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Abstract 

 
The quantity and types of municipal solid waste (MSW) continue to increase worldwide, driven by rapid urbanization 

and population growth. This study explores the biodrying process as a sustainable approach to convert MSW into 

refuse-derived fuel (RDF), offering an alternative renewable energy source. Biodrying, a biological phase within the 

mechanical–biological treatment (MBT) system, removes moisture through microbial activity supported by controlled 

aeration. The experiment evaluated different aeration rates (0, 6, and 8 L/min) and residence times (7, 14, and 21 

days) to assess their impact on the quality of RDF. Higher aeration enhanced drying performance and increased the 

calorific value up to 4260 kcal/kg, while longer residence time improved moisture reduction and heating efficiency. 

However, the non-aerated condition (0 L/min) demonstrated greater process stability and energy efficiency, achieving 

4044 kcal/kg with lower operational demand. Thus, while forced aeration improved RDF quality, the passive (non-

aerated) setup represented the most energy-efficient operating condition. The optimal configuration non-aerated 

condition (0 L/min) and 7-day residence time produced RDF with 8.2% moisture, 1.0% ash, 76.5% volatile matter, 

and 14.3% fixed carbon. The resulting RDF complied with SNI 8966:2021 Class II solid fuel standard, equivalent to 

low-grade brown coal (<7000 cal/g). These findings indicate that passive biodrying without forced aeration can 

effectively enhance RDF quality with minimal energy input. The process demonstrates a simple, low-cost, and energy-

efficient strategy for transforming mixed municipal waste into renewable solid fuel, supporting the circular economy 

and sustainable energy goals. 
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INTRODUCTION 

Sugarcane bagasse, a biomass waste rich in lignin 

(22.4%), cellulose (45.3%), and hemicellulose 

(22.1%), represents a promising source for carbon dot 

(CD) synthesis (Yang et al., 2017). Rapid urbanization 

and economic growth have intensified municipal solid 

waste (MSW) generation, aggravating environmental 

and public health pressures. In Pontianak, Indonesia, 

waste generation reaches ~400 tons day⁻¹, increasing 

from 144,651.25 tons in 2021 to 146,560.7 tons in 

2022, with approximately 66% comprising organic 

fractions (Badan Penelitian dan Pengembangan 

Provinsi Kalimantan Barat, 2021). Conventional 

practices such as landfilling and small-scale 

incineration are inadequate and generate secondary 

pollution, including greenhouse gas emissions (CO₂, 

NOₓ, SO₂) and leachate (Gunarathne et al., 2024; J. 

Wang & Qiao, 2024). Within the waste-to-energy 

framework, conversion of MSW into refuse-derived 

fuel (RDF) offers a viable alternative to fossil fuels in 

cement and power industries, with reported calorific 

values of landfill-derived fractions ranging from 10.4–

21.8 MJ kg⁻¹ (Cheela et al., 2021) particularly relevant 

for biomass-rich tropical waste streams. 

Biodrying, a Mechanical–Biological Treatment 

(MBT) process, is a critical pre-treatment for high-

moisture MSW, utilizing microbial metabolic heat to 

reduce moisture below 20% while preserving calorific 

value (Chaerul & Fakhrunnisa, 2020; Komunikasi et 

al., 2020). It is more energy-efficient and 

environmentally favorable than thermal drying.   

During biodrying, several coupled biological and 

physicochemical phenomena occur simultaneously. 

Indigenous aerobic microorganisms degrade 

biodegradable organic fractions through aerobic 

metabolism, producing metabolic heat via exothermic 

reactions. The generated heat is transferred throughout 

the waste matrix, facilitating moisture evaporation and 

vapor migration from the solid phase to surrounding 

air. Consequently, microbial degradation, heat 

transfer, and mass transfer collectively govern drying 

efficiency and RDF fuel quality, where reduced 

moisture generally increases energy density and 

calorific value  (Velis et al., 2009).  

Biodrying performance depends on operational 

parameters, notably aeration rate and residence time, 

which regulate microbial activity, heat generation, and 

evaporation kinetics (Bhatsada et al., 2023; Itsarathorn 

et al., 2023; Payomthip et al., 2022). The addition of a 

bulking agent enhances drying efficiency and calorific 

value  (Widyarsana & Wulandari, 2025). In this study, 

sawdust was employed due to its high carbon content, 

favorable density, high combustion potential, and 

sulfur-retention capacity (Yuan et al., 2017). To 

optimize biodrying for MSW–sawdust mixtures, this 

study evaluated aeration rates (0, 6, 8 L min⁻¹) and 

residence times (7, 14, 21 days), assessing RDF 

quality through proximate and calorific analyses to 

determine optimal conditions in accordance with SNI 

8966:2021. 

 

MATERIALS AND METHODS 

Materials  

The feedstock consisted of Municipal Solid Waste 

(MSW) from Pontianak and sawdust, which served as 

a bulking agent to enhance porosity and calorific 

value. After manual removal of non-combustible 

materials, such as glass and metal, the combustible 

fractions (organic, paper, and plastic) were 

mechanically shredded to ensure size and shape 

homogeneity and increased surface area. 

 

Methods 

The biodrying process was performed in a 20 L 

high-density polyethylene (HDPE) tank processor (3 

kg capacity) equipped with an air compressor and flow 

meter to control the aeration, with leachate was 

discharged through the bottom outlet. A factorial 

design evaluated three aeration rates (0, 6, and 8 L 

min⁻¹), applied intermittently (15 min every 2 h), over 

retention times of 7, 14, and 21 days. The feedstock 

comprised a 50:50 mixture of shredded municipal 

solid waste: food waste (30%), twigs (12.4%), paper 

(11.8%), plastic (15.6%), rubber (3.3%), and fabric 

(6.3%), and sawdust, supplemented with a 

bioactivator. After biodrying, material was milled to 

32 mesh, blended with 10% starch binder and 400 mL 

water, pelletized into 5 mm RDF, and sun-dried for 

two days. RDF quality was assessed according to SNI 

8966:2021 focusing on proximate and calorific 

characterizations based on ASTM standards. 

The proximate compositions, comprising moisture 

content (MC), ash content, volatile matter (VM), and 

fixed carbon (FC), were analyzed to evaluate RDF 

quality. All proximate analysis values were expressed 

on a wet basis (as-received basis). Fixed carbon was 

calculated by difference according to: 

 

FC (%) = 100 − (MC + Ash + VM)          (1) 

https://creativecommons.org/licenses/by-sa/4.0
https://doi.org/10.14710/reaktor.83176
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Figure 1. Schematic design of the agitated biodrying 

processor system 

 

RESULTS AND DISCUSSION 

Temperature and Moisture 

Temperature is critical in biodrying as it governs 

organic degradation and water evaporation rates. 

Optimal thermal conditions accelerate moisture 

removal by enhancing microbial metabolic activity, 

thereby preserving the calorific value of the refuse-

derived fuel.  

The observed temperature profile reflects the 

progression of microbial activity during biodrying. 

The temperature increases during the early stage (day 

1–7) suggests active biodegradation of readily 

degradable organic fractions, which promotes heat 

accumulation and accelerated moisture removal. 

However, the maximum temperature remained within 

the mesophilic range (up to 36 °C), indicating that 

biological activity was insufficient to reach 

thermophilic conditions, likely due to the limited 

reactor size and heat dissipation in the open system. 

As biodrying progressed, the gradual decline in 

temperature after day 7 may be attributed to reduced 

biodegradable substrate availability and lower 

moisture content, both of which limited microbial 

metabolic activity and heat generation (Adani et al., 

2002; Tambone et al., 2011). 

In contrast, suboptimal temperatures hinder 

microbial efficiency and overall drying performance 

(Orozco-Álvarez et al., 2025; Yuan et al., 2017). The 

heat generated by waste decomposition process will be 

used to assist the evaporation of water molecules 

contained in the waste and on the surface of the waste. 

The basic principle of biodrying is to reduce the water 

content using heat generated by microorganisms 

decomposing organic waste, assisted by aeration. 

Table 1 shows that the waste temperature decreased 

until day 6, after which it stabilised between days 7 

and 21, exhibiting no significant fluctuations.  

The temperature increase observed during 

biodrying can be attributed to aerobic microbial 

degradation of biodegradable organic matter, which 

releases heat through exothermic reactions. A 

simplified representation of carbohydrate-rich organic 

degradation in municipal solid waste can be expressed 

as follows (Zaman et al., 2018): 

 

C₆H₁₂O₆ + 6 O₂ → 6 CO₂ + 6 H₂O + Heat 

 

During aerobic biodrying, microorganisms utilize 

biodegradable organic substrates and oxygen, 

producing carbon dioxide, water vapor, and metabolic 

heat. The generated thermal energy elevates matrix 

temperature, enhances moisture evaporation, and 

improves drying efficiency within the waste matrix. 

Microbial heat generation during biodrying may be 

enhanced by maintaining conditions favorable for 

aerobic biodegradation, including sufficient oxygen 

availability, suitable moisture content, biodegradable 

organic substrate, and adequate waste porosity. 

However, excessive aeration may also increase 

convective heat loss, thereby reducing internal heat 

accumulation within the waste matrix. In the present 

microscale biodrying system, passive aeration under 

the 0 L min⁻¹ condition likely retained metabolic heat 

more effectively while still allowing oxygen diffusion 

through material porosity, contributing to improved 

drying performance. 

 

Table 1. Temperature and moisture observed during 

the biodrying process 

Day 

Aeration Flow Rate 

0 L/m 6 L/m 8 L/m 

T 

(⁰C) 
M 

T 

(⁰C) 
M 

T 

(⁰C) 
M 

1 36 WET+ 36 WET+ 36 WET+ 

2 33 WET+ 32 WET+ 32 WET+ 

3 32 WET 32 WET+ 33 WET+ 

4 30 WET+ 31 WET+ 30 WET+ 

5 29 WET 30 WET 30 WET 

6 28 WET 28 WET 28 WET 

7 28 WET 29 WET 29 WET 

8 28 DRY 29 WET 28 DRY 

9 29 DRY 30 DRY 29 DRY 

10 29 DRY 30 DRY 30 WET 

11 29 DRY 29 DRY 29 DRY 

12 28 DRY 28 DRY 28 DRY 

13 29 DRY 28 DRY 29 DRY 

14 30 DRY 30 DRY 30 DRY 

15 29 DRY 29 DRY 29 DRY 

16 29 DRY 29 DRY 29 DRY 

17 29 DRY+ 29 DRY 28 DRY 

18 28 DRY+ 28 DRY+ 28 DRY 

19 27 DRY 27 DRY+ 27 DRY+ 

20 28 DRY+ 28 DRY+ 28 DRY+ 

21 29 DRY+ 30 DRY+ 29 DRY+ 

 

 The interplay between microbial metabolism, heat 

generation, and moisture removal determines 

biodrying efficiency and RDF quality (Latosińska et 

al., 2022; Payomthip et al., 2022). Metabolic heat from 
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aerobic degradation promotes moisture evaporation 

through aeration and residence time, although a minor 

fraction may percolate as leachate (Chungam et al., 

2025). The temperature rise on day 1 indicated the 

onset of active decomposition. Despite the potential to 

reach thermophilic conditions (45–75 °C) that enhance 

stabilization and drying (Orozco-Álvarez et al., 2025), 

only mesophilic temperatures were achieved 

(maximum 36 °C) due to limited pile height and an 

open reactor design that facilitated heat dissipation; 

thermophilic conditions would require improved 

insulation and higher waste loading. Extended 

aeration and retention enhanced moisture removal, 

reduced ash content, and improved volatile matter, 

fixed carbon, and calorific value (Izaty et al., 2018). 

Temperature peaked on day 7 due to intensified 

microbial activity (Lwin et al., 2024), declined by day 

14 as moisture decreased, and stabilized by day 21, 

indicating metabolic attenuation and process 

completion (Hu et al., 2023). The final temperature 

(29–30 °C) met the SNI 19-7-30-2004 maturity 

standard (25–35 °C), confirming attainment of the 

DRY+ condition and substantial moisture reduction. 

 

Proximate Analysis of Biodrying Process 

Water Content in Biodrying 

 The initial moisture content was 60.7%. The 

greatest reduction occurred at 6 L min⁻¹, reaching 

18.9% after 21 days, whereas 8 L min⁻¹ yielded the 

lowest reduction (54.9% after 7 days). Overall, 6 L 

min⁻¹ outperformed 0 and 8 L min⁻¹, indicating 

optimal aerobic conditions for microbial metabolism, 

heat generation, and convective moisture removal.  

 

 
A 

 
 

B 
 

C 

Figure 1. Biodrying results before RDF production, 

with (A) Aeration Rate 0 L/min, (B) 6 L/min, (C) 8 

L/min 

 

 Adequate aeration enhances evaporation through 

improved oxygen supply and heat transfer; however, 

excessive moisture depletion suppresses microbial 

activity and slows further biodegradation. Mechanical 

airflow thus maintains aerobic conditions while 

removing water vapor. Insufficient aeration (0 L 

min⁻¹) restricts oxygen and limits biologically driven 

drying, whereas excessive aeration (8 L min⁻¹) 

dissipates heat and reduces microbial effectiveness 

(Yang et al., 2017). Consequently, biodrying at 6 L 

min⁻¹ was biologically dominant, while 0 and 8 L 

min⁻¹ were governed mainly by physical evaporation. 

The visualization of biodrying results before RDF 

production is shown in Figure 2.  The overall 

biodrying performance before RDF production is 

illustrated in Figure 3 and Figure 4. 

 As shown in Figure 3, moisture content 

consistently declined from day 7 to day 21 across all 

treatments, reflecting progressive microbial 

attenuation as the waste matrix dried (Yang et al., 

2017). This trend follows the bacterial growth curve 

— lag, exponential, and stationary phases (Manna et 

al., 2024). The early stage (days 1–4) showed limited 

activity and minor drying; the mid-stage (days 5–14) 

corresponded to exponential growth with moderate 

moisture loss; and the final stage (days 15–21) marked 

stationary conditions, where drying shifted 

predominantly to physical evaporation due to nutrient 

depletion and reduced metabolic activity. Residence 

time further determines final moisture reduction, with 

longer durations enhancing water loss. The addition of 

a bulking agent (sawdust) improved porosity and free-

water absorption (Yuan et al., 2019). The optimal 

condition, 6 L min⁻¹ aeration with 21 days of residence 

time, produced the lowest final moisture content 

(18.9%), confirming the combined influence of 

balanced aeration, sufficient retention time, and 

bulking agent addition on biodrying performance. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Water content changes during biodrying 

treatment at aeration rates of 0, 6, and 8 L/min over 

residence times of 7, 14, and 21 days 

 

Ash Content in Biodrying 

 Ash content represents the inorganic, non-

combustible residue remaining after thermal 

decomposition and inversely correlates with calorific 

value; higher ash dilutes the combustible fraction and 

lowers RDF quality (Nasiri et al., 2023;Lieskovský et 

al., 2017;Sarquah et al., 2023). As shown in Figure 4, 

aeration rate and residence time significantly influence 

ash content during biodrying. The lowest value (0.3%) 

was observed at 6 L min⁻¹ for 14 days and at 8 L min⁻¹ 

for 14 and 21 days, whereas the highest (0.9%) 

occurred at 0 L min⁻¹ for 14 days, indicating that 

insufficient aeration limited microbial degradation and 

heat generation.  

 Appropriate airflow (6–8 L min⁻¹) enhances 

aerobic activity, moisture removal, and organic matter 

stabilization, thereby reducing the relative inorganic 
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fraction. Longer residence time further decreased ash 

percentage due to continued mass and moisture loss 

during biodrying (Ardhianti et al., 2017).  

 The ash fraction primarily comprises minerals 

such as Ca, Mg, and P, and its overall low level reflects 

the limited inorganic content of the feedstock. In 

general, ash variation during biodrying is closely 

associated with moisture dynamics driven by 

microbial heat rather than direct microbial conversion 

of mineral components. Nevertheless, ash content 

remains an important fuel-quality indicator because 

elevated ash levels reduce calorific value and carbon 

content. The slight increase observed at 6 L min⁻¹ on 

day 21 may be attributed to ambient moisture 

reabsorption during the decline of biological activity. 

Overall, low ash contents (≈0.3%) were obtained at 

aeration rates of 6–8 L min⁻¹ with residence times of 

14–21 days, indicating that adequate aeration 

combined with sufficient retention promotes effective 

stabilization during biodrying. 

 

 

 

 

 

 

 

 

 

 

Figure 4. Changes in ash content during biodrying at 

aeration rates of 0, 6, and 8 L/min over residence 

times of 7, 14, and 21 days. 

 

Volatile Matter in Biodrying 

 Figure 5 shows that variations in aeration rate and 

residence time during the biodrying process of solid 

waste mixed with sawdust significantly affect the 

volatile matter content. Because biodrying effectively 

reduces moisture and ash, the remaining material tends 

to retain a higher proportion of volatile compounds. 

The results indicate that volatile matter generally 

increased on days 14 and 21 across most aeration 

treatments. 

 Before pelletization, the lowest volatile matter 

content (32.9%) was observed at an aeration rate of 6 

L min⁻¹ with a residence time of 7 days, whereas the 

highest value (71.3%) occurred at the same aeration 

rate after 21 days. Only minor changes in volatile 

matter were detected during the early stage (days 1–

7), corresponding to the microbial lag phase, when 

microbial populations are still adapting to the substrate 

and metabolic activity remains limited. During the 

subsequent exponential phase, microorganisms 

proliferate rapidly and actively decompose 

biodegradable organic matter. Although part of the 

organic fraction is consumed during microbial 

metabolism, the relative proportion of volatile matter 

in the remaining material may increase due to 

concurrent reductions in moisture and ash content. 

Therefore, variations in volatile matter reflect the 

combined influence of microbial degradation, aeration 

efficiency, and overall mass reduction during the 

biodrying process (Prahara & Kristanto, 2019).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Changes in volatile content during 

biodrying at aeration rates of 0, 6, and 8 L/min over 

residence times of 7, 14, and 21 days. 

 

Fixed Carbon in Biodrying 

 Figure 6 demonstrates that aeration rate and 

residence time significantly affected the fixed carbon 

content of the biodried MSW–sawdust mixture. Prior 

to pelletization, the highest fixed carbon value (66.3%) 

was obtained at an aeration rate of 6 L min⁻¹ after 7 

days, whereas the lowest value (9.3%) occurred at the 

same aeration rate after 21 days. In general, fixed 

carbon decreased with increasing residence time 

across all aeration treatments. 

 

 

 

 

 

 

 

 

 

Figure 6. Changes in fixed carbon content during 

biodrying at aeration rates of 0, 6, and 8 L/min over 

residence times of 7, 14, and 21 days. 

 

 This trend reflects the progressive degradation of 
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biodegradable carbon compounds are oxidized and 

converted into metabolic products such as carbon 

dioxide, water vapor, and heat. Adequate aeration 

enhances oxygen supply and microbial metabolism, 

thereby accelerating the decomposition of organic 

substrates (Bhatsada et al., 2023). Consequently, 

longer residence times allow continued microbial 

oxidation of carbon-containing materials, resulting in 

a reduction in fixed carbon content. 

 Fixed carbon is calculated as the residual fraction 

remaining after subtracting moisture, ash, and volatile 

matter from the total mass. Therefore, the observed 

decline in fixed carbon with increasing residence time 

reflects progressive biochemical degradation and mass 

loss during biodrying. 

 Extended retention allows continued microbial 

oxidation of carbonaceous substrates, which gradually 

reduces the fixed carbon fraction. Nevertheless, the 

relatively high fixed carbon value (66.3%) observed at 

an aeration rate of 6 L min⁻¹ after 7 days indicates that 

moderate aeration combined with shorter residence 

time can better preserve carbon-rich material prior to 

pelletization, representing the most favorable 

condition for fixed carbon yield. 

 

Proximate Analysis and Caloric Value RDF-5 

 Figure 7 presents the physical appearance of RDF-

5 pellets produced from biodried municipal solid 

waste mixed with sawdust under different aeration 

rates. The pellets were formed after the biodrying 

process followed by pelletization and additional sun 

drying. As shown in Figure 7A–C, all treatments 

successfully produced cylindrical pellets with 

relatively uniform shapes and compact structures, 

indicating that the biodried material possessed 

adequate binding and densification characteristics for 

pellet formation.  

 

 
 

Figure 7. Physical appearance of RDF-5 pellets 

produced after biodrying under aeration rates of 0 L 

min⁻¹ (A), 6 L min⁻¹ (B), and 8 L min⁻¹ (C). 

  

 Differences in surface texture and compactness 

among the pellets may be associated with variations in 

moisture content and particle cohesion resulting from 

different aeration conditions during biodrying. Pellets 

produced under different aeration treatments exhibited 

slightly different structural appearances, reflecting the 

influence of biodrying conditions on the physical 

properties of the feedstock prior to pelletization.  

Overall, the visual appearance of the RDF-5 pellets 

indicates that the biodrying process effectively 

conditioned the waste mixture for densification, 

enabling the production of stable solid fuel pellets 

suitable for handling and storage. 

 

Water Content in RDF-5 

 Figure 8 shows that all RDF pellets met solid 

refuse fuel standards, confirming the effectiveness of 

biodrying followed by two-day sun drying prior to 

pelletization. The highest moisture content (8.2%) was 

observed at an aeration rate of 0 L min⁻¹ with a 

residence time of 7 days, whereas the lowest value 

(2.5%) was obtained at 8 L min⁻¹ for 14 days and at 

both 0 and 8 L min⁻¹ for 21 days. These results 

demonstrate that aeration rate and residence time 

significantly influence drying efficiency during RDF 

preparation. Lower moisture content contributes to a 

higher calorific value and improves the fuel quality of 

RDF (Halim & Muhammad, 2025). 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Changes in water content of RDF-5 at 

aeration rates of 0, 6, and 8 L min⁻¹ over residence 

times of 7, 14, and 21 days 

 

 The differences in moisture content before and 

after pelletization were mainly attributed to additional 

sun drying after pellet formation, although storage 

conditions and ambient climate may also influence the 

moisture level (X. Yang et al., 2024). Although 

adhesive addition introduces a small amount of water, 

the binder can enhance pellet density and reduce pore 

size, which may affect moisture retention (Anukam et 

al., 2021). The most favorable condition for RDF-5 

production was observed at 0 L min⁻¹ with a residence 

time of 21 days, yielding a moisture content of 2.5%. 

Overall, all RDF-5 samples exhibited moisture 

contents below 20%, thereby satisfying the Class 2 

solid fuel pellet requirement specified in the 2021 

Indonesian National Standard. 

 

Ash Content in RDF-5 

 The highest ash content (1.5%) was observed at 6 

L min⁻¹ with 14 days of residence time, whereas the 

lowest value (0.8%) occurred at 0 L min⁻¹ for 21 days 

and 6 L min⁻¹ for 7 days, indicating that aeration rate, 

retention time, and adhesive addition influence RDF-

5 ash levels. As shown in Figure 9, the ash content of 
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RDF-5 varies with aeration rate and residence time 

during the biodrying process. The highest ash content 

(1.5%) was observed at an aeration rate of 6 L min⁻¹ 

with a residence time of 14 days, whereas the lowest 

value (0.8%) occurred at 0 L min⁻¹ for 21 days and at 

6 L min⁻¹ for 7 days. These results indicate that 

aeration rate, residence time, and adhesive addition 

influence the ash content of RDF-5. 

 The slight increase in ash content associated with 

adhesive addition can be attributed to the starch 

binder, which consists mainly of amylose and 

amylopectin. Although starch is predominantly 

organic, it may produce minor inorganic residues after 

combustion. Ash represents the non-combustible 

fraction of biomass and plays an important role in fuel 

performance, as elevated ash levels can hinder heat 

transfer and oxygen diffusion during combustion, 

thereby reducing calorific value. Consequently, ash 

content is inversely correlated with heating value and 

the overall energy potential of RDF (Suryawan et al., 

2022; Cheela et al., 2021). 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Changes in ash content of RDF-5 at 

aeration rates of 0, 6, and 8 L min⁻¹ over residence 

times of 7, 14, and 21 days. 

 

 Minor deviations in ash content observed at 

residence times of 7 and 14 days were likely caused by 

sampling variability and did not significantly affect the 

overall trend. Based on the RDF ash analysis, the most 

favorable condition was obtained at 0 L min⁻¹ with a 

residence time of 21 days, yielding an ash content of 

0.8%. This value is well below the maximum limit of 

20% specified in the Indonesian solid fuel quality 

standards, indicating that all RDF-5 samples produced 

in this study meet the required ash content criteria. 

 

Volatile Matter in RDF-5  
 Figure 10 illustrates the influence of aeration rate 

and residence time on the volatile matter content of 

RDF-5 produced from mixed municipal solid waste 

and wood powder. Biodrying reduced moisture and 

ash fractions, thereby increasing the relative 

proportion of volatile compounds in the resulting 

RDF. The highest volatile matter content (86%) was 

observed at an aeration rate of 8 L min⁻¹ with a 

residence time of 14 days, whereas the lowest value 

(76.6%) occurred at 0 L min⁻¹ with 7 days of residence 

time. These results indicate that operational conditions 

during biodrying affect the distribution of volatile 

components even when the feedstock composition 

remains constant (Chaerul & Fakhrunnisa, 2020). 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 10. Changes in ash content of RDF-5 at 

aeration rates of 0, 6, and 8 L min⁻¹ over residence 

times of 7, 14, and 21 days. 

 

 Higher aeration rates can accelerate heat and 

moisture removal, which may suppress microbial 

activity and limit the degradation of volatile organic 

compounds, thereby increasing the relative volatile 

fraction. Therefore, balanced aeration is important to 

maintain effective microbial activity while ensuring 

suitable RDF quality (Yuan et al., 2019). In addition, 

the use of starch adhesive during pelletization may 

slightly increase the volatile fraction due to its 

combustible organic composition. Nevertheless, the 

volatile matter values obtained in this study remained 

within acceptable limits. The most favorable condition 

for RDF-5 production was observed at 0 L min⁻¹ with 

7 days of residence time, yielding a volatile matter 

content of 76.6%. This value falls within the standard 

range of 50–80% specified by the Indonesian Ministry 

of Industry, confirming that all RDF-5 samples 

comply with national fuel quality requirements. 
 

Fixed Carbon in RDF-5  

 Figure 11 presents the effect of aeration rate and 

residence time on the fixed carbon content of RDF-5 

produced from municipal solid waste mixed with 

sawdust. The highest fixed carbon value (16.1%) was 

obtained under the biodrying condition of 0 L min⁻¹ 

with a residence time of 21 days, whereas the lowest 

value (9.2%) occurred at an aeration rate of 6 L min⁻¹ 

with a residence time of 14 days. These variations are 

closely associated with changes in moisture and 

volatile matter, which determine the remaining 

proportion of solid carbon in the material. 

Fixed carbon represents the fraction of fuel that 

remains after moisture and volatile components are 
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released during combustion. Consequently, its content 

is strongly influenced by the relative amounts of water 

and volatile matter present in the fuel and generally 

exhibits an inverse relationship with volatile matter 

content. As moisture decreases during biodrying, the 

concentration of carbonaceous solids tends to 

increase, leading to higher fixed carbon values. This 

behavior is consistent with theoretical principles 

indicating that fixed carbon is determined by the 

progressive reduction of moisture, ash, and volatile 

fractions in biodried materials and the resulting RDF 

pellets (Inegbedion, 2022). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 11. Changes in fixed carbon content of RDF-5 

at aeration rates of 0, 6, and 8 L min⁻¹ over residence 

times of 7, 14, and 21 days. 

 

 Across all aeration treatments (0, 6, and 8 L min⁻¹), 

fixed carbon content generally increased from day 7 to 

day 21, reflecting progressive drying and stabilization 

of the biomass-derived material. Minor deviations 

from this trend were observed on day 14 at aeration 

rates of 0 and 6 L min⁻¹, which may be attributed to 

temporary fluctuations in environmental conditions 

during sampling that affected moisture redistribution 

and measurement consistency. 

The most favorable condition for fixed carbon 

enrichment was observed at 0 L min⁻¹ with a residence 

time of 21 days, yielding a fixed carbon value of 

16.1%.  

 The superior performance observed under the 0 L 

min⁻¹ condition may be associated with improved heat 

retention during microscale biodrying. Although 

increased airflow generally enhances moisture 

transport in conventional drying systems, excessive 

aeration may also increase convective heat dissipation, 

limiting heat accumulation within the waste matrix. 

Since biodrying relies on biologically generated heat 

to facilitate moisture evaporation, excessive airflow (6 

and 8 L min⁻¹) may have reduced drying efficiency by 

dissipating thermal energy faster than it was produced. 

In contrast, passive aeration at 0 L min⁻¹ likely 

retained microbial metabolic heat more effectively 

while still permitting oxygen diffusion through 

material porosity, thereby promoting moisture 

reduction and fixed carbon enrichment (Adani et al., 

2002; Tambone et al., 2011; Velis et al., 2009). 

 

 This condition is beneficial for improving the 

calorific value of RDF, as fixed carbon contributes 

directly to the fuel's energy content. According to SNI 

8966:2021, the minimum fixed carbon requirement for 

solid refuse fuel is 10%, and all RDF-5 samples 

produced in this study satisfied this national quality 

standard. These findings are consistent with previous 

studies reporting that longer retention times during 

biodrying promote fixed carbon enrichment and 

improve the calorific value of municipal solid waste-

derived fuels (Itsarathorn et al., 2023) and (Bhatsada 

et al., 2023). 

 

Proximate Analysis and Caloric Value RDF-5 

 Calorific value (CV) represents the amount of 

energy released during fuel combustion and is an 

important parameter for evaluating the quality and 

combustion efficiency of refuse-derived fuel (RDF). 

Fuels with higher calorific values generally exhibit 

better ignition and combustion performance (Awad et 

al., 2017).  

This observation is consistent with previous studies 

indicating that calorific value is inversely related to 

moisture content. The calorific value results of RDF-5 

produced under different aeration rates and residence 

times are presented in Table 2. Three samples were 

selected for calorific value testing based on their 

compliance with the Indonesian National Standard 

(SNI 8966:2021) for solid fuel. Most proximate 

parameters satisfy the SNI requirements, while 

volatile matter values slightly exceeded the 

recommended range; therefore, samples with volatile 

matter values closest to the standard range were 

selected for calorific value analysis.  

 The measured calorific values were 4044 kcal kg⁻¹ 

at an aeration rate of 0 L min⁻¹ with a residence time 

of 7 days, 4260 kcal kg⁻¹ at 6 L min⁻¹ with a 7-day 

residence time, and 4184 kcal kg⁻¹ at 8 L min⁻¹ with a 

residence time of 21 days. All measured values 

exceeded the minimum SNI requirement of ≥3585 

kcal kg⁻¹, indicating that the biodrying process 

successfully improved the energy potential of the 

produced RDF.  

 The relatively high calorific values obtained in this 

study are closely related to the reduction in moisture 

content during biodrying. Lower moisture levels 

increase the effective energy density of the fuel 

because less heat is required to evaporate water during 

combustion.  

 Although microbial activity during biodrying may 

partially consume biodegradable organic matter, 

excessive organic loss was likely limited in the present 

study due to the relatively short residence time and 

mesophilic operating temperature. Unlike composting, 

biodrying primarily aims to reduce moisture content 

while preserving combustible fractions. Therefore, the 

reduction in moisture content likely exceeded the loss 
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of organic matter, resulting in increased energy 

density and improved calorific value of the RDF 

produced. 

Biodrying enhances fuel quality by utilizing microbial 

metabolism to decompose organic matter under 

controlled aeration conditions, typically within 14–21 

days, thereby reducing moisture and stabilizing the 

waste matrix. Previous research has reported that 

biodrying can substantially increase the calorific value 

of municipal solid waste through moisture reduction 

and stabilization of combustible fractions (Tambone et 

al., 2011). 

 Although microbial metabolism during biodrying 

may partially consume biodegradable organic matter, 

excessive degradation of combustible fractions was 

likely limited in the present study due to the relatively  

short residence time and mesophilic operating 

temperature. Unlike composting, biodrying aims to 

reduce moisture content while preserving energy-rich 

combustible components. Therefore, the reduction in 

moisture content likely exceeded the loss of organic 

matter, resulting in increased energy density and 

improved calorific value of the RDF produced 

(Tambone et al., 2011). 

Among the tested conditions, the highest 

calorific value (4260 kcal kg⁻¹) was achieved at an 

aeration rate of 6 L min⁻¹ with a residence time of 7 

days, corresponding to a relatively low moisture 

content of 6.3%. Although the moisture content 

continued to decrease at higher aeration rates, the 

calorific value slightly declined under the 8 L min⁻¹ 

treatment.  

This may be attributed to excessive aeration, which 

accelerates physical drying but may reduce microbial 

activity during the later stages of biodrying (days 14–

21). Reduced microbial activity can alter the balance 

of organic components, leading to slightly higher ash 

fractions and lower volatile contributions compared 

with the moderate aeration condition. 

Overall, while the highest calorific value was obtained 

at 6 L min⁻¹, the most balanced RDF-5 quality, 

considering moisture, ash, volatile matter, and fixed 

carbon, was achieved under the 0 L min⁻¹ treatment 

with a residence time of 21 days. Under this condition, 

all proximate parameters satisfied the requirements for 

Class 2 solid fuel according to SNI 8966:2021. 

The calorific value obtained in this study is 

comparable to values reported in previous RDF 

research. For instance, (Rania et al., 2019) reported 

calorific values of approximately 4800 kcal kg⁻¹ for 

RDF produced through a pyrolysis-based process,  

whereas (Zaman et al., 2021) for RDF 

derived from municipal solid waste. In the present 

study, starch flour was used as a binder during 

pelletization. Although binders may slightly reduce 

calorific value due to additional moisture and 

thermoplastic components that require energy for 

evaporation, starch-based adhesives can also 

contribute to the energy content of RDF because of 

their carbon-rich composition. This factor likely 

supports the relatively high calorific values obtained 

in this study. 

Figure 12 illustrates the proposed biodrying 

mechanism observed in this study. Biodrying 

performance was governed by coupled biological, heat 

transfer, and mass transfer processes, where microbial 

degradation generated heat that promoted moisture 

evaporation and vapor migration. In microscale 

biodrying systems, effective drying depends on the 

balance between biologically generated heat and heat 

Table 2. Proximate composition and calorific value of RDF-5 produced at different aeration  rates and residence 

times  

Aeration Rate / Residence 

Time 

Water Content 

(%) 

Ash Content 

(%) 

Volatile 

Matter 

 (%) 

Fixed Carbon 

(%) 

Calorific Value 

(kcal/kg) 

Indonesian National 

Standard (SNI 8966:2021) 
≤20 ≤20 50-80 ≥10 ≥3585 

0 L/min 

7 Day 8.2 1.0 76.4 14.4 4044 

14 Day 3.9 1.4 83.4 11.3 - 

21 Day 2.5 0.8 80.6 16.1 - 

6 L/min 

7 Day 6.3 0.8 82.8 10.1 4260 

14 Day 3.3 1.5 86.0 9.2 - 

21 Day 3.0 0.9 83.9 12.2 - 

8 L/min 

7 Day 5.9 0.9 82.3 10.9 - 

14 Day 2.5 1.4 83.8 12.3 - 

21 Day 2.5 1.0 82.6 13.9 4184 
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dissipation, explaining the superior performance 

observed under the 0 L min⁻¹ condition. 

 

 
 

Figure 12. Schematic illustration of the biodrying 

mechanism during RDF production from municipal 

solid waste (MSW), showing microbial heat 

generation, heat and mass transfer, moisture 

evaporation, and the influence of aeration on drying 

performance and RDF quality. 

 

The moisture evaporation process during biodrying 

requires heat for water vaporization and may be 

expressed as equation (2).  

 

𝑸𝒆𝒗𝒂𝒑 = 𝒎𝒗 × ∆𝑯𝒗𝒂𝒑            (2) 

 

where  

𝑸𝒆𝒗𝒂𝒑 is the heat required for water evaporation (J) 

 𝒎𝒗 is the mass of water evaporated during biodrying 

(kg)  

𝑯𝒗𝒂𝒑 is the latent heat of vaporization of water, 𝑯𝒗𝒂𝒑 

≈ 𝟐. 𝟐𝟔 × 𝟏𝟎𝟔𝑱/𝒌𝒈 (Ummah, 2019). 

 

 

The transfer of water vapor from the waste matrix 

to the surrounding air, expressed as the volumetric 

evaporation rate 𝒎𝒗 (kg m⁻³ s⁻¹), is driven by the vapor 

concentration gradient between the solid surface and 

the surrounding air and may be described by the 

following simplified mass-transfer equation (Velis et 

al., 2009): 

 

𝒎𝒆𝒗𝒂𝒑
𝒎 = 𝒌𝒎 . 𝒂𝒗. [ 𝑪𝒔𝒂𝒕 (𝑻). 𝒂𝒘 − 𝑪𝒗]           (3) 

 

where  

𝒎𝒆𝒗𝒂𝒑
𝒎  : is the volumetric water evaporation rate (kg 

m⁻³ s⁻¹) 

𝒌𝒎 :  the mass transfer coefficient (m s⁻¹)  

𝒂𝒗 : is the specific evaporation surface area per unit 

volume of the waste bed (m² m⁻³, equivalent to 

m⁻¹), 
(𝑪𝒔𝒂𝒕)(𝑻) : is the saturated water-vapor concentration 

at the bed temperature (kg m⁻³) 

𝒂𝒘 : is the water activity of the material 

(dimensionless)  

𝑪𝒗 : is the actual water-vapor concentration in the 

surrounding air (kg m⁻³) 

 

Together, these equations demonstrate that biodrying 

performance is governed by the balance between 

biologically generated heat, which provides the energy 

required for water evaporation, and mass transfer, 

which removes water vapor from the waste matrix to 

the surrounding air. 

 

CONCLUSION  

This study demonstrates the biodrying process as 

an effective method to convert mixed municipal solid 

waste (MSW) into refuse-derived fuel (RDF) with a 

relatively low energy input. The results show that both 

aeration rate and residence time during the biodrying 

process significantly influence the resulting fuel 

properties. Among the evaluated conditions, the most 

favorable RDF-5 quality was achieved in a non-

aerated condition (0 L/min) with a residence time of 

21 days, yielding a solid fuel with moisture, ash, 

volatile matter and fixed carbon contents of 2.5%, 

0.8%, 80.6%, and 16.1%, respectively. The calorific 

value of the RDF-5 exceeds 4000 kcal kg⁻¹. These 

characteristics satisfy the requirements of SNI 

8966:2021 for Class 2 solid refuse fuel, indicating that 

the produced RDF possesses suitable properties for 

energy recovery applications. Overall, the results 

suggest that passive biodrying can serve as a simple 

and cost-efficient approach for improving the fuel 

quality of municipal solid waste, thereby supporting 

sustainable waste valorization and alternative energy 

production. 
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