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Abstract
This paper proposes novel wet-refuse-derived fuel (Wet-RDF) bio-drying process with the variation of initial organic sub-
strate and moisture content. The bio-drying was carried out using 0.3 m3 lysimeter aerated continuously at different rates. 
Two conditions of Wet-RDF feedstock tested included: Experiment A ‒ 37% organic substrate and 58% moisture content 
with an initial heating value of 2,889 kcal/kg; and Experiment B ‒ 28% organic substrate and 35% moisture content with an 
initial heating value of 4,174 kcal/kg. The bio-drying was performed in both experiments under negative ventilation mode 
and non-ventilation mode, the ventilation mode was set at the aeration rates of 0.2 m3/kg/day and 0.4 m3/kg/day. The results 
suggest that the optimum aeration rate was 0.4 m3/kg/day, achieving a 30% moisture reduction and a 60% heating value 
increase from their initial values. As a result, the improved wet-RDF qualified for the local cement industry’s standard in 
terms of heating value.
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Introduction

Current municipal solid waste (MSW) generation world-
wide, including Thailand, is caused by accelerated urbani-
zation, increasing consumption of goods and services [1, 2]. 
Furthermore, the COVID-19 pandemic made working from 
home impermissible and also increased online food ordering 

services. Consequently, much single-use plastic packaging is 
mixed with MSW, especially in cities. The Pollution Control 
Department of Thailand reported a 15% average increase 
in single-use plastic from the usual situation of 5,500 tons/
day to 6,800 tons/day [3–5]. In this regard, daily generated 
MSW becomes a concerning situation for the management 
of public and private agencies. Presently, 33% of generated 
MSW is recycled under several activities — waste banks, 
informal waste collectors, and junk shops. In addition, 36% 
of generated MSW is treated and disposed of with appropri-
ate technologies — composting, landfilling, RDF produc-
tion, thermal treatment, and control dumping. The remaining 
MSW (31.1%) is treated by improper disposals, including 
open dumpsite and open burning. The MSW in Thailand has 
heterogeneous properties being the mixture of degradable 
materials, recyclable materials, and non-degradable materi-
als with their contribution of around 50%, 30%, and 17%, 
respectively. Its chemical characteristics of high moisture 
content and low calorific value affect RDF production; how-
ever, it is suitable for conversion into fertilizer and biogas 
production through biological processes [6, 7].

Many countries are prioritizing their MSW management 
through converting them into waste-derived fuel. Currently, 
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RDF production for energy recovery from solid waste is 
already well established. RDF production removes non-
combustible materials and moisture content simultaneously, 
remaining waste portion with a higher calorific value. In 
Poland, approximately 30% of the material used in cement 
plants is RDF or solid recovered fuel (SRF) [8]. Further-
more, the overall energy recovery from MSW in South 
Korea showed that the RDF production for heat and power 
(CHP) plants is increased by 22%. Moreover, many coun-
ties under laws and operations for waste-to-energy intend 
environmentally friendly utilization of MSW [9].

The MSW generated in Bangkok Metropolitan Area 
(BMA), the capital city of Thailand, accounted for more 
than 20% of the whole county. The collected MSW is deliv-
ered to three transfer stations: On-Nuch, Nong Khaem, and 
Tha Raeng stations for handling and pre-treatment of the 
MSW before landfilling. In the On-Nuch transfer station, 
which receives more than 50% of the generated MSW, a part 
of MSW is managed by a mechanical biological treatment 
(MBT) process with a maximum capacity of 1,200 tons/
day. About 42% is biodegradable waste, and the remaining 
is a recyclable material. The MBT process separates organic 
matter to produce fertilizers and inorganic materials to pro-
duce RDF. The RDF is utilized as a fuel in cement produc-
tion. In addition, its composition that collected between the 
years 2020 and 2022 holds more than 41% of plastics, 27% 
of woody biomass, 9.48% of food waste, 9.41% of paper, 
6.23% of stone and ceramic, 4.21% of cloth, and others. 
The moisture content, ash content, and lower heating value 
(LHV) are 60%, 11.8%, and 4,634 kcal/kg, respectively [4, 
6, 7]. Therefore, the RDF can be considered for the cement 
production process. However, the moisture content of the 
produced RDF is also high, which in this study named Wet-
RDF. The LHV is also low, which is not acceptable to the 
requirements for utilization in cement production.

Various alternative technologies have been suggested to 
reduce the moisture content of MSW, e.g., thermal drying, 
mechanical separation, composting, bio-stabilization, and 
bio-drying. Thermal treatment is a strategy for minimiz-
ing pathogens and toxic while obtaining solid fuel products 
quickly but, in most cases, not cost-effective for operation 
[10]. Mechanical separation is most straightforward in the 
mechanical screening of MSW designed to maintain the 
low water content in the MSW [11]. Composting and sta-
bilization of MSW can reduce high moisture content, while 
organic as the high carbon content is lost during the long-
time consuming process [12].

Bio-drying is a moisture removal process by activated 
microbial activities. By-products of the decomposition 
include heat, carbon dioxide (CO2), and water. The heat 
produced from the decomposition process can diminish 
the moisture 4 content of waste, which results in increased 
heating values of the final product. Researchers have 

developed bio-drying systems in several feedstocks, e.g., 
mostly MSW [13, 14] and sludge [10]. However, there 
are currently no studies reported on drying the Wet-RDF. 
Compared to MSW and sludge, there are some problems in 
moisture removal for the Wet-RDF, for example, less bio-
activity due to less organic content and less oxygen trans-
ferring due to high moisture content blocking. However, 
due to its cost-effectiveness in operation, it is necessary 
to determine optimal bio-drying operating conditions to 
allow bio-generated energy to be effectively and economi-
cally used for Wet-RDF as a feedstock.

Parameters affecting the bio-drying process, such as 
aeration rate, have proven to be the most significant for 
operation, simultaneously exerting bio-heat generation 
and evaporation. Extensive research and operation on 
the airflow rate available for MSW bio-drying have been 
published. Colomer-Mendoza et al. (2013) used garden 
waste to perform bio-drying with 0.88 to 6.42 L/kg-TS/ 
min [15]. Tambone et al. (2011) reviewed the airflow rate 
for 0.1–0.4 L/kg-TS/min in the MSW bio-drying [16]. Ham 
et al. (2020) studied the airflow in the range of 0.4–1.1 
L/kg-VS/min operated to simulate waste biodrying [17]. 
However, appropriate aeration rate in biodrying system 
applied to Wet-RDF has not been reported. Therefore, this 
research aims to study the effect of the aeration rate on the 
Wet-RDF biodrying process.

Materials and methods

Experimental setup

Each experiment was operated in the lysimeter under dif-
ferent conditions. The aeration was supplied continuously 
using a negative ventilation system at three aeration rates 
for both experiments. The set aeration rate was 0.2 m3/
kg/day (AR0.2) and 0.4 m3/kg/day. All experiments were 
operated for five days. The feedstock and final product 
were analyzed at the beginning and the end of the biodry-
ing process. Table 1 shows the experimental setup under 
different conditions, including aeration rate, feedstock 
condition, and characteristics. The density of Wet-RDF 
in Experiment A varied between 198.7 and 248.0 kg/m3, 
and in Experiment B was fixed at 232 kg/m3. Each experi-
ment’s chemical characteristic, heating value, and mois-
ture content was analyzed differently according to different 
experiments. The initial heating value, moisture content, 
and degradable material in Experiment A were 2,889 kcal/
kg, 58%, and 37%, respectively. Experiment B’s initial 
heating value, moisture content, and degradable material 
were 4,172 kcal/kg, 35%, and 28%, respectively.
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Lysimeter configuration

The experiments were performed in the square-stainless 
steel lysimeters with a width of 0.5 m and a height of 2 m 
performing as biodrying reactors. Each lysimeter had a 
2.5 cm thick cover of polyurethane foam. The perforated 
metal plate had been placed at the bottom of the lysimeter 
to support the air ventilation and waste material. The aera-
tion component system was installed at the bottom of the 
lysimeter to supply airflow, including a ventilation pipe, 
condensation pipe, and blower. The 5.08 cm diameter and 
14 cm length of ventilation pipe were connected under the 
perforated metal plate for ventilating the aeration, and 1 cm 
of the holding diameter was perforated at the central ven-
tilation pipe for measuring the airflow rate. The 5.08 cm in 
diameter of the U-trap pipe was connected to the ventilation 
pipe to collect the condensation. The leachate was collected 
in the 5.08 cm in diameter U-trap pipe installed at the bottom 
of the lysimeter. Inside the lysimeter, the perforated pipe of 
20 mm in diameter was placed at 0.6 m (middle) to measure 
the inner gasses (CH4, O2 and CO2). The configuration of 
the lysimeter is shown in Fig. 1.

Feedstock preparation

The feedstock taken for this study was the Wet-RDF col-
lected from the MBT process in On-Nuch waste trans-
fer station in Bangkok, Thailand. It has a bulk density of 
232 kg/m3 (w/w). The feedstock was sampled to analyze 
the composition and characteristics and then fed into the 
lysimeters. The quantity of feedstock in each lysimeter var-
ied between 59.6 and 74.4 kg, and feedstock elevation was 
1.2 m. The moisture content was analyzed by oven-drying 
method at 105 °C following the ASTM D-3173 1997. A 
bomb calorimeter was used to measure the heating value 
according to the ASTM D-2015 1997. The ultimate analy-
ses consisting of Carbon (C), Hydrogen (H), Oxygen (O), 
and Nitrogen (N) were performed on a CHN instrument 
by referring to the ASTM D-5373–14 1997. The feedstock 
composition was categorized as degradable material, non-
degradable material, and other/unclassified. The degradable 
materials included food waste, yard waste, paper, and wood. 

Non-degradable materials included plastic, rubber, foam, 
fabric, etc. Other/unclassified was inseparable material due 
to coagulating. Figure 2 illustrates the waste composition 
in Experiment A and Experiment B. The feedstock in both 
experiments was mainly non-degradable materials compris-
ing 40.1% and 39.6% plastic bags by mass for Experiment 
A and Experiment B, respectively. The degradable material 
mainly comprised yard waste and food waste, accounting for 
36.8% and 25.2% by mass for Experiment A and Experiment 
B, respectively.

Monitoring parameters

Three type K thermocouples with a detectable temperature 
range of −270 °C to 1,327 °C were placed at the top, middle 
and bottom of the lysimeters to monitor the temperatures. 
Another thermocouple was placed outside of the lysime-
ters to measure the ambient temperature. The temperature 
data were recorded hourly with the midi Logger (Graphtec 
GL220). The O2 and CO2 concentrations as % by volume 
were monitored using Biogas 5000 (Geotech, UK) at the 
middle point of the lysimeter. The weight of feedstock in 
the lysimeter was daily measured using a push gantry hoist 
and digital crane scales.

Performance indicators

In the biodrying process, water and degradable material in 
the initials substrate were reduced. Therefore, in the opera-
tion and performance of Wet-RDF biodrying, analyzing the 
temperature, biodrying index, and biodrying-air ratio was 
taken into account. Those corresponding indicators were 
shown in the analysis described below.

To indicate the accumulated daily difference between the 
matrix and ambient temperatures, temperature integration 
(TI) index can be calculated as:

where Tm and Ta are the matrix and ambient temperatures at 
day I, respectively; Δt is the time element [18, 19].

(1)TI =

n
∑

i=1

(

T
m
− T

a

)

⋅ Δt

Table 1   Experimental condition 
of the research

Condition Experiment A Experiment B

Code AR 0 AR 0.2 AR 0.4 BR 0 BR 0.2 BR 0.4
Aeration rate (m3/kg/day) 0 0.2 0.4 0 0.2 0.4
Initial density (kg/m3) 198.7 232.7 248.0 232.2 232.0 232.0
Initial weight (kg) 59.6 69.8 74.4 69.7 69.6 69.6
Initial heating value (LHV), kcal/kg 2,889 2,889 2,889 4,172 4,172 4,172
Initial moister content, % 58 58 58 35 35 35
Initial organic, % 37 37 37 28 28 28



640	 Journal of Material Cycles and Waste Management (2023) 25:637–649

1 3

To provide I biodrying performance, the biodrying index 
is defined as the ratio of water lost to degradable lost by the 
following equation:

where I is biodrying index at the final process; OL (kg) the 
organics loss; and WL (kg) the water loss [18, 19].

To observe the relation between the composting and 
biodrying processes, the biodrying-air ratio is calculated 

(2)I =
OL

WL

using aeration rate feed to the biodrying process per stoi-
chiometric air demand of the composting. The equation 
shown below was proposed by Payomthip et al.

where B.A. ratio is the biodry-air ratio; ARair and STair are 
the aeration rate feed to the biodrying process (m3/kg/day) 
and stoichiometric aeration rate demand of the composting 
process (m3/kg-organic/day), respectively [20].

(3)B.A. =
AR

air

ST
air

Fig. 1   Lysimeter configuration
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Statistical analysis

The average and standard deviation for temperature data 
in each experiment were analyzed. Least-significant differ-
ence tests were calculated to determine the significant dif-
ference between averages. To determine the differences in 
temperature between matrix and ambient environment, the 
significant difference in various trials of each experiment 
was performed using one-factor variance analysis (ANOVA) 
with 95% confidence using Excel 2010.

Results and discussion

Temperature evolution during the biodrying 
process

The temperature in the feedstock during the biodrying pro-
cess presents the self-heating. It was a crucial factor affect-
ing water evaporation and organic degradation. The daily 
evolution of the average temperature obtained top, middle, 
and bottom of lysimeters is shown in Fig. 3. The evolutions 
of daily temperature for both experiments can be divided 
into three phases: the rising phase, stable phase, and declin-
ing phase, respectively. The rising phase is the duration of 
temperature increases precipitously to the maximum level. 
The stable phase is the duration of the temperature value 
peak and relatively constant, which is another defined as the 
heat-constant phase. The declining phase is the duration of 
temperature value slightly decreases [10, 21–23].

In Fig. 3, the trend of daily temperatures from day zero to 
day 5 is quite not similar compared in each experiment. To 
classify the daily temperature’s trend of both experiments 
based on the effect of aeration rate on temperature evolution, 
the daily temperatures of the followed experiment: AR 0.2 
and BR 0.2, AR 0.4 and BR 0.4, and AR 0 and BR 0 were 
illustrated in Fig. 3a–c, respectively. The daily temperature 

Fig.2   Feedstock composition of experiments

Fig. 3   The daily temperature evolution during the biodrying process 
of experiments for a AR 0.2 and BR 0.2, b AR 0.4 and BR 0.4, and c 
AR 0 and BR 0
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of AR 0.2 stayed at the rising phase from the beginning until 
day 1.5, then entered the stable phase during day 1.5–2.5. 
While AR 0.4 stayed at rising phased from beginning to day 
2, and entered the stable phase during days 3–4. The daily 
temperature of BR 0.2 and BR 0.4 was entered the rising 
phase from day zero to day 3.5, and entered the stable phase 
from day 3.5 to day 4.5.

There was an increasing trend of temperatures in AR 0 
and BR 0 from the beginning until the end of the operation. 
When analyzing the trends of the daily temperature of AR 0 
and BR 0 by polynomial curve, the equation of the polyno-
mial curve was minus at the constant of the higher degrees. 
The polynomial curve was used to predict the peak of tem-
perature in the context of 5 days’ operation. It shows that 
the daily temperature has risen and then slightly decreased 
in the manner of a bell-shaped curve. The maximum point 
of the bell-shaped curve represents the end of the rising 
phase of the daily temperature. Therefore, Experiment A 
has a daily temperature rising from day 0 until day 4.51, 
and Experiment B has a daily temperature rising from day 
0 until the end of process which was predicted at day 7.62. 
A homogeneous temperature of each trial in Experiment A 

was calculated. There were significant differences between 
AR 0 and AR 0.2 (P < 0.05), AR 0 and AR 0.4 (P < 0.05), 
and AR 0.2 and AR 0.4 (P < 0.05). In contrast, there was 
no significant difference in temperature between AR 0 and 
ambient (P = 0.91), AR 0.2 and ambient (P = 0.45), and AR 
0.4 and ambient (P = 0.65). For Experiment B, there was a 
significant temperature difference between BR 0 and BR 0.2 
(P < 0.05), BR 0 and BR 0.4 (P < 0.05), and BR 0.2 and BR 
0.4 (P < 0.05). On the other hand, there were no significant 
differences in temperature between BR 0 and ambient, BR 
0.2 and ambient, and BR 0.4 and ambient accounted for 
P = 0.92, P = 0.96, and P = 0.94, respectively.

The differences in daily temperatures of three trials in 
each experiment were assessed using temperature integra-
tion (TI), defined as based on Eq. (1).

The different TI for the experiments had separated into 
three-phase, followed by the daily temperature trends men-
tioned above, shown in Fig. 4. The highest TI values were 
in the declining phase, gaining the AR 0.2, while AR 0.4 
gained the maximum TI in the declining phase. TI value 
in the declining phase of AR 0.2 was 1,564 °C, and AR 
0.4 was 1,302 °C, respectively. The maximum TI value in 

Fig. 4   Temperature integration a AR 0.2, b AR 0.4, c BR0.2 and BR 0.4, and d AR 0 and BR 0



643Journal of Material Cycles and Waste Management (2023) 25:637–649	

1 3

the stable phase of AR 0.2 was 689 °C, while AR 0.4 was 
693 °C. The maximum TI value in the rising phase of the 
AR 0.2 was 600 °C, while AR 0.4 was 718 °C. Overall, AR 
0.2 had a higher TI value than AR 0.4; this phenomenon is 
due to the airflow rate conducive to heat accumulation. The 
higher airflow rate increased heat loss by ventilation to the 
exhaust air. The lower aeration rate as AR 0.2 would have 
caused more heat accumulation in the matrix and prevented 
heat ventilated to the exhaust than AR 0.4. Although AR 0.4 
was a higher feedstock density than AR 0.2, the degree of 
density was not significant to the TI value.

In Experiment B, the highest TI values in the rising phase 
were 1,700 °C for BR 0.2 and 1,750 °C for BR 0.4, respec-
tively. On the other hand, the TI value in the stable phase 
was 701 °C for BR 0.2 and 745 °C for BR 0.4. A similar 
trend entered the heat phases was explained due to the prepa-
ration of feedstock. In Experiment B, for all trials where the 
fixed density of feedstock was quite the same, the density 
related to free air space in the lysimeter. Similarly, the free 
air space in the matrix allowed for heat accumulation and 
ventilation. Therefore, this phenomenon in Experiment B 
was the same as entering the TI value’s heat phases.

The highest TI values of AR 0 during day 0–5 of Experi-
ment A and Experiment B were 2,386 °C and 1,880 °C, 
respectively. The AR 0 is a non-aeration feed to the system, 
but it is an open-air operation. Therefore, decomposition 
has occurred in the degradable material. Experiment A has 
a higher initial degradable material than Experiment B; 
therefore, the TI value of Experiment A was higher than 
Experiment B.

Factors that affect the entering of temperature’s phases 
in each experiment are moisture content, initial degradable 
materials, and airflow rate. Sutthasil et al. (2022) presented 
daily temperature trends under domestic waste biodrying 
with the different additional water to the feedstock. This 
study provides a similar trend of daily temperature entered 
into the temperature phases in all trials [21]. Yuan et al. 
(2017) studied the different additional materials (cornstalk 
and wood peat) with mixed MSW performed in the biodry-
ing process. They reported similar trends of daily tempera-
ture that entered three typical phases of degradation [22]. 
However, Experiment A resulted in higher moisture content 
and initial degradable material than Experiment B, making it 
faster to enter the stable phase. In addition, both experiments 
had the same duration in the stable phase, only 24 h, and TI 
values were between 600 and 700 °C.

Gasses generation and concentration 
in the bio‑drying process

This study measured the temporal evolution of CO2 genera-
tion and O2 concentration during the bio-drying process. The 
CO2 generation represents the production of microorganism 

activity to digest the degradable materials. The O2 concen-
tration describes the aeration level and bioactivity in the 
free space within the lysimeter. The gas generation and its 
concentration were determined at the inner lysimeter for the 
middle level. Figure 5 shows the highest CO2 generation on 
day 3, about 12.27% in AR 0.2 and 9.97% in BR 0.2. How-
ever, AR 0.2 rapidly increased from day 1 and reached its 
maximum on day 3, while BR 0.2 gradually increased and 
reached its maximum from day 2 to day 3. AR 0.4 and BR 
0.4 provided a lower CO2 generation than AR 0.2 and BR 
0.2. The maximum CO2 generation of AR 0.4 was obtained 
on day 3 (3.4%), and the maximum generation of BR 0.4 
was obtained on day 4 (5.13%). However, AR 0.4 gradu-
ally increased from day 1 to its maximum on day 3, then 
gradually decreased, while BR 0.4 gradually increased from 

Fig. 5   CO2 generation during the biodrying process of a Experiment 
A and b Experiment B
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day 1 to its maximum on day 4, then slightly decreased. 
AR 0 continuously increased until the end of the process 
(maximum 6.57% on day 5), BR 0 gradually increased 
until day 3 (maximum 4.07%), then slightly decreased (at 
final = 3.70%). Similar results were reported by Ham et al. 
(2020), which operated simulated waste biodrying. Their 
CO2 generation rate reached the peak on day 3, then continu-
ously decreased [17].

Figure 6 shows O2 concentrations; the lowest concentra-
tion was obtained in AR 0.2 on day 3, which was detected 
at 2.4%, followed by BR 0.2 detected at 4.97%. AR 0.4 had 
a minimum concentration on day 3 detected at 15%, while 
BR 0.4 had a minimum concentration on day 5, accounting 

for 12.6%. AR 0 was continuously decreased from the begin-
ning until the end of the process, detected at 10.4% on day 5; 
however, BR 0 was slightly decreased until day 4 (14.77%) 
and then instantly increased on day 5 (15.63%). Zhou et al. 
(2014) simulated O2 concentration during the sewage sludge 
composting process under the ventilation system. From their 
simulation, the trend of O2 concentration was lowest in the 
first four days and then increased [23]. Hereupon, all trials 
in Experiment A and Experiment B can be forecasted that 
the low O2 concentrations persisted over five days because 
the microbial activity did not reach the O2 level in the ambi-
ent condition (20.8% O2 in ambient air measured by Biogas 
5000).

This phenomenon is explained by the relationship of 
essential parameters on bioactivities, e.g., CO2 emission, 
temperature, and aeration rate. Similar to the work of Ngam-
ket et al. (2021), the CO2 concentration was raised when 
the temperature increases under the application of low aera-
tion rate for MSW biodrying in the solar greenhouse bun-
ker [24]. As a result, the bioactivity rises throughout the 
CO2 and O2 concentrations. This study showed the same 
results as Ngamket et al. research in the context of low aera-
tion rate conditions (AR 0.2 and BR 0.2) resulted in the 
highest bioactivity corresponded to CO2 generation and O2 
concentration. Experiment A had the highest spoilage rate 
presented by gas generation and concentration compared to 
Experiment B. This was due to better reaction conditions, 
i.e., moisture and initial organic contents. The O2 concen-
tration level was used to measure the consumption in bioac-
tivity. The results suggested that the O2 concentrations are 
inversely related to the CO2 concentrations.

Weight loss during the bio‑drying process

Weight loss in the experiments is shown in Fig. 7. The initial 
weight of Experiment A was 59.6 kg, 69.8 kg, and 74.4 kg 
of AR0, AR0.2, and AR0.4, respectively. The highest weight 
reduction was shown in the AR 0.4 at 14%, followed by AR 
0.2 and AR 0 at 8% and 7%, respectively. The initial weight 
of Experiment B was 56.6 kg for all BRs. Maximum weight 
reduction was obtained in the BR 0.2 and BR 0.4 at 6%, 
while BR 0 was reduced by 5%.

In both experiments, it was found that Experiment A 
had the greatest weight loss compared to Experiment B. 
Furthermore, the minimum weight loss of Experiment A 
was higher than the maximum weight loss of Experiment 
B. Each experiment also presents the weight average-
reduction rate through the linear equation. In Experiment 
A, AR 0.4 resulted in 3.15% reduction per day (r2 = 0.99), 
AR 0.2 resulted in 1.81% reduction per day (r2 = 0.98), 
and AR 0 resulted in 1.44% reduction per day (r2 = 0.99). 
In Experiment B, BR 0.4 resulted in 1.37% reduction per 
day (r2 = 0.95), BR 0.2 resulted in 1.17% reduction per day 

Fig. 6   O2 concentration during the biodrying process of a Experi-
ment A and b Experiment B
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(r2 = 0.98), and BR 0 resulted in 0.8% reduction per day 
(r2 = 0.96). Although BR 0.2 and BR 0.4 had the same 6% 
weight reduction when considering the weight average-
reduction rate, BR 0.2 had a greater reduction than BR 0.4, 
which accounted for a 1.37% reduction per day, and 1.17% 
reduction per day in BR 0.2 and BR 0.4, respectively.

Composition change

The degradation of degradable material mixed with non-
degradable material was changed during the biodrying pro-
cess. The composition changes due to changes in degrada-
ble material, microorganisms break down organic substrate 
and provide the products, e.g., water, gasses, and heat. The 
remaining composition is non-degradable material, implying 
that the proportion of the compositions could be determined. 

Figure 8 shows the changes in bio-dried products compared 
to initial waste. The proportion of degradable materials 
decreased, indicating biodegradation activity. In Experiment 
A, the highest percentage of degradable materials could be 
reduced up to 16% in AR 0.4, followed by AR 0 and AR 0.2 
at 15% and 13%, respectively. On the other hand, the per-
centage of non-biodegradable materials was increased in all 
AR, which accounted for 5%, 4%, and 3% for AR 0.4, AR 0, 

Fig. 7   Evolution of weight loss during the biodrying process of a 
Experiment A and b Experiment B

Fig. 8   Composition changed of the biodried product compared to 
feedstock
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and AR 0.2, respectively. Also, other compositions similarly 
increased by 10% for AR 0.2 and 11% for AR 0 and AR 
0.4. In Experiment B, the proportion of change was differ-
ent from Experiment A. The maximum degradable material 
decrease was 4% from BR 0.4, followed by 3% of BR 0.2 
and BR 0. The percentage of non-biodegradable materials 
decreased by 7% from BR 0.2, followed by 6% from BR 0, 
but the percentage of non-biodegradable materials of BR 0.4 
increased by 4%. Also, the percentage of other materials was 
increased by 10% and 9% of BR 0.2 and BR 0, respectively. 
However, the other material of BR 0.4 was not changed.

In comparison between the two experiments, it was found 
that Experiment A had a higher composition decrease of 
degradable material than Experiment B, and the composi-
tion increase in the other was also high. This is because 
degradable materials produce residues that mix with small 
non-degradable materials that cannot be separated, so the 
proportion of others has a higher amount. However, non-
degradable material had a smaller percentage increase than 
Experiment B.

Biodrying index

The biodrying process was expected to remove more water 
and consume fewer organics, i.e., its performance could be 
indicated as the quantity of removed water per kg of organ-
ics consumed. Therefore, the biodrying index (I), defined 
as the ratio of water loss to organics loss, could evaluate the 
bio-drying performance, I was calculated by Eq. (2). The 
smallest value indicates the performance to remove water 
while retaining organic matter (which remains the fuel car-
bon), and the organic was defined as a degradable material. 
Table 2 shows the amount of the degradable material loss 
and water loss at the end of the biodrying process.

AR 0.4 had the highest degradable material loss of 
3.525 kg and the highest water loss of 16.874 kg. AR 0 
and AR 0.2 had degradable material loss of 2.186 kg and 
2.864 kg, while the amount of water loss for 7.622 kg and 
11.209 kg, respectively. Therefore, Experiment A gave the 

I from AR 0.4 at 0.209 as the lowest value, followed by AR 
0.2 and AR 0 at 0.256 and 0.287, respectively.

In the case of Experiment B, BR 0.4 had the maximum 
degradable material loss of 2.087 kg and water loss of 
2.647 kg. Degradable material loss in BR 0 and BR 0.4 was 
1.855 kg and 1.875 kg, while water loss was 1.478 kg and 
2.121 kg, respectively. Therefore, Experiment B gave the I 
from BR 0.4 at 0.788 as the lowest value, followed by BR 
0.2 and BR 0 at 0.884 and 1.256, respectively.

Under the experimental setup in this study, higher air rate 
effects lower the I value. Moreover, the I values in all trials 
in Experiment A were lower than in all trials in Experi-
ment B. This indication shows compliance with all of the 
parameters mentioned above, the initial moisture content 
and degradable material affect the level degradation reac-
tion. I values have been provided in other research studies. 
Zhang et al. (2008) studied the biodrying of MSW under 
the variations of aeration rate in the biodrying reactor; this 
research calculated I index from the ratio of moisture con-
tent loss to organic loss and reported the range of 2.49–6.00 
[19]. Mohammed et al. (2017) found the maximum I index 
at 10.13 obtained from the high degradation of organic waste 
in the MSW per water loss [25]. In addition, the I index has 
been reported for various conditions of the feedstock, e.g., 
initial moisture content, organic content, and bulking agent. 
The variation of operations depends on reactor configura-
tions, e.g., biodrying reactor, lysimeter, and solar greenhouse 
biodrying. These might have had an effect on the variations 
as reported in the literature. However, this study provided 
the I index using degradable material loss (kg) and water 
loss (kg) under Wet-RDF as a feedstock performed biodry-
ing. Furthermore, this study proposes I index with the lower 
organic substrate and high moisture content condition.

Biodrying‑air ratio

The biodrying process under aerobic conditions could be 
measured by aeration fed into the process. This is to ensure 
that the amount of air is sufficient for decomposition. Due 
to biodrying being a primary stage in the composting pro-
cess, this definition describes the relationship between these 
processes. Biodrying-air ratio (B.A. ratio) is the proportion 
of the air-feed to the process and stoichiometric air demand 
for the compositing process [20]; the B.A. ratio is given by 
Eq. (3).

The feedstock of this study was separated only from 
the degradable material and then analyzed in the ultimate 
analysis, e.g., Carbon (C), Hydrogen (H), Oxygen (O), 
and Nitrogen (N). These elements represent the elemental 
composition of the degradable substrate, which is shown 
in the elemental composition in Table 3. The elemental 
composition was used to calculate the stoichiometric 
aeration rate demand for the composition process. The 

Table 2   Biodrying index resulted from the proportion of organic loss 
and water loss

EXPs Organic weight 
loss (OL), kg

Water weight loss 
(WL), kg

Index OL/WL

AR 0 2.186 7.622 0.287
AR 0.2 2.864 11.209 0.256
AR 0.4 3.525 16.874 0.209
BR 0 1.855 1.478 1.256
BR 0.2 1.875 2.121 0.884
BR 0.4 2.087 2.647 0.788
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stoichiometric aeration rate demand shows the quantity 
of O2 used to digest organic material by microorganisms. 
The stoichiometric aeration rate demand calculation was 
under the chemical reaction between organic substrate and 
O2. In addition, the O2 demand for nitrification is not con-
sidered for aeration in the biodrying process due to more 
minor requirements for organic oxidation.

Using the elemental composition transformed into a 
molecular formula of each feedstocks, it was estimated 
to be C52H366O173N and C78H440O194N of Experiment A 
and Experiment B, respectively. In Experiment A, the car-
bonaceous oxygen demand can be determined as 13,136 
gO2, which can be estimated air volume requirement for 
47.3 m3 at standard temperature and pressure (STP). The 
aeration rate was estimated as 0.342 m3/kg-organic/day to 
give five days of operation. On the other hand, Experiment 
B changed the carbonaceous oxygen demand, air volume 
requirement at STP, and aeration rate to be 12,524 gO2, 
44.8 m3, and 0.460 m3/kg-organic/day, respectively. The 

values of the stoichiometric aeration rate demand and B.A. 
ratios are shown in Table 4.

The B.A. ratio was determined except that of AR 0 
because no aeration was fed into the experimental system. 
In Experiment A, the highest B.A. ratio was obtained from 
AR 0.4, calculated for 1.168. On the other hand, Experiment 
B was given the BR 0.4 as a maximum B.A. ratio accounted 
for 0.869. The biodrying-air ratio is the crucial parameter for 
biodrying operation. The physical drying may occur due to 
the higher B.A. ratio, while the insufficient moisture removal 
by aeration supplied may occur due to the lower B.A. ratio. 
Payomthip et al. (2021) reported the suitable B.A. value for 
biodrying operation and defined the physical drying occurs 
if the B.A. value was higher than 1.55. They also recom-
mended the B.A. value should be less than 1.55 of that com-
posting requirement [20]. This study found that B.A. value 
in all trials was less than 1.55. However, B.A. values of AR 
0.2, BR 0.4, and BR 0.2 could be defined as inefficient aera-
tion feed because the B.A. ratio was less than 1.

Biodried product

After the process was completed, to provide the efficiency 
of the biodrying process, the final moisture content (MC) 
and low heating values (LHV) were analyzed as shown in 
Table 5. In Experiment A, the moisture content was reduced 
by 30%, 22%, and 16% for AR 0.4, AR 0.2, and AR 0, 
respectively. Final moisture content of AR 0.4 was 41%. On 
the other hand, Experiment B reduced moisture content for 
6%, 5%, and 1% of BR 0.4, BR 0.2, and BR 0, respectively. 
The final moisture content of BR 0.4 was 33%. Although 
the moisture content reduction of Experiment A was higher 
than Experiment B, its final moisture content was lower than 
Experiment B. Since the local cement industry determines 
RDF properties from LHV and moisture, the obtained mois-
ture content within this study was unaccepted by the local 
RDF criteria (MC < 30%).

AR 0.4 yielded highest increase of LHV at 60%, result-
ing in its final value of 4,619.5 kcal/kg. AR 0.2 and AR 0 
provided bio-dried products with LHV of 3,686.5 kcal/kg 
and 3,233.5 kcal/kg, accounted for 22% and 16% increase, 

Table 3   Elemental composition of degradable material in the feed-
stocks each experiment

Particulars Experiment A (%) Experi-
ment B 
(%)

Carbon, (C) 16.50 20.85
Hydrogen, (H) 9.70 9.79
Oxygen, (O) 73.45 69.05
Nitrogen, (N) 0.37 0.31

Table 4   The biodrying-air ratio for each experiment

EXP Aeration rate 
input, m3/kg/day

Stoichiometric aeration rate 
demand, m3/kg-organic/day

B.A. ratio

AR 0.2 0.2 0.342 0.584
AR 0.4 0.4 0.342 1.168
BR 0.2 0.2 0.460 0.435
BR 0.4 0.4 0.460 0.869

Table 5   Comparison of 
feedstock and biodried product

Condition Experiment A Experiment B

Code AR 0 AR 0.2 AR 0.4 BR 0 BR 0.2 BR 0.4
Aeration rate (m3/kg/day) 0 0.2 0.4 0 0.2 0.4
Initial moister content, % 58 58 58 35 35 35
Final moister content, % 49.1 45.9 41 34.6 33.5 33
Moister content reduction, % 16 22 30 1 5 6
Initial heating value (LHV), kcal/kg 2,889 2,889 2,889 4,172 4,172 4,172
Final heating value (LHV), kcal/kg 3,233.5 3,686.5 4,619.5 4,250.6 4,527.6 4,933.0
Heating value increase, % 12 28 60 2 9 18
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respectively. In Experiment B, BR 0.4 gave bio-dried prod-
uct with highest LHV of 4,933 kcal/kg (18% increase), while 
those of BR 0.2 and BR 0 were 4,527.66 and 4,250.66 kcal/
kg, respectively. Referring to the RDF criteria for local 
cement production, the product of AR 0, AR 0.2, and BR 0 
could not meet the required LHV of 4,500 kcal/kg or more.

The comparison of feedstock and bio-dried product 
suggests different results of moisture decrease and LHV 
increase corresponding to aeration rates (ARs and BRs) as 
shown in Fig. 9. Experiment A gave better results compared 
to Experiment B, i.e., higher moisture decrease and higher 
LHV increase. This was due to the initial moisture content 
and degradable material in the feedstock of Experiment A 
were larger than those in Experiment B. Thus, the decom-
position of solid waste in Experiment A was faster than that 
in Experiment B. The aeration rate also affect the qualities 
of biodried product, i.e., higher aeration rate yielded higher 
LHV and lower moisture content of biodried product. High 
aeration rate provided greater oxygen supply for decomposi-
tion of degradable material, while reduce the moisture con-
tent at a greater extent.

Conclusion

This study provides information to perform bio-drying for 
reducing moisture content and increasing heating value in 
the Wet-RDF by the variation of aeration rate. The Wet-RDF 
with low degradable materials and high moisture content 

could be treated with the bioactivity maintained under con-
tinuous negative ventilation mode. The provision of suffi-
cient aeration to Wet-RDF bio-drying process was necessary 
in developing biological reaction demonstrated in terms of 
daily and accumulated temperatures, inner gasses genera-
tion and concentration, bio-drying index, and qualities of 
final product.

Aeration rate affected temperature accumulation dur-
ing biodrying. A lower aeration rate reduced heat loss dur-
ing ventilation, but the accumulation of temperature was 
achieved under optimal feedstock density. Higher feedstock's 
initial moisture and organic content also yield higher degra-
dable material and moisture losses when higher feedstock 
density was used. At a high value of initial moisture con-
tent (35%), the bioactivity increases, but a lower value of 
biodrying index was detected. To maximize water loss and 
minimize organic content loss, aeration supplied into the 
biodrying was found at about 5.8% above that was theoreti-
cally required for the composting process.

The Wet-RDF biodrying could be performed at an opti-
mum aeration rate of 0.4 m3 per kg per day. The final product 
met the RDF standard for the local cement industry in terms 
of LHV (4,619.5 kcal/kg).
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