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Abstract 

The utilization of non-wood biomass residues as alternative solid fuels is important for supporting low-carbon 

energy transitions and circular bioenergy development. This study evaluated the quality and energy performance 

of charcoal briquettes produced from vegetative residues of sugar palm (Arenga pinnata), specifically fronds, fruit 

stalks, and a mixture of both materials. A completely randomized design was applied, and the briquettes were 

assessed based on physical properties, proximate composition, combustion performance, and charcoal yield, with 

SNI 01-6235-2000 used as the primary quality benchmark. The results showed that all briquette types had very 

low moisture content (1.69–2.03%) and high calorific values (5,427–5,985 cal g⁻¹), meeting the SNI requirements 

for these parameters. Significant differences among plant parts were observed in ash content, volatile matter, and 

fixed carbon content (p < 0.05), indicating that raw material characteristics strongly influenced briquette quality. 

Briquettes produced from sugar palm fronds exhibited the highest fixed carbon content and calorific value, as well 

as the lowest burning rate, reflecting better thermal stability and longer combustion duration. Meanwhile, 

briquettes made from the mixture of fronds and fruit stalks showed the lowest ash content and the most balanced 

quality profile. Although some proximate parameters, particularly volatile matter and fixed carbon, did not fully 

meet the SNI limits, these limitations are process-dependent and may be improved through optimization of 

carbonization conditions. Overall, sugar palm vegetative residues represent a promising non-wood biomass 

resource for sustainable charcoal briquette production within a circular bioenergy framework. 
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INTRODUCTION 

Indonesia has substantial biomass potential, particularly from agricultural and forestry 

residues, including residues derived from non-timber forest products. One important 

commodity in this context is sugar palm (Arenga pinnata), which is widely known as a source 

of palm sap and palm sugar. However, the vegetative parts of sugar palm, particularly fronds 

and fruit stalks, remain underutilized and are commonly treated as agricultural waste, despite 

their promising chemical characteristics. These residues are not only locally abundant but also 

relevant for biomass-based energy development because they contain lignocellulosic 

components that can be converted into charcoal through carbonization. Therefore, sugar palm 

residues represent a potential raw material for developing alternative solid fuels based on 

locally available non-wood biomass resources. 

The lignocellulosic components of sugar palm residues play an important role in the 

formation of charcoal structure during the carbonization process. Previous studies have 

reported that sugar palm biomass contains ash content of approximately 2.38% (Sanyang et al., 
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2016). In addition, Aminah et al. (2020) reported that sugar palm material contains 

holocellulose ranging from 47.79% to 49.2%, consisting of cellulose (21.97%–27.2%) and 

hemicellulose (22%–23%). Biomass from the genus Arenga has also been reported to have 

significant potential for conversion into charcoal and further processing into briquettes as a 

biomass-based alternative energy source (Hakim et al., 2024). Therefore, the quality of 

charcoal briquettes produced from sugar palm residues is expected to vary among plant parts 

due to differences in anatomical structure and chemical composition, making systematic 

quality evaluation necessary. 

The utilization of biomass waste as a solid fuel has become increasingly relevant in the 

context of low-emission energy transitions. The energy sector remains the main contributor to 

global greenhouse gas emissions, with more than three-quarters of total emissions originating 

from energy-related activities, while global energy-related CO₂ emissions reached 37.4 Gt in 

2023 (IEA, 2024, 2025). This condition highlights the urgent need to accelerate the 

development of sustainable and low-emission renewable energy sources, including locally 

based energy systems, as part of broader efforts to mitigate climate change and strengthen long-

term energy resilience (IPCC, 2022). In this context, lignocellulosic biomass has considerable 

potential as a renewable energy source, particularly through the utilization of biomass residues 

in accordance with circular economy principles, as it can reduce environmental burdens while 

producing value-added products (Saravanan et al., 2025). 

Despite its potential, raw biomass generally has low density, high heterogeneity, and 

unfavorable physical characteristics for direct use as a solid fuel; therefore, quality 

improvement through further processing is required (Bajwa et al., 2018). The direct use of 

biomass as fuel is often considered inefficient due to its relatively low energy density, with an 

average calorific value of approximately 3,000 cal/g. Conversion of biomass into biochar 

through pyrolysis, or combustion under limited oxygen conditions, has been shown to increase 

its calorific value to around 5,000 kcal/g. This improvement in thermal quality makes biochar 

a more effective renewable energy alternative than its original biomass form (Fachry et al., 

2020). Once biomass has undergone carbonization, the development of charcoal briquettes 

becomes more relevant because this process produces a solid fuel with higher thermal stability 

and more controlled combustion characteristics. 

The quality of charcoal briquettes is strongly influenced by biomass type, plant part, 

carbonization conditions, and briquetting techniques, all of which collectively determine the 

mechanical strength and energy performance of the final product (Ngene et al., 2024). 

Densification through briquette production is therefore an effective approach to improving 

biomass quality as a solid fuel by increasing density, combustion stability, and ease of storage 

and transportation (Kpalo et al., 2020). In this regard, briquetting is not merely a shaping 

process but also a quality improvement strategy that enhances the practical value of biomass 

residues. Through densification, loose and heterogeneous biomass residues can be converted 

into more uniform solid fuels with better handling characteristics, more stable combustion, and 

improved suitability for household or small-scale energy applications. 

The quality of charcoal briquettes is determined by the integration of physical and 

proximate characteristics. Physical parameters, such as moisture content and density, influence 

ignition ease, combustion stability, and energy storage capacity. Meanwhile, proximate 

parameters, including ash content, volatile matter, and fixed carbon, determine energy 

efficiency, flame characteristics, and combustion residue (Obi et al., 2021). Evaluations that 

focus only on a single parameter, such as calorific value, are insufficient to describe briquette 

performance comprehensively and may lead to partial or biased conclusions (Ngene et al., 

2024; Obi et al., 2021). Therefore, a comprehensive evaluation is required to assess charcoal 

briquette quality more accurately, especially when the raw materials are derived from non-

wood biomass with highly variable physical and chemical properties. 

In Indonesia, SNI 01-6235-2000 is widely used as a benchmark for evaluating the quality 

of biomass-based charcoal briquettes (Widodo et al., 2021). In addition, the quality standards 
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established by P3HH, or the Center for Forest Product Research and Development, provide a 

more comprehensive set of parameters than SNI 01-6235-2000 because they include 

requirements for density and compressive strength. The P3HH guidelines also specify stricter 

minimum thresholds for fixed carbon and calorific value (Rindayatno, Fatur Rohma, et al., 

2022; M. K. Sari, 2020). However, the application of these standards to non-wood biomass still 

requires a comprehensive evaluation approach to account for variations in biomass 

characteristics and to avoid biased quality assessments. This is particularly important because 

non-wood biomass often differs from woody biomass in mineral content, porosity, volatile 

matter, and combustion behavior. 

Previous studies have shown that the quality of charcoal briquettes is influenced by 

biomass type and the plant parts used. Woody biomass generally produces briquettes with 

lower ash content and higher calorific value, whereas more porous biomass tends to exhibit 

faster burning rates, although this does not always correspond to higher energy efficiency 

(Martono et al., 2023; Nurhayati et al., 2022; L. Zhang et al., 2020). However, many existing 

studies still evaluate quality parameters separately and have not fully integrated physical and 

proximate characteristics within a unified evaluation framework, particularly for charcoal 

briquettes derived from sugar palm (Arenga pinnata) biomass waste. This limitation creates a 

need for a more integrated assessment that can identify both the strengths and limitations of 

each sugar palm plant part as a raw material for charcoal briquette production. 

This study positions sugar palm (Arenga pinnata) vegetative waste as a non-timber forest 

product residue that can be evaluated as a standardized biomass material through an integrated 

approach to determine its technical feasibility and identify the most prospective plant parts for 

charcoal briquette production. The novelty of this study lies in two main aspects: first, the 

comparative analysis of different sugar palm plant parts, namely fronds, fruit stalks, and their 

mixture, which may produce distinct charcoal characteristics; and second, the integration of 

physical and proximate indicators within a unified quality evaluation framework to identify 

critical trade-offs among ignition ease, combustion stability, energy efficiency, and combustion 

residue. 

By adopting SNI 01-6235-2000 as the main quality benchmark and complementing it 

with performance indicators relevant to non-wood biomass, this study is expected to provide a 

stronger scientific basis for selecting standardized sugar palm biomass materials and 

developing charcoal biobriquettes from local forestry residues within a circular economy 

framework (Bajwa et al., 2018; Hakim et al., 2024; Kpalo et al., 2020; Ngene et al., 2024; 

Saravanan et al., 2025; Widodo et al., 2021). This integrated approach is important because the 

feasibility of charcoal briquettes cannot be determined solely from calorific value, but must 

also consider moisture content, density, ash content, volatile matter, fixed carbon, combustion 

stability, and the ability of the material to meet relevant quality standards. 

METHOD 

This study employed an experimental approach using a quantitative research design. An 

experimental method is appropriate for examining the effects of specific treatments on response 

variables under controlled conditions. In this approach, the researcher deliberately manipulates 

the independent variable and observes the resulting changes in the dependent variables, while 

controlling other factors that may influence the research outcomes. This design enables 

stronger causal inference because the procedures are systematic, measurable, and reproducible. 

Therefore, the experimental approach was considered suitable for evaluating the effects of 

different sugar palm (Arenga pinnata) biomass residues on the physical properties, proximate 

composition, combustion performance, and charcoal yield of the resulting briquettes (D. P. Sari 

& Nugroho, 2023; Setiawan & Fitria, 2024). 
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Figure 1. Research Flowchart 

Charcoal briquette production was carried out using the drum kiln carbonization method 

at a controlled temperature of approximately 400°C, followed by briquette molding at a 

pressing pressure of 400 psi. The selected carbonization temperature is consistent with previous 

studies reporting that the optimal temperature range for carbonization using the drum kiln 

method is approximately 350–450°C (Erwin Junary et al., 2015; Rindayatno & Lewar D.O., 

2017; Rindayatno, Wulandari, et al., 2022). A 10% maltodextrin binder was used as an 

environmentally friendly adhesive to improve particle bonding during briquette formation. The 

production process included raw material preparation, drying, carbonization, grinding and 

sieving to 60 mesh, binder mixing, briquette molding, and final drying before testing. 

 

Figure 2. Manufacturing Process of Biobriquettes from Sugar Palm (Arenga pinnata) Waste 

The quality of the charcoal briquettes was evaluated based on physical properties, 

proximate composition, combustion performance, and charcoal yield. The parameters 

measured included moisture content, density, ash content, volatile matter, fixed carbon, 

calorific value, burning rate, and charcoal yield. These parameters were selected to provide a 

comprehensive assessment of briquette quality because physical characteristics determine 

handling, storage, and ignition behavior, while proximate composition and combustion 

performance determine thermal efficiency and fuel suitability. The Indonesian National 

Standard SNI 01-6235-2000 for charcoal briquettes was used as the primary quality benchmark 

to evaluate product feasibility. The use of this standard ensures that the results are not only 

scientifically measurable but also technically relevant for the development of biomass-based 

charcoal briquettes as an alternative solid fuel. 
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Figure 3. Testing Process of Sugar Palm (Arenga pinnata) Waste Biobriquettes 

The study was arranged using a Completely Randomized Design (CRD) with a non-

factorial structure. The single treatment factor was the type of sugar palm (Arenga pinnata) 

biomass residue used as the raw material for briquette production. This factor consisted of three 

treatment levels: briquettes produced from sugar palm fronds (P), briquettes produced from 

sugar palm fruit stalks (R), and briquettes produced from a mixture of sugar palm fronds and 

fruit stalks (C). Each treatment was replicated three times, resulting in a total of nine 

experimental units. The CRD was considered appropriate because all experimental units were 

assumed to be homogeneous, and the treatments could be assigned randomly. Therefore, the 

observed variation was primarily attributed to differences among the biomass treatments. 

Table 1. Experimental Design 

Type of Material Test 1 Test 2 Test 3 

P P1 P2 P3 

R R1 R2 R3 

C C1 C2 C3 
Note: P = sugar palm fronds; R = sugar palm fruit stalks; C = mixture of sugar palm fronds and fruit stalks. 

The experimental data were analyzed statistically using analysis of variance (ANOVA) 

to determine the effect of biomass residue type on the observed quality parameters of the 

charcoal briquettes. When the ANOVA results indicated a statistically significant effect at p < 

0.05, the analysis was followed by Duncan’s Multiple Range Test (DMRT) at a 95% 

confidence level to identify differences among treatments in more detail. This post hoc test was 

applied only to parameters showing significant treatment effects. Given the limited number of 

treatment groups in this study, additional testing using Tukey’s Honestly Significant Difference 

(HSD) test was not considered necessary. This statistical procedure was used to ensure that 

differences in briquette quality could be interpreted objectively based on the treatment effects. 

RESULTS AND DISCUSSION  

Density 

The density of charcoal briquettes produced from sugar palm biomass residues was 

relatively uniform across treatments, ranging from 0.35 to 0.36 g/cm³, with an overall average 

of 0.36 g/cm³. Briquettes produced from sugar palm fruit stalks (R) showed a slightly lower 

density than those produced from sugar palm fronds (P) and the mixture of fronds and fruit 

stalks (C). However, all treatments had density values below the SNI 01-6235-2000 

requirement for charcoal briquettes (>0.60 g/cm³). This condition indicates that the briquettes 

produced in this study still had relatively high porosity, which may be influenced by raw 

material characteristics, particle size, compression pressure, binder type, and the uniformity of 

the molding process (Hendra & Darmawan, 2000; Yuliah et al., 2021). 

Table 2. Average Density of Charcoal Briquettes (g/cm³) 

Treatment Test 1 Test 2 Test 3 Average 

P 0.37 0.37 0.36 0.36 

R 0.36 0.37 0.33 0.35 
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Treatment Test 1 Test 2 Test 3 Average 

C 0.36 0.36 0.37 0.36 

Average 
   

0.36 
Note: P = sugar palm fronds; R = sugar palm fruit stalks; C = mixture of sugar palm fronds and fruit stalks. 

Low density does not necessarily indicate poor combustion performance. Higher porosity 

can improve oxygen diffusion within the briquette structure, thereby facilitating ignition and 

increasing the burning rate, although it may reduce mechanical strength and shorten flame 

duration (Ajit Kaur et al., 2017; Y. Zhang et al., 2022). In this study, the effect of low density 

was partly compensated by the very low moisture content of the briquettes, allowing 

combustion to remain efficient. Several studies on non-wood biomass briquettes have also 

reported that densities below 0.40 g/cm³ may still be suitable for household applications that 

require rapid ignition. The lower density observed in the fruit stalk treatment was likely 

influenced by one replicate with a relatively low value, indicating that process-related factors 

such as compression pressure consistency, mixture homogeneity, binder distribution, and 

moisture content during molding and drying may have been more dominant than intrinsic 

differences in the raw materials (Ajit Kaur et al., 2017; Hendra & Darmawan, 2000; A. R. Putra 

et al., 2022). 

These findings are consistent with previous studies showing that biomass briquette 

density tends to be low when compaction pressure and particle size are not optimized 

(Nurhayati et al., 2022; Prayoga et al., 2023; Sutrisno et al., 2021). Conversely, increasing 

compaction pressure, reducing particle size, and optimizing binder composition have been 

shown to increase briquette density up to 0.57 g/cm³, approaching the SNI 01-6235-2000 

requirement. This confirms that density is strongly influenced by densification parameters and 

can still be improved through process optimization without necessarily changing the raw 

material (Rindayatno, Wulandari, et al., 2022). 

Table 3. ANOVA Results for Density of Charcoal Briquettes 

Source of Variation Sum of Squares df Mean Square F-value Sig. 

Treatment 0.000 2 0.000 0.867 0.467 

Error 0.001 6 0.000 
  

Corrected Total 0.001 8 
   

The ANOVA results presented in Table 3 show that the type of sugar palm biomass 

residue did not have a significant effect on the density of charcoal briquettes (p = 0.467; p > 

0.05). This indicates that the variation in density was more strongly controlled by production 

parameters, particularly the use of 60-mesh particles, 10% binder concentration, and 400 psi 

pressing pressure, rather than by differences among the biomass types (Putra et al., 2022; 

Rahman & Widodo, 2023). Therefore, further analysis using Duncan’s Multiple Range Test 

(DMRT) was not required for this parameter. The relatively low density increased briquette 

porosity and facilitated ignition, but it may also reduce mechanical durability and flame 

duration. Accordingly, optimization of compaction pressure, particle size, and binder 

composition is needed to achieve a better balance between effective heating value, combustion 

stability, and mechanical strength (Ajit Kaur et al., 2017; S. Wulandari et al., 2025; Yuliah et 

al., 2021). 

Moisture Content 

Moisture content is one of the most important quality parameters in the evaluation of 

charcoal briquettes because it directly affects combustion efficiency, energy stability, ignition 

ease, and product durability during storage and distribution. Excessive moisture content can 

reduce the effective energy value of briquettes because part of the heat generated during 

combustion is used to evaporate water rather than to produce useful thermal energy. High 

moisture content may also slow ignition, reduce flame stability, and increase smoke emissions 

during combustion. Therefore, lower moisture content is generally preferred in charcoal 
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briquettes, particularly when the product is intended for household and small-scale energy 

applications (S. Wulandari et al., 2025; Rahmadani & Fitria, 2022). 

Table 4. Average Moisture Content of Charcoal Briquettes (%) 

Treatment Test 1 Test 2 Test 3 Average (%) 

P 2.13 1.93 2.04 2.03 

R 1.74 1.65 1.67 1.69 

C 2.10 1.99 1.86 1.98 

Average 
   

1.90 

SNI 01-6235-2000 
   

≤8 
Note: P = sugar palm fronds; R = sugar palm fruit stalks; C = mixture of sugar palm fronds and fruit stalks. 

The results presented in Table 4 show that the moisture content of charcoal briquettes 

across all treatments ranged from 1.69% to 2.03%, with an overall average of 1.90%. These 

values are far below the maximum moisture content required by SNI 01-6235-2000, which is 

≤8%. This indicates that the drying, carbonization, and post-molding drying processes were 

effective in reducing the water content of the briquettes. The moisture content obtained in this 

study can be classified as very low compared with typical biomass briquettes, which are 

commonly reported within the range of 3–7%. This condition reflects good process control and 

contributes positively to the thermal quality of the briquettes (Garcia et al., 2020; Kaliyan & 

Vance Morey, 2009). The consistently low moisture content is also associated with thermal 

dehydration during carbonization, in which free water and part of the bound water are released 

through the thermal degradation of lignocellulosic components (Chen et al., 2021). 

Although the differences among treatments were relatively small, a clear pattern was 

observed. Briquettes produced from sugar palm fruit stalks (R) had the lowest moisture content, 

at 1.69%, while briquettes produced from sugar palm fronds (P) had the highest value, at 

2.03%. The mixed treatment (C) showed an intermediate value of 1.98%. The lower moisture 

content in the fruit stalk treatment may be related to its denser and more compact structure, 

which can facilitate more efficient moisture removal during drying and carbonization (Sutrisno 

et al., 2021; Y. Zhang et al., 2022). In contrast, sugar palm fronds may have a more porous 

structure and a relatively higher hemicellulose fraction, making them more hygroscopic and 

more likely to retain residual moisture. Nevertheless, the moisture content of all treatments 

remained lower than values reported for several other biomass briquettes, such as rice straw–

banana peel briquettes, which have been reported to contain approximately 4.22% moisture 

(Duangkham et al., 2023; T. Hidayat & Lestari, 2022; M. Rahman et al., 2020). 

The intermediate moisture content observed in the mixed treatment suggests a balancing 

effect between the anatomical and physical characteristics of sugar palm fronds and fruit stalks. 

Blending biomass materials with different structural properties can produce moderate moisture 

characteristics without reducing technical feasibility. This finding is consistent with previous 

studies showing that biomass blending may improve the balance of briquette properties by 

combining the strengths of different raw materials (Nurhayati et al., 2022; Prasetyo et al., 

2021). In this study, the very low moisture content contributed to improved ignition ease, 

higher effective calorific value, and more stable combustion because less energy was required 

for water evaporation during burning. As a result, carbon oxidation could proceed more 

efficiently with minimal latent heat loss (Antal & Grønli, 2003; Basu, 2018; Demirbas, 2017; 

L. Zhang et al., 2020). 

Table 5. ANOVA Results for Moisture Content of Charcoal Briquettes 

Source of Variation Sum of Squares df Mean Square F-value Sig. 

Treatment 0.211 2 0.105 11.836 0.008 

Error 0.053 6 0.009 
  

Corrected Total 0.264 8 
   

The ANOVA results presented in Table 5 indicate that the type of sugar palm biomass 

residue had a significant effect on the moisture content of charcoal briquettes, as shown by a 
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significance value of 0.008 (p < 0.05). This result confirms that differences in raw material 

type, namely sugar palm fronds, fruit stalks, and their mixture, produced statistically significant 

differences in moisture content. Therefore, further analysis using Duncan’s Multiple Range 

Test (DMRT) was conducted to identify the specific differences among treatments. This 

statistical result supports the interpretation that moisture content is not only determined by the 

drying and carbonization process but also by the anatomical and chemical characteristics of the 

biomass used as raw material. 

 
Figure 4. DMRT Results for Moisture Content of Charcoal Briquettes 

The DMRT results shown in Figure 4 indicate that the fruit stalk treatment (R) belongs 

to group a and differs significantly from the frond treatment (P). Meanwhile, the mixed 

treatment (C) belongs to group b and is not significantly different from P, but differs 

significantly from R. This pattern confirms that the physical and anatomical characteristics of 

the raw materials influenced moisture release during drying and carbonization. The denser and 

more woody structure of fruit stalks, which may be associated with higher lignin content, likely 

facilitated more efficient water vapor diffusion and resulted in lower moisture content (Y. 

Zhang et al., 2022). In contrast, sugar palm fronds, which tend to be more porous and contain 

relatively higher hemicellulose fractions, are more hygroscopic and therefore more likely to 

retain residual moisture (Chen et al., 2021). The mixed treatment showed intermediate 

behavior, reflecting the combined contribution of both biomass materials (Prasetyo et al., 

2021). Nevertheless, all treatments produced very low moisture content, below 5%, which is 

advantageous for achieving efficient and stable combustion and supports the potential use of 

sugar palm biomass residues as charcoal briquette raw materials (Garcia et al., 2020; Widodo 

et al., 2021; Kaur et al., 2023). 

Ash Content 

Ash content refers to the inorganic mineral residue remaining after the complete 

combustion of briquettes at high temperatures. This parameter represents the non-combustible 

fraction of the fuel and is commonly used as an important indicator of biomass fuel quality. In 

charcoal briquettes, high ash content is generally undesirable because it can reduce effective 

calorific value, lower combustion efficiency, increase combustion residue, and contribute to 

slag formation during burning. Therefore, briquettes with lower ash content are usually 

considered to have better fuel quality, especially for household and small-scale applications 

that require cleaner and more efficient combustion. In this study, ash content was evaluated to 

determine the effect of sugar palm biomass type on mineral residue accumulation after 

combustion (S. Wulandari et al., 2025). 

Table 6. Average Ash Content of Charcoal Briquettes (%) 

Treatment Test 1 Test 2 Test 3 Average (%) 

P 11.4 11.2 12.0 11.53 

R 7.8 7.7 7.9 7.80 

C 6.2 6.4 5.9 6.17 

Average 
   

8.50 
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Treatment Test 1 Test 2 Test 3 Average (%) 

SNI 01-6235-2000 
   

≤8 
Note: P = sugar palm fronds; R = sugar palm fruit stalks; C = mixture of sugar palm fronds and fruit stalks. 

As shown in Table 6, the ash content of charcoal briquettes derived from sugar palm 

biomass residues ranged from 6.17% to 11.53%, with an overall average of 8.50%. These 

results indicate that raw material composition strongly influenced the accumulation of 

inorganic residue in the briquettes. Briquettes produced from sugar palm fronds (P) had the 

highest ash content, at 11.53%, and did not meet the SNI 01-6235-2000 requirement of ≤8%. 

In contrast, briquettes produced from fruit stalks (R) had an ash content of 7.80%, while 

briquettes produced from the mixture of fronds and fruit stalks (C) had the lowest ash content, 

at 6.17%. Both R and C treatments met the SNI requirement, although the mixed treatment 

showed the best performance for this parameter. 

The higher ash content in sugar palm frond briquettes may be associated with the greater 

accumulation of inorganic minerals in the frond structure, such as silica, alkali metals, and 

alkaline earth elements, which are non-volatile and remain as residue after carbonization and 

combustion. In contrast, fruit stalks generally contain lower mineral fractions, resulting in 

lower ash formation during combustion (Jenkins et al., 2018; Saputro et al., 2020; Vassilev et 

al., 2013). The lowest ash content observed in the mixed treatment suggests that blending 

fronds with fruit stalks reduced the overall inorganic fraction through a mineral dilution effect. 

This finding indicates that biomass blending can be a practical strategy to improve ash-related 

quality without requiring additional chemical treatment. 

The ash values obtained in this study are consistent with previous findings showing that 

biomass materials with higher mineral content, such as oil palm empty fruit bunches and rice 

husks, tend to produce higher ash content. Conversely, biomass materials with lower mineral 

content, such as corn cobs and coconut shell-based mixtures, generally produce lower ash 

levels (T. Hidayat et al., 2021; A. R. Putra et al., 2018; Suryani et al., 2021). The lower ash 

content in the mixed treatment supports the view that combining biomass materials with 

different mineral characteristics can improve briquette quality. This result is also consistent 

with studies reporting that biomass blending can reduce the inorganic fraction and improve the 

balance of briquette properties (T. Hidayat et al., 2021; Prasetyo et al., 2021). 

From a technical perspective, lower ash content contributes positively to combustion 

performance because it increases the effective energy fraction of the briquette, improves flame 

stability, and reduces the risk of slagging and deposition in the combustion chamber. Lower 

ash content also minimizes non-combustible residue, making briquettes more efficient and 

cleaner during use (Antal & Grønli, 2003; Chen et al., 2021; Demirbas, 2017; Kaur et al., 2023; 

Saidur et al., 2020). Therefore, the mixture of sugar palm fronds and fruit stalks can be 

considered the most favorable treatment for ash content because it produced the lowest value 

and clearly met the SNI 01-6235-2000 standard. However, fruit stalk briquettes also met the 

standard and should not be excluded as a technically feasible raw material. 

Table 7. ANOVA Results for Ash Content of Charcoal Briquettes 

Source of Variation Sum of Squares df Mean Square F-value Sig. 

Treatment 45.407 2 22.703 276.122 0.000 

Error 0.493 6 0.082 
  

Corrected Total 45.900 8 
   

The ANOVA results presented in Table 7 show that the type of sugar palm biomass 

residue had a highly significant effect on the ash content of charcoal briquettes, as indicated by 

a significance value of 0.000 (p < 0.05). The F-value of 276.122 confirms that differences 

among raw materials, namely sugar palm fronds, fruit stalks, and their mixture, resulted in 

statistically significant differences in ash content. This finding demonstrates that the mineral 

composition and anatomical characteristics of each sugar palm biomass component directly 

influenced the amount of ash residue produced after combustion. Therefore, further analysis 
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using Duncan’s Multiple Range Test (DMRT) was conducted to identify the specific 

differences among treatments. 

 
Figure 5. DMRT Results for Ash Content of Charcoal Briquettes 

The DMRT results shown in Figure 5 indicate that all three treatments differed 

significantly at the 95% confidence level. The treatment groups followed the order: fruit stalks 

(a) < mixture of fronds and fruit stalks (b) < fronds (c). This means that briquettes produced 

from sugar palm fronds had the highest ash content, while briquettes produced from fruit stalks 

had lower ash content, and the mixed treatment showed an intermediate value. The high ash 

content in frond-based briquettes may be attributed to higher levels of structural inorganic 

minerals, such as silica, calcium, and potassium, which are non-volatile and remain as residue 

after carbonization or combustion (Saidur et al., 2020; Vassilev et al., 2013). In contrast, the 

lower ash content in fruit stalk briquettes reflects their relatively lower mineral content and 

higher combustible fraction. The mixed treatment remained significantly different from both 

individual treatments, indicating that biomass blending produced a measurable mineral dilution 

effect and effectively reduced the ash fraction without additional chemical processing (S. 

Hidayat et al., 2019; Prasetyo et al., 2021). 

Calorific Value 

Calorific value is a key indicator of charcoal briquette quality because it represents the 

amount of heat energy released during combustion. A higher calorific value indicates better 

fuel efficiency and greater competitiveness of briquettes as an alternative solid fuel. This 

parameter is mainly influenced by fixed carbon content, while it is negatively affected by 

moisture and ash content. Volatile matter also contributes to initial combustion characteristics 

because it supports ignition and early flame development. Therefore, calorific value should not 

be interpreted as a stand-alone parameter, but rather as the result of interactions among fixed 

carbon, volatile matter, moisture content, ash content, and the quality of the carbonization 

process (F. T. Wulandari & Lestari, 2025). 

Table 8. Average Calorific Value of Charcoal Briquettes (cal/g) 

Treatment Test 1 Test 2 Test 3 Average 

P 5,883 6,062 6,011 5,985 

R 5,416 5,442 5,403 5,420 

C 5,339 5,617 5,470 5,475 

Average 
   

5,627 

SNI 01-6235-2000 
   

≥5,000 
Note: P = sugar palm fronds; R = sugar palm fruit stalks; C = mixture of sugar palm fronds and fruit stalks. 

As shown in Table 8, the calorific value of charcoal briquettes ranged from 5,420 to 5,985 

cal/g, with the order P > C > R. All treatments exceeded the minimum requirement of SNI 01-

6235-2000, which is ≥5,000 cal/g. This result indicates that charcoal briquettes produced from 

sugar palm biomass residues are technically feasible as alternative solid fuels based on their 

energy content. The highest calorific value was observed in briquettes produced from sugar 
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palm fronds (P), while the lowest value was found in briquettes produced from fruit stalks (R). 

The mixed treatment (C) showed an intermediate calorific value. Compared with other biomass 

briquettes, which commonly have calorific values within the range of approximately 4,800–

5,700 cal/g, the values obtained in this study can be considered competitive and reflect good 

thermal quality (Duangkham et al., 2023; Prayoga et al., 2023). 

The relatively high calorific values obtained in this study were primarily supported by 

the fixed carbon fraction formed during carbonization. Fixed carbon represents the energy-rich 

solid residue that contributes to sustained combustion, whereas moisture and ash reduce 

effective combustion energy because they do not contribute directly to heat release. Moisture 

consumes part of the heat for evaporation, while ash represents the non-combustible mineral 

fraction remaining after combustion (Antal & Grønli, 2003; Demirbas, 2017; Prasetyo et al., 

2021). In this study, the very low moisture content of all treatments helped support high 

effective calorific values. However, differences in ash content and fixed carbon among 

treatments contributed to variation in calorific value, particularly the superior value observed 

in frond-based briquettes. 

The balance among fixed carbon, volatile matter, and ash content is an important 

determinant of final calorific value. Volatile matter can support initial ignition and rapid energy 

release during early combustion, but excessive volatile matter may reduce clean combustion 

efficiency because part of the energy can be lost through gases and smoke. In contrast, higher 

fixed carbon content contributes to more stable and sustained heat release during the char 

combustion phase. Therefore, optimal carbonization conditions are required to increase fixed 

carbon while reducing moisture and undesirable volatile components, thereby improving 

calorific value and overall thermal efficiency (Basu, 2018; L. Zhang et al., 2020; Chen et al., 

2021; Shen et al., 2022). 

Overall, the calorific values of 5,420–5,985 cal/g confirm that charcoal briquettes derived 

from sugar palm biomass residues have strong potential for household and small- to medium-

scale energy applications. Even though the densification process has not yet been fully 

optimized, the briquettes still demonstrated good thermal performance and exceeded the SNI 

calorific value requirement. This finding indicates that sugar palm fronds, fruit stalks, and their 

mixture can be further developed as sustainable biomass fuels, provided that carbonization and 

briquetting conditions are optimized to improve other quality parameters, particularly ash 

content, volatile matter, fixed carbon, and density (Rindayatno et al., 2022; F. T. Wulandari & 

Lestari, 2023). 

Table 9. ANOVA Results for Calorific Value of Charcoal Briquettes 

Source of Variation Sum of Squares df Mean Square F-value Sig. 

Treatment 582,350.000 2 291,175.000 30.931 0.001 

Error 56,482.000 6 9,413.667 
  

Corrected Total 638,832.000 8 
   

The ANOVA results presented in Table 9 indicate that the type of sugar palm biomass 

residue had a statistically significant effect on the calorific value of charcoal briquettes, as 

shown by an F-value of 30.931 and a significance value of 0.001 (p < 0.05). These results 

confirm that differences in raw material type, namely sugar palm fronds, fruit stalks, and their 

mixture, significantly influenced the amount of heat energy generated by the briquettes. 

Therefore, the anatomical and chemical characteristics of each sugar palm plant part played an 

important role in determining the thermal quality of the resulting charcoal briquettes. Since the 

treatment effect was significant, further analysis using Duncan’s Multiple Range Test (DMRT) 

was conducted to identify specific differences among treatments. 
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Figure 6. DMRT Results for Calorific Value of Charcoal Briquettes 

Based on Figure 6, briquettes produced from sugar palm fronds exhibited the highest 

calorific value and were significantly different from briquettes produced from fruit stalks and 

the mixed material. The DMRT grouping showed that frond-based briquettes belonged to group 

b, while fruit stalk and mixed briquettes belonged to group a. This result confirms that raw 

material type significantly influenced the energy quality of the briquettes. The superior 

performance of frond-based briquettes may be associated with their higher fixed carbon content 

and greater lignification, which contribute to the formation of a more stable and energy-dense 

aromatic carbon structure during carbonization. In contrast, fruit stalk-based briquettes, which 

may contain relatively higher cellulose and hemicellulose fractions, tend to undergo more 

intensive devolatilization, resulting in lower fixed carbon content and reduced calorific value. 

These findings are consistent with previous studies reporting a positive relationship between 

lignin or fixed carbon content and the calorific value of biomass-derived charcoal (Mencareli 

et al., 2022). 

Volatile Matter 

Volatile matter content is an important parameter in determining the quality of charcoal 

briquettes because it influences ignition ease, combustion stability, and the potential formation 

of smoke and gaseous emissions. Volatile matter is released during biomass heating under 

oxygen-limited conditions as a result of the thermal degradation of hemicellulose, cellulose, 

and part of the lignin fraction. Therefore, its content is strongly influenced by the type and 

chemical composition of the raw material used for briquette production (Antal & Grønli, 2003; 

Basu, 2018). In general, higher volatile matter content promotes faster ignition because more 

combustible gases are released during the early stage of combustion. However, excessive 

volatile matter may reduce combustion stability and increase smoke emissions, whereas lower 

volatile matter content tends to produce more stable and sustained combustion (Chen et al., 

2021; L. Zhang et al., 2020). 

Table 10. Average Volatile Matter Content of Charcoal Briquettes (%) 

Treatment Test 1 Test 2 Test 3 Average (%) 

P 23.5 25.6 23.8 24.3 

R 37.3 37.3 35.9 36.8 

C 33.9 33.2 33.3 33.5 

Average 
   

31.5 

SNI 01-6235-2000 
   

<15 
Note: P = sugar palm fronds; R = sugar palm fruit stalks; C = mixture of sugar palm fronds and fruit stalks. 

As shown in Table 10, the volatile matter content of charcoal briquettes varied among 

treatments, ranging from 24.3% to 36.8%, with an overall average of 31.5%. The lowest 

volatile matter content was found in briquettes produced from sugar palm fronds (P), at 24.3%, 

followed by the mixture of fronds and fruit stalks (C), at 33.5%. The highest volatile matter 

content was observed in briquettes produced from sugar palm fruit stalks (R), at 36.8%. 
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According to SNI 01-6235-2000, the maximum allowable volatile matter content for charcoal 

briquettes is <15%. Therefore, none of the treatments in this study met the SNI requirement for 

volatile matter content. This result indicates that the carbonization process still needs to be 

optimized, particularly to reduce the remaining volatile fraction in the briquettes. 

The relatively high volatile matter content can be explained by the characteristics of non-

wood biomass, which generally contains higher proportions of thermally reactive cellulose and 

hemicellulose than woody biomass. These components decompose more easily during 

carbonization and release volatile compounds in the form of gases, vapors, and tar fractions 

(Antal & Grønli, 2003; Basu, 2018). In addition, carbonization at moderate temperatures may 

not fully convert organic fractions into stable fixed carbon, thereby leaving a relatively high 

volatile fraction in the final briquette product (Chen et al., 2021; L. Zhang et al., 2020). 

Although the values obtained in this study did not comply with SNI standards, they remain 

comparable to those reported for several non-wood biomass briquettes. Such briquettes may 

still be applicable for household use because their higher volatile matter can support easier 

ignition. However, further optimization of carbonization temperature and residence time is 

required to reduce volatile matter content and improve compliance with national quality 

standards (Kaur et al., 2023; Sukarta et al., 2022). 

The lower volatile matter content in frond-based briquettes (P) may be associated with 

higher lignification and a greater contribution of thermally stable lignin. Lignin decomposes 

over a wider temperature range and tends to promote the formation of stable carbon structures 

during carbonization, thereby reducing the release of volatile compounds. This condition 

supports more stable combustion and lower smoke emission potential compared with materials 

containing higher cellulose and hemicellulose fractions (Antal & Grønli, 2003; Azizah et al., 

2021; Chen et al., 2021; Stelte et al., 2012). In contrast, sugar palm fruit stalks (R) produced 

the highest volatile matter content, likely because they contain a higher proportion of cellulose 

and hemicellulose, which degrade at lower temperatures and release larger amounts of volatile 

compounds. Consequently, briquettes produced from fruit stalks may ignite more easily but 

tend to have less stable combustion and higher emission potential (Basu, 2018; Yang et al., 

2007). 

The mixed treatment (C) showed an intermediate volatile matter content, indicating that 

blending fronds with fruit stalks can partially reduce the high volatile fraction associated with 

fruit stalks. However, the volatile matter content of the mixed briquettes remained much higher 

than the SNI threshold, suggesting that biomass blending alone is insufficient to meet the 

standard unless it is supported by improved carbonization conditions. Therefore, controlling 

volatile matter in sugar palm charcoal briquettes should involve both adjustment of the raw 

material composition and optimization of carbonization temperature, heating duration, and 

residence time. This approach is necessary to increase fixed carbon formation, reduce residual 

volatile compounds, and improve the combustion stability of non-wood biomass briquettes 

(Kaur et al., 2023; Martono et al., 2023). 

Table 11. ANOVA Results for Volatile Matter Content of Charcoal Briquettes 

Source of Variation Sum of Squares df Mean Square F-value Sig. 

Treatment 252.447 2 126.223 181.471 0.000 

Error 4.173 6 0.696 
  

Corrected Total 256.620 8 
   

The ANOVA results presented in Table 11 show that the type of sugar palm biomass 

residue had a highly significant effect on the volatile matter content of charcoal briquettes, as 

indicated by a significance value of 0.000 (p < 0.05). This result confirms that differences 

among sugar palm fronds, fruit stalks, and their mixture significantly influenced the amount of 

volatile compounds remaining in the briquettes after carbonization. The high F-value also 

indicates that raw material characteristics played a strong role in determining volatile matter 

content. Since the treatment effect was significant, further analysis using Duncan’s Multiple 
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Range Test (DMRT) was conducted at a 95% confidence level to identify specific differences 

among treatments. 

 
Figure 7. DMRT Results for Volatile Matter Content of Charcoal Briquettes 

The DMRT results presented in Figure 7 indicate that the volatile matter content differed 

among the treatments. Briquettes produced from sugar palm fronds had the lowest volatile 

matter content, reflecting a higher degree of lignification and the formation of more stable 

aromatic carbon residues during carbonization. In contrast, briquettes produced from fruit 

stalks had the highest volatile matter content, indicating a greater contribution of cellulose and 

hemicellulose fractions, which decompose more readily and release more volatile compounds. 

The mixed treatment showed intermediate behavior, consistent with the combined contribution 

of fronds and fruit stalks. Mechanistically, these results support the view that biomass 

composition strongly influences volatile release, char formation, and combustion behavior 

during carbonization and subsequent burning (Antal & Grønli, 2003; Chen et al., 2021; Collard 

& Blin, 2014; Lu & Gu, 2022; Yang et al., 2007). 

Fixed Carbon 

Fixed carbon is the solid carbon fraction remaining after moisture, volatile matter, and 

ash have been removed during proximate analysis. This parameter is one of the most important 

indicators of charcoal briquette quality because it reflects the proportion of stable carbon that 

contributes to sustained combustion. Unlike volatile matter, which is released rapidly during 

the early stage of burning, fixed carbon dominates the slower char combustion phase and 

supports longer flame duration, better heat retention, and improved thermal efficiency. 

Therefore, briquettes with higher fixed carbon content are generally considered more suitable 

for applications requiring stable and sustained heat release. In biomass-derived charcoal 

briquettes, fixed carbon content is strongly affected by raw material composition, carbonization 

temperature, residence time, and the extent of devolatilization during the carbonization process 

(Basu, 2018; Chen et al., 2021; L. Zhang et al., 2020). 

Table 12. Average Fixed Carbon Content of Charcoal Briquettes (%) 

Treatment Test 1 Test 2 Test 3 Average (%) 

P 65 63 64 64.00 

R 55 55 56 55.33 

C 60 60 61 60.33 

Average 
   

59.89 

SNI 01-6235-2000 
   

>65 
Note: P = sugar palm fronds; R = sugar palm fruit stalks; C = mixture of sugar palm fronds and fruit stalks. 

As shown in Table 12, the fixed carbon content of charcoal briquettes ranged from 

55.33% to 64.00%, with the order P > C > R. Briquettes produced from sugar palm fronds (P) 

showed the highest fixed carbon content, at 64.00%, followed by briquettes produced from the 

mixture of fronds and fruit stalks (C), at 60.33%. The lowest fixed carbon content was found 

in briquettes produced from sugar palm fruit stalks (R), at 55.33%. According to SNI 01-6235-
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2000, the minimum fixed carbon content required for charcoal briquettes is >65%. Therefore, 

none of the treatments fully met the SNI requirement, although the frond-based briquettes 

approached the standard most closely. This result indicates that sugar palm fronds have better 

potential for producing charcoal briquettes with more stable combustion characteristics than 

fruit stalks and mixed materials. 

The higher fixed carbon content in frond-based briquettes may be associated with greater 

lignification and more effective char formation during carbonization. Lignin is thermally more 

stable than cellulose and hemicellulose, and it tends to form denser carbonaceous residues 

when exposed to heat under limited oxygen conditions. In contrast, cellulose and hemicellulose 

decompose more readily into volatile compounds, gases, and tar, which can reduce the 

remaining fixed carbon fraction in the final charcoal product (Basu, 2018; Yang et al., 2007). 

This explains why fruit stalk-based briquettes, which may contain a relatively higher proportion 

of thermally reactive cellulose and hemicellulose, showed the lowest fixed carbon content. The 

mixed treatment exhibited an intermediate value because it reflected the combined contribution 

of the two biomass components. 

The differences in fixed carbon content among treatments are consistent with previous 

studies showing that anatomical structure and chemical composition strongly influence 

carbonization outcomes and proximate characteristics of biomass briquettes. Biomass materials 

with higher lignin content and more stable carbon-forming fractions generally produce charcoal 

with higher fixed carbon, whereas materials with higher volatile-forming components tend to 

produce lower fixed carbon after carbonization (A. Putra et al., 2022; A. Rahman & Widodo, 

2023). In this study, the relatively high volatile matter content, particularly in fruit stalk and 

mixed briquettes, indicates that carbonization was not yet sufficient to convert a larger 

proportion of organic material into stable fixed carbon. The intermediate fixed carbon content 

in the mixed treatment also suggests that biomass blending can moderate raw material 

characteristics, although it may not be sufficient to meet the SNI requirement without further 

process optimization (A. Putra et al., 2022; Wulandari F. T. et al., 2024). 

In general, these findings are in line with the literature, which reports that fixed carbon 

content increases in biomass with higher lignin content and lower ash or volatile fractions, 

particularly under optimized carbonization conditions. Conversely, non-wood biomass with 

relatively high mineral content or incomplete devolatilization may show lower fixed carbon 

content, thereby reducing its ability to sustain long and stable combustion (Demirbas, 2017; 

Kaur et al., 2023). Therefore, sugar palm fronds appear to be the most promising raw material 

for producing charcoal briquettes with better combustion stability and thermal performance. 

Meanwhile, briquettes derived from fruit stalks require further optimization of carbonization 

temperature and residence time to enhance devolatilization, reduce volatile matter, and increase 

fixed carbon content toward the national quality standard (Basu, 2018; L. Zhang et al., 2020). 

Table 13. ANOVA Results for Fixed Carbon Content of Charcoal Briquettes 

Source of Variation Sum of Squares df Mean Square F-value Sig. 

Treatment 113.556 2 56.778 102.200 0.000 

Error 3.333 6 0.556 
  

Corrected Total 116.889 8 
   

The ANOVA results presented in Table 13 show that the type of sugar palm biomass 

residue had a highly significant effect on the fixed carbon content of charcoal briquettes, as 

indicated by a significance value of 0.000 (p < 0.05). This result confirms that differences 

among sugar palm fronds, fruit stalks, and their mixture significantly influenced the formation 

of fixed carbon during carbonization. The high F-value indicates that raw material type played 

a strong role in determining the fixed carbon fraction of the resulting briquettes. Since fixed 

carbon is closely related to combustion stability and heat retention, this statistical finding 

supports the interpretation that the selection of sugar palm plant parts is important for 

improving the energy performance of charcoal briquettes. Therefore, further analysis using 
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Duncan’s Multiple Range Test (DMRT) was conducted to identify specific differences among 

treatments. 

 
Figure 8. DMRT Results for Fixed Carbon Content of Charcoal Briquettes 

The DMRT results presented in Figure 8 indicate that frond-based briquettes had the 

highest fixed carbon content, while fruit stalk-based briquettes had the lowest value. The mixed 

treatment showed an intermediate fixed carbon content, reflecting the combined characteristics 

of fronds and fruit stalks. These differences are consistent with the role of lignocellulosic 

composition during carbonization. More lignified biomass, such as sugar palm fronds, tends to 

form denser and more stable aromatic carbon structures, resulting in higher fixed carbon 

content (Antal & Grønli, 2003; Basu, 2018). In contrast, fruit stalks, which are relatively richer 

in cellulose and hemicellulose, release more volatile compounds during carbonization and 

consequently produce lower fixed carbon content (Basu, 2018; Yang et al., 2007). Higher fixed 

carbon content is also associated with more stable and longer-lasting combustion, which 

supports the superior thermal performance of frond-based briquettes (Chen et al., 2021; L. 

Zhang et al., 2020). 

Burning Rate 

Burning rate describes the rate at which briquette mass is consumed during combustion 

and is closely related to energy efficiency, flame stability, and combustion duration. This 

parameter is influenced by several factors, including density, porosity, fixed carbon content, 

moisture content, ash content, and the carbon structure formed during carbonization (Garcia et 

al., 2020; Kaliyan & Vance Morey, 2009). Mechanistically, higher porosity or lower density 

can enhance oxygen (O₂) diffusion within the briquette matrix, thereby increasing the burning 

rate. In contrast, higher fixed carbon content and more stable aromatic carbon structures tend 

to slow down mass consumption during combustion and support longer flame duration (Kaur 

et al., 2023; Shen et al., 2022). Therefore, a lower burning rate generally indicates more stable 

and sustained combustion, which is desirable for household and small- to medium-scale energy 

applications (Y. Zhang et al., 2022). 

Table 14. Average Burning Rate of Charcoal Briquettes (g/min) 

Treatment Test 1 Test 2 Test 3 Average (g/min) 

P 0.05 0.04 0.04 0.04 

R 0.06 0.05 0.05 0.05 

C 0.05 0.05 0.05 0.05 

Average 
   

0.05 
Note: P = sugar palm fronds; R = sugar palm fruit stalks; C = mixture of sugar palm fronds and fruit stalks. 

As shown in Table 14, the burning rate of charcoal briquettes ranged from 0.04 to 0.05 

g/min. Briquettes produced from sugar palm fronds (P) had the lowest burning rate, at 0.04 

g/min, while briquettes produced from fruit stalks (R) and the mixture of fronds and fruit stalks 

(C) showed slightly higher values, at approximately 0.05 g/min. Although the differences 

among treatments were relatively small, this pattern suggests that raw material characteristics 

may still contribute to differences in mass consumption during combustion. Compared with 
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several previous studies reporting burning rates in the range of 0.06–0.12 g/min, the values 

obtained in this study are relatively low, indicating longer burning duration and potentially 

better thermal efficiency (Martono et al., 2023; Nurhayati et al., 2022; Prayoga et al., 2023; 

Rindayatno et al., 2022). 

The relatively low burning rate observed in frond-based briquettes can be associated with 

their higher fixed carbon content. Fixed carbon represents the solid carbon residue that burns 

gradually during the char combustion phase and plays an important role in maintaining flame 

stability. Briquettes with higher fixed carbon content generally exhibit slower and more stable 

burning because the combustion process is dominated by aromatic carbon structures that are 

more resistant to rapid oxidation. In contrast, lower fixed carbon content is often associated 

with higher volatile matter and greater porosity, which may accelerate combustion through 

increased oxygen diffusion and more intensive oxidation (Antal & Grønli, 2003; Basu, 2018; 

Chen et al., 2021; Li et al., 2022). This explains why briquettes made from sugar palm fronds, 

which showed relatively higher fixed carbon content, had the lowest burning rate and better 

flame stability than those made from fruit stalks and mixed materials (Demirbas, 2017; Kaur 

et al., 2023; L. Zhang et al., 2020). 

Overall, the burning rate performance of sugar palm charcoal briquettes in this study can 

be considered competitive for applications requiring stable and sustained combustion. SNI 01-

6235-2000 does not specify a numerical standard for burning rate; therefore, this parameter is 

generally evaluated comparatively and interpreted in relation to fixed carbon content, flame 

stability, and thermal efficiency based on existing literature (Sutrisno et al., 2021). The low 

burning rate of 0.04–0.05 g/min indicates that sugar palm biomass briquettes have potential as 

solid fuels with relatively long combustion duration. However, further optimization of 

carbonization conditions, particularly temperature and residence time, remains important to 

increase fixed carbon content, reduce excessive volatile matter, and improve the combustion 

performance of non-wood biomass charcoal briquettes. 

Table 15. ANOVA Results for Burning Rate of Charcoal Briquettes 

Source of Variation Sum of Squares df Mean Square F-value Sig. 

Treatment 0.000 2 0.000 3.500 0.098 

Error 0.000 6 0.000 
  

Corrected Total 0.000 8 
   

The ANOVA results presented in Table 15 indicate that the type of sugar palm biomass 

residue did not have a statistically significant effect on the burning rate of charcoal briquettes, 

as shown by a significance value of 0.098 (p > 0.05). Therefore, further analysis using 

Duncan’s Multiple Range Test (DMRT) was not required for this parameter. The burning rate 

values were relatively uniform across treatments, ranging narrowly from 0.04 to 0.05 g/min, 

indicating that the observed differences were not large enough to be statistically significant. 

From a mechanistic perspective, this uniformity is reasonable because the briquettes had 

similarly low moisture content, relatively comparable density, and sufficient calorific value, 

resulting in comparable oxygen diffusion through pore structures and similar carbon oxidation 

rates during combustion (Garcia et al., 2020; Kaliyan & Vance Morey, 2009). 

Functionally, the low and stable burning rate observed in all treatments indicates more 

efficient combustion and longer flame duration, making these briquettes suitable for household 

and small- to medium-scale applications (Y. Zhang et al., 2022). The overall thermal 

performance of sugar palm charcoal briquettes was supported by their high calorific values, 

ranging from 5,420 to 5,985 cal/g, and their relatively stable burning rates of 0.04–0.05 g/min. 

Nevertheless, the combustion performance was still influenced by proximate characteristics, 

particularly fixed carbon, volatile matter, and ash content. Fixed carbon contributed positively 

to flame stability, whereas excessive ash and volatile matter could reduce combustion 

efficiency. Therefore, optimization of carbonization conditions remains necessary to balance 
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proximate parameters and further enhance the energy performance of charcoal briquettes 

derived from sugar palm biomass residues. 

Charcoal Yield 

Charcoal yield is an important parameter in evaluating the efficiency of the carbonization 

process because it shows the proportion of charcoal produced from the initial biomass weight. 

In biomass carbonization, yield is strongly influenced by raw material characteristics, 

especially moisture content, lignocellulosic composition, mineral content, and the thermal 

stability of the biomass components. Materials with higher lignin content generally produce 

higher char yield because lignin has a more aromatic and thermally stable structure than 

cellulose and hemicellulose. In contrast, cellulose and hemicellulose are more easily degraded 

into volatile compounds, gases, and tar during carbonization, which can reduce the amount of 

solid charcoal residue formed. Therefore, charcoal yield can be used as an indicator of both 

raw material suitability and the effectiveness of the carbonization process. 

Table 16. Charcoal Yield of Sugar Palm (Arenga pinnata) Biomass Residues 

Material 
Initial Biomass Weight 

(kg) 

Charcoal Weight 

(kg) 

Yield 

(%) 

Sugar palm fronds 10.0 2.12 21.2 

Sugar palm fruit stalks 8.0 2.00 25.0 

Mixture of fronds and fruit stalks 7.5 1.50 20.0 

As shown in Table 16, sugar palm fronds with an initial biomass weight of 10.0 kg 

produced 2.12 kg of charcoal, corresponding to a yield of 21.2%. Sugar palm fruit stalks 

produced the highest yield, with 8.0 kg of initial biomass generating 2.00 kg of charcoal, 

equivalent to 25.0%. Meanwhile, the mixture of fronds and fruit stalks produced the lowest 

yield, with 7.5 kg of initial biomass producing 1.50 kg of charcoal, equivalent to 20.0%. These 

results indicate that charcoal yield varied among raw material types, reflecting differences in 

the physical and chemical characteristics of sugar palm biomass during the carbonization 

process. 

The higher yield observed in fruit stalks may be associated with their lower moisture 

content and more compact biomass structure, which can support more efficient char formation 

during carbonization. In general, biomass with lower initial moisture content requires less 

energy for water evaporation and may retain a greater proportion of solid residue after 

pyrolysis. In addition, lignin plays an important role in char formation because its aromatic and 

thermally stable structure contributes to the formation of greater carbon-rich residues. 

Conversely, cellulose and hemicellulose are more readily decomposed into gases and tar, which 

reduces the final charcoal yield (T. Hidayat & Lestari, 2022; Ristori et al., 2020). This 

interpretation is supported by previous studies reporting that palm-based and other agricultural 

biomass materials contain lignocellulosic components that strongly influence briquette and 

charcoal characteristics (Imraan et al., 2024; Zalfiany et al., 2024). 

The charcoal yield range obtained in this study, namely 20.0–25.0%, can be considered 

competitive compared with other lignocellulosic biomass materials, which are commonly 

reported to produce charcoal yields of approximately 18–30%, depending on biomass type, 

initial moisture content, carbonization temperature, and residence time (Maryono et al., 2021; 

Mulyana et al., 2023). Although charcoal yield is not specifically regulated in SNI 01-6235-

2000, it remains technically important because it reflects the efficiency of raw material 

conversion into charcoal. A higher yield is generally favorable from a production perspective 

because it indicates better mass retention after carbonization. However, yield should not be 

interpreted separately from quality parameters such as fixed carbon, volatile matter, ash 

content, and calorific value, because high yield does not always guarantee superior fuel quality. 

From a carbonization perspective, charcoal yield is closely related to the thermal 

degradation behavior of lignocellulosic components. Higher lignin content and more stable 

carbon-forming fractions tend to increase char yield, whereas more intensive degradation of 
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cellulose and hemicellulose not only reduces yield but may also increase the volatile matter 

fraction in the final product (Antal & Grønli, 2003; Basu, 2018; Yang et al., 2007). Therefore, 

the yield values obtained in this study suggest that sugar palm biomass residues have acceptable 

carbonization efficiency, but the process still requires optimization to improve both yield and 

proximate quality. This is particularly important because several quality parameters, such as 

volatile matter and fixed carbon, had not fully met the SNI standard in the previous sections. 

Charcoal yield can still be improved through process optimization, particularly by 

controlling carbonization temperature and residence time. Maintaining the carbonization 

temperature within an optimal range of approximately 350–450°C is important because 

excessively high temperatures can accelerate devolatilization and reduce the amount of solid 

char remaining after pyrolysis (M. Rahman et al., 2020). At the same time, insufficient 

carbonization may leave excessive volatile matter in the briquettes and reduce fixed carbon 

formation. Therefore, future optimization should aim to achieve a balance between maintaining 

adequate charcoal yield and improving proximate quality, especially by increasing fixed carbon 

and reducing volatile matter. 

In practical terms, these findings highlight the potential of sugar palm biomass residues 

as efficient raw materials for charcoal and biobriquette production. The yield values indicate 

that sugar palm fronds, fruit stalks, and their mixture can be converted into charcoal at a 

technically acceptable level, while their calorific values also support their use as alternative 

solid fuels. Among the tested materials, fruit stalks produced the highest charcoal yield, 

whereas fronds showed better performance in terms of fixed carbon and calorific value. This 

means that material selection should consider both production efficiency and final briquette 

quality. The use of sugar palm residues also supports the broader utilization of local biomass 

resources and community-based energy transition initiatives, in line with renewable energy 

development and agricultural waste valorization efforts (Ministry of Energy and Mineral 

Resources of the Republic of Indonesia, 2022; Prabowo et al., 2023). 

CONCLUSION  

This study confirms that vegetative residues of sugar palm (Arenga pinnata) have strong 

potential to be developed as raw materials for charcoal biobriquettes derived from non-wood 

biomass. All treatments produced high calorific values, ranging from 5,420 to 5,985 cal g⁻¹, 

and very low moisture content, ranging from 1.69% to 2.03%. These values complied with the 

requirements of SNI 01-6235-2000, indicating that sugar palm biomass residues can support 

efficient and stable combustion performance. The differences among plant parts significantly 

affected the main proximate parameters, particularly ash content, volatile matter, and fixed 

carbon content, which directly determine flame characteristics, combustion stability, and the 

thermal performance of the briquettes. 

Among the tested materials, briquettes produced from sugar palm fronds showed the best 

thermal performance, as indicated by the highest fixed carbon content, the highest calorific 

value, and the lowest burning rate. These characteristics reflect more stable and controlled 

combustion. Meanwhile, briquettes produced from the mixture of fronds and fruit stalks 

showed the most balanced quality profile, particularly because this treatment produced the 

lowest ash content and met the SNI requirement for ash content. Although several proximate 

parameters, especially volatile matter and fixed carbon, did not fully meet the SNI standards 

for charcoal briquettes, these limitations are largely process-dependent and can be improved 

through optimization of carbonization temperature, residence time, particle size, binder 

composition, and densification pressure. 

Therefore, charcoal biobriquettes derived from sugar palm biomass residues are 

promising for further development as alternative solid fuels within a circular economy and 

sustainable energy transition framework. The utilization of these locally available residues can 

increase the value of non-wood biomass waste while supporting community-based renewable 

energy development. Future studies should focus on optimizing carbonization and briquetting 
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conditions to improve fixed carbon content, reduce volatile matter, increase density, and ensure 

more consistent compliance with national briquette quality standards. 

RECOMMENDATION 

Further research is recommended to optimize the production process of sugar palm 

(Arenga pinnata) charcoal biobriquettes, particularly by improving carbonization temperature, 

residence time, particle size, binder composition, and densification pressure. These process 

variables are important because several quality parameters, especially density, volatile matter, 

and fixed carbon content, have not fully met the SNI 01-6235-2000 requirements, although the 

briquettes already showed promising calorific value, low moisture content, and stable burning 

performance. Future studies should also examine different mixing ratios between sugar palm 

fronds and fruit stalks to obtain a more balanced quality profile with lower ash content, higher 

fixed carbon, and better combustion stability. In addition, mechanical properties, emission 

characteristics, storage durability, and user-scale performance should be further evaluated to 

strengthen the technical feasibility of these briquettes for household and small- to medium-

scale energy applications. Pilot-scale production and economic analysis are also needed to 

support the practical development of sugar palm biomass residues as locally available 

renewable solid fuels within a circular bioenergy framework. 
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