting oxygen availability allowed the biomass to undergo oxygen-limited thermochemical conversion, thereby promoting carbonization rather than complete combustion. This configuration facilitated gradual thermal decomposition of biomass and the formation of stable biochar. The kiln components were fabricated using locally available materials, enabling a simple and low-cost system suitable for small-scale and on-farm biochar production.
2.4 Feedstock loading and ignition
The prepared biomass feedstocks were loosely loaded into the reactor drum to maintain sufficient inter-particle porosity and ensure effective internal gas circulation during thermal conversion. Avoidance of excessive compaction facilitated the movement of evolving pyrolysis vapors and minimized the development of localized oxygen-deficient zones within the biomass matrix. Ignition was initiated by placing a small quantity of dry combustible material at the upper loading port and applying an external flame source. This procedure generated an initial combustion zone at the surface layer of the biomass bed, which subsequently propagated downward through the feedstock column as a counter-current combustion front. The progressive migration of this thermal front induced sequential heating and devolatilization of the underlying biomass layers. During the initial stage of operation, dense white smoke was observed due to moisture evaporation and the release of primary volatile compounds. As thermal decomposition progressed, the smoke gradually transitioned to a thin bluish vapor, indicating enhanced volatilization of organic compounds and the establishment of active pyrolytic reactions. At this stage, the reactor lid was partially closed to restrict oxygen ingress, thereby suppressing complete oxidation and promoting oxygen-limited thermochemical conversion of the biomass into biochar. This operational configuration enabled the development of a controlled pyrolysis environment within the drum kiln, allowing gradual carbonization of diverse lignocellulosic feedstocks while minimizing combustion losses and ensuring stable biochar formation.
2.5 Pyrolysis operation and cooling
Pyrolysis experiments were conducted at five target temperatures (350, 400, 450, 500, and 550 °C) combined with four residence times (30, 60, 90, and 120 min) to evaluate the influence of thermal conditions on biochar yield and ash formation. For each experimental run, the biomass feedstock was subjected to slow pyrolysis in the drum kiln under oxygen-limited conditions. The reactor temperature was monitored using thermocouples inserted through side ports when available. In the absence of instrumentation, the progression of thermal conversion was assessed from combustion characteristics, including the intensity and color of emitted smoke, which are commonly used indicators of devolatilization stages in kiln-based pyrolysis systems. As pyrolysis progressed, smoke emissions gradually decreased, indicating a reduction in volatile release and the completion of the primary devolatilization phase. Upon reaching the desired temperature–residence time combination, the top opening and any auxiliary vents were sealed using a clay–soil mixture to terminate oxygen ingress and prevent further oxidation of the char. Following sealing, the kiln was allowed to cool passively to ambient temperature under oxygen-limited conditions. weighed to determine yield, and stored in airtight containers to minimize moisture uptake prior to physicochemical characterization.
2.6 Biochar yield
Biochar yield was calculated on a dry mass basis using:

where is the mass of recovered biochar and is the initial dry mass of biomass feedstock. 
2.7 Biomass proximate analysis
The proximate composition of the biomass feedstocks, including moisture content, volatile matter, ash content, and fixed carbon, was determined using standard biomass characterization methods. All analyses were performed in triplicate and results are reported on a dry weight basis. Moisture content of the biomass samples was determined by oven drying approximately 5 g of sample at 105 °C until constant weight following the ASTM E871-82 standard method. The moisture percentage was calculated based on the weight loss after drying. (Enders et al., 2012) Volatile matter was determined according to ASTM E872-82. Approximately 1 g of oven-dried sample was placed in a covered crucible and heated in a muffle furnace at 950 °C for 7 min under oxygen-limited conditions. The weight loss during heating was considered as volatile matter. (Ronsse et al., 2013; Tomczyk et al., 2020). Ash content was determined using the ASTM D1102-84 standard method. About 2 g of oven-dried biomass sample was combusted in a muffle furnace at 750 °C for 6 h until constant weight was achieved. The remaining inorganic residue represented the ash fraction. (Enders et al., 2012; Leng et al., 2021). Fixed carbon content was calculated by difference from the measured proximate parameters using the following equation:


Fixed carbon represents the solid carbon fraction remaining after removal of moisture and volatile components and is an indicator of the carbonization potential of the biomass. (Ronsse et al., 2013)
2.8 Statistical Analysis
All experiments were conducted using a factorial experimental design to evaluate the different feedstocks. Two-way ANOVA indicated that pyrolysis temperature and residence time significantly influenced biochar yield and ash content (p < 0.05), with temperature showing the strongest effect on both response variables
[bookmark: _GoBack]3. Results and Discussion
3.1 Proximate characteristics of biomass feedstocks
The proximate characteristics of the selected lignocellulosic feedstocks are summarized in Table 1. The results reveal substantial compositional heterogeneity among woody and herbaceous biomass resources, which plays a critical role in governing their thermochemical conversion pathways during pyrolysis. Moisture content of the investigated feedstocks ranged from 8.4 to 9.5 %, indicating that the biomass was adequately conditioned prior to pyrolysis experiments. Maintaining relatively low moisture levels is essential for efficient thermochemical conversion because excessive water content can absorb substantial thermal energy during evaporation, thereby reducing the effective energy available for biomass depolymerization and carbonization processes. Previous studies have consistently reported that biomass with moisture contents below 10–12 % facilitates improved pyrolysis efficiency and enhanced biochar formation (Tomczyk et al., 2020; Wang et al., 2024; Ahmed et al., 2024; Saldarriaga & Lopez, 2025; Marin et al., 2025). Volatile matter represented the dominant fraction of the biomass samples, ranging from 68.3 % to 74.5 %. This high volatile content is characteristic of lignocellulosic materials and reflects the abundance of thermally labile polymers such as cellulose and hemicellulose. During pyrolysis, these polysaccharide components undergo rapid depolymerization, dehydration, and fragmentation reactions, generating volatile gases and condensable vapors that significantly influence the distribution of pyrolysis products (Ronsse et al., 2013; Leng et al., 2021; Wang et al., 2024; Ungureanu et al., 2025; Junior et al., 2025). Woody feedstocks such as Conocarpus erectus, eucalyptus branches, and acacia pruning residues exhibited relatively higher volatile matter content compared with agricultural residues, suggesting greater potential for thermal decomposition and gas formation during pyrolysis. The fixed carbon content of the feedstocks varied from 14.6 % to 22.8 %, with woody biomass exhibiting comparatively higher values than agricultural residues. Elevated fixed carbon levels are typically associated with higher lignin concentrations within woody biomass. Lignin possesses a highly cross-linked aromatic structure that exhibits greater thermal stability relative to cellulose and hemicellulose. Consequently, lignin-rich feedstocks tend to generate biochar with higher carbon retention and enhanced structural recalcitrance during pyrolysis (Ronsse et al., 2013; Syguła et al., 2024; Ahmed et al., 2024; Song et al., 2025). The higher fixed carbon fraction observed in acacia pruning residues therefore indicates a greater potential for generating structurally stable biochar with improved carbon sequestration capacity. Substantial differences were also observed in ash content between woody biomass and agricultural residues. Woody feedstocks exhibited relatively low ash contents (5.2–5.6 %), whereas crop residues such as rice straw and wheat straw contained significantly higher ash levels (17.1 % and 14.6 %, respectively). Elevated ash concentrations in agricultural residues are largely attributed to the accumulation of mineral elements such as silica, potassium, calcium, and magnesium absorbed from the soil during plant growth (Yargicoglu et al., 2015; Jerzak et al., 2024; El-Fawal et al., 2025). These inorganic constituents can strongly influence pyrolysis reactions by acting as catalysts during biomass decomposition and altering the distribution of gaseous and solid products (Junior et al., 2025) .From a thermochemical conversion perspective, feedstocks with lower ash content and higher fixed carbon fractions are generally considered more suitable for producing high-quality biochar with improved carbon stability and structural integrity (Lehmann & Joseph, 2015; Ahmed et al., 2024; Marin et al., 2025). Therefore, the relatively favorable proximate composition of woody biomass in the present study suggests greater suitability for biochar production compared with herbaceous agricultural residues.
3.2 Effect of pyrolysis temperature and residence time on biochar yield
The influence of pyrolysis temperature and residence time on biochar yield is presented in Table 2. The results indicate a pronounced inverse relationship between thermal severity and biochar yield, with yield progressively decreasing as both temperature and residence time increased. At the lowest operational condition (350 °C and 30 min), the maximum biochar yield of 39.8 % was obtained. In contrast, increasing the pyrolysis temperature to 550 °C combined with a residence time of 120 min reduced the yield to 21.0 %. This decline in biochar yield with increasing temperature is primarily attributed to enhanced devolatilization of organic compounds and intensified secondary cracking reactions during pyrolysis. Lignocellulosic biomass undergoes complex thermochemical transformations during pyrolysis, involving the sequential decomposition of hemicellulose (200–350 °C), cellulose (300–400 °C), and lignin (250–600 °C). As temperature increases, these components undergo extensive depolymerization and fragmentation reactions, producing volatile gases and condensable organic vapors that escape from the biomass matrix, thereby reducing the residual char fraction (Tripathi et al., 2016; Sun et al., 2017; Zhao et al., 2018; Ahmed et al., 2024; Song et al., 2025). Higher temperatures also promote secondary cracking of tar compounds into permanent gases such as CO, CO₂, CH₄, and H₂, which further contributes to mass loss and reduced biochar yield (Ungureanu et al., 2025; Junior et al., 2025). Residence time also exerted a measurable influence on char production. For example, at 400 °C, biochar yield decreased from 36.1 % at 30 min to 31.4 % at 120 min. Extended residence time prolongs the exposure of biomass particles to elevated temperatures, allowing additional devolatilization and structural rearrangement of the carbon matrix to occur. These processes enhance the conversion of intermediate char structures into gaseous products, thereby decreasing the amount of solid char remaining after pyrolysis (Panwar, 2024; Wang et al., 2024; Chen et al., 2026). Although higher temperatures reduce biochar yield, they also promote the formation of more condensed aromatic carbon structures within the char matrix. Such structural transformations increase the chemical stability, surface area, and resistance to microbial degradation of biochar in soil environments (Lehmann & Joseph, 2015; Leng et al., 2021; Ahmed et al., 2024). Therefore, optimizing pyrolysis conditions requires balancing biochar yield with desired physicochemical properties depending on the intended application. The present findings suggest that moderate pyrolysis temperatures between 350 and 400 °C with residence times of 30–60 min provide optimal conditions for maximizing biochar yield in drum-kiln systems. Similar optimal temperature ranges for maximizing char yield from lignocellulosic biomass have been reported in several recent studies (Tomczyk et al., 2020; Wang et al., 2024; Ahmed et al., 2024; Junior et al., 2025; Marin et al., 2025).
3.3 Influence of pyrolysis temperature on ash content of biochar
Ash content of the produced biochar increased substantially with increasing pyrolysis temperature (Table 3). At 350 °C, ash levels ranged from 3.2 to 3.5 %, whereas at 550 °C ash concentrations increased to approximately 11.2–11.6 %. This increase reflects the progressive concentration of inorganic mineral constituents within the residual char during pyrolysis. During thermochemical conversion, organic components of biomass are gradually decomposed and volatilized as gases and vapors, while inorganic minerals remain largely non-volatile under typical pyrolysis conditions. Consequently, as the organic fraction decreases, the relative proportion of mineral constituents within the residual biochar increases (Enders et al., 2012; Leng et al., 2021; Jerzak et al., 2024; El-Fawal et al., 2025). Elevated pyrolysis temperatures accelerate this mineral enrichment process by promoting more extensive degradation of cellulose, hemicellulose, and lignin. Higher temperatures also facilitate the transformation of mineral species into thermodynamically stable oxides and carbonates, which further increases the ash fraction in the resulting biochar (Syguła et al., 2024; Song et al., 2025). Similar temperature-dependent increases in ash content have been widely reported for biochar derived from various lignocellulosic feedstocks (Ronsse et al., 2013; Tomczyk et al., 2020; Ahmed et al., 2024; Marin et al., 2025). Residence time exhibited a comparatively smaller influence on ash accumulation compared with temperature. However, slight increases in ash content were observed with prolonged residence time, reflecting the continued volatilization of residual organic matter during extended thermal exposure (Junior et al., 2025; Chen et al., 2026). From an agronomic perspective, the mineral fraction of biochar may provide beneficial effects when applied to soil systems. Ash components frequently contain essential plant nutrients such as potassium, calcium, and magnesium, which can contribute to improved soil fertility, enhanced cation exchange capacity, and increased soil pH (Lehmann & Joseph, 2015; Ahmed et al., 2024; Zaidi et al., 2025). Nevertheless, excessive ash accumulation may reduce the relative carbon content of biochar and potentially diminish its long-term carbon sequestration potential. Overall, the results demonstrate that pyrolysis temperature exerts a dominant influence on ash accumulation in biochar produced through drum-kiln pyrolysis. Increasing thermal severity leads to progressive mineral enrichment in the char matrix, thereby significantly influencing the physicochemical composition and functional properties of the resulting biochar.

Table 1 Proximate characteristics of biomass feedstocks
	Feedstock
	Moisture (%)
	Volatile Matter (%)
	Fixed Carbon (%)
	Ash (%)

	Conocarpus erectus
	5.27 ±0.25
	74.5 ±0.8
	15.17 ±0.6
	5.06 ±0.7

	Eucalyptus branches
	8.7 ±0.4
	72.8 ±0.7
	13.20 ±0.6
	5.3 ±0.4

	Acacia pruning residues
	9.1 ±0.5
	71.6 ±0.9
	13.70 ±0.7
	5.6 ±0.4

	Rice straw
	9.5 ±0.4
	68.3 ±0.8
	5.10 ±0.5
	17.1 ±0.6

	Wheat straw
	9.2 ±0.3
	69.1 ±0.7
	7.10 ±0.6
	14.6 ±0.5

	Pigeon-pea stalks
	8.9 ±0.4
	70.4 ±0.8
	9.80 ±0.6
	10.9 ±0.4


Values are expressed as mean ± standard deviation (n = 3).
Table 2 Effect of pyrolysis temperature and residence time on biochar yield (%) obtained from drum-kiln pyrolysis.
	Temperature (°C)
	Residence time 30 min
	60 min
	90 min
	120 min

	350
	39.8 ±0.6
	37.9 ±0.5
	36.2 ±0.7
	34.7 ±0.8

	400
	36.1 ±0.7
	34.5 ±0.6
	33.0 ±0.6
	31.4 ±0.7

	450
	32.4 ±0.8
	30.8 ±0.7
	29.3 ±0.6
	27.9 ±0.7

	500
	28.7 ±0.6
	27.2 ±0.5
	25.8 ±0.7
	24.5 ±0.6

	550
	25.0 ±0.7
	23.6 ±0.6
	22.2 ±0.7
	21.0 ±0.6


The experiment followed a completely randomized factorial design consisting of five pyrolysis temperatures and four residence times with three replications. Data were subjected to two-way analysis of variance (ANOVA) to evaluate the effects of temperature, residence time, and their interaction on biochar yield and ash content. Statistical significance was determined at p < 0.05.




Table 3. Ash content (%) of produced biochar
	Temperature (°C)
	30 min
	60 min
	90 min

	350
	3.2 ±0.2
	3.4 ±0.3
	3.5 ±0.2

	400
	5.1 ±0.4
	5.3 ±0.3
	5.5 ±0.3

	450
	7.0 ±0.4
	7.2 ±0.3
	7.4 ±0.4

	500
	9.1 ±0.5
	9.3 ±0.4
	9.5 ±0.4

	550
	11.2 ±0.6
	11.4 ±0.5
	11.6 ±0.6


The experiment followed a completely randomized factorial design consisting of five pyrolysis temperatures and four residence times with three replications. Data were subjected to two-way analysis of variance (ANOVA) to evaluate the effects of temperature, residence time, and their interaction on biochar yield and ash content. Statistical significance was determined at p < 0.05.
4. Conclusions
This study systematically investigated the proximate characteristics of selected lignocellulosic biomass feedstocks and evaluated the influence of pyrolysis temperature and residence time on biochar yield and ash content using a drum-kiln pyrolysis system. The findings provide valuable insights into the thermochemical behavior of woody and agricultural biomass residues and their suitability for sustainable biochar production. The proximate analysis revealed substantial compositional variability among the evaluated feedstocks. Woody biomass materials, including Conocarpus erectus, eucalyptus branches, and acacia pruning residues, exhibited comparatively higher fixed carbon content and lower ash concentrations than agricultural residues such as rice straw and wheat straw. These compositional attributes indicate a greater carbonization potential and enhanced structural stability of biochar derived from woody feedstocks. Conversely, the elevated ash content observed in agricultural residues reflects a higher concentration of inorganic mineral constituents, which may influence pyrolysis reactions and the physicochemical characteristics of the resulting biochar. Pyrolysis temperature and residence time were identified as critical parameters governing biochar yield. The experimental results demonstrated a clear inverse relationship between thermal severity and biochar production, with the highest yield (39.8 %) obtained at 350 °C with a residence time of 30 min, while the lowest yield (21.0 %) occurred at 550 °C and 120 min. Increasing pyrolysis temperature promoted intensified devolatilization of cellulose and hemicellulose fractions and enhanced secondary cracking reactions of intermediate organic vapors, resulting in significant mass loss and reduced char formation. Similarly, extended residence time facilitated prolonged thermal exposure of biomass particles, thereby promoting further devolatilization and carbon restructuring within the char matrix. In addition to yield variations, pyrolysis temperature significantly influenced the mineral composition of the produced biochar. Ash content increased progressively with increasing temperature, reflecting the concentration of non-volatile inorganic constituents as organic components were thermally decomposed and volatilized. Although moderate ash levels may contribute beneficial nutrients and liming capacity when biochar is applied to soil systems, excessively high ash content may reduce carbon concentration and structural stability. Overall, the results indicate that moderate pyrolysis conditions (350-550 °C) with shorter residence times (30–60 min) provide optimal operational parameters for maximizing biochar yield while maintaining favorable physicochemical characteristics. The drum-kiln pyrolysis system demonstrated promising potential for the conversion of lignocellulosic biomass residues into value-added biochar products. From a broader sustainability perspective, the conversion of agricultural and woody biomass residues into biochar through controlled pyrolysis offers a viable strategy for waste valorization, renewable energy generation, and long-term carbon sequestration. Future research should focus on detailed physicochemical characterization of the produced biochar, optimization of reactor design and process parameters, and evaluation of the agronomic performance and environmental benefits of biochar application in soil systems.
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Fig 1(a&b): The low-cost drum kiln design developed by the Central Research Institute for Dryland Agriculture (CRIDA), India 
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