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Abstract: Biodrying is an essential part of the mechanical–biological treatment process that minimizes
moisture content and simultaneously maximizes heating value for refuse-derived fuel (RDF) produc-
tion. Although the mechanical separation process operates effectively in Thailand’s RDF production,
high organic content levels and their degradation cause moisture contamination in RDF, producing
wet RDF. Aeration is essential for an effective biodrying process, and can reduce RDF’s moisture
content as well as increase its heating value. To maximize the biodrying effect, aeration should be
optimized based on the waste conditions. This study proposes a modified aeration-supplied con-
figuration for wet RDF biodrying. The aeration rate was modified based on the period within the
biodrying operation; the first period is from the beginning until day 2.5, and the second period is from
day 2.5 to day 5. The optimal aeration supply configuration was 0.5 m3/kg/day in the first period
and then 0.3 m3/kg/day until the end of the process; this configuration yielded the greatest moisture
content decrease of 35% and increased the low heating value of the biodried product by 11%. The
final moisture content and low heating value were 24.07% and 4787 kcal/kg, respectively. Therefore,
this optimal aeration-supplied configuration could be applied to meet the moisture content and low
heating value requirements of the RDF production standard for Thailand’s local cement industry.

Keywords: municipal solid waste; mechanical biological treatment; biodrying; aeration rate; RDF

1. Introduction

After the onset of the COVID-19 pandemic in December 2019, there were widespread
changes in consumer behavior due to social distancing regulations, leading to a surge
in demand for home delivery services of food and groceries, which caused a significant
increase in the generation of plastic packaging waste, health waste (e.g., gloves and masks),
and food waste [1]. Furthermore, the generation and management of municipal solid
waste (MSW), both before and since the start of the COVID-19 pandemic, have become
challenging environmental problems due to changing lifestyles and consumption habits.
For example, before the pandemic, the waste produced by Thailand, especially that by the
Bangkok Metropolitan Administration (BMA), comprised 50–60% food waste and 20–30%
plastic waste, with an average amount of 2115 tons/day of plastic waste production being
reported in 2019. Since the start of the COVID-19 pandemic and the resulting lockdown
measures, the total amount of MSW decreased significantly due to the reduced food waste
being produced by hotels and restaurants; however, the amount of plastic waste generated
has risen. Plastic waste production increased to 3432 tons/day in 2020, representing a 62%
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increase compared to 2019. Although the COVID-19 pandemic restrictions have ended in
Thailand, the trend of increasing amounts of plastic waste and food waste being generated
is ongoing, and its composition is expected to be the same as during the pandemic [2].

At the On Nut waste transfer station in Bangkok, MSW is processed using mechanical–
biological treatment (MBT) with a designed maximum capacity of around 1200 tons/day.
MSW is mechanically pretreated to separate large objects, recyclables, non-biodegradable
materials, and organic waste. The remaining waste stream after the sorting process, which
comprises a mixture of non-biodegradable materials and organic waste, is transferred to the
screening process. A particle size above 40 mm is defined as non-biodegradable material
that is suitable for refuse-derived fuel (RDF) production [3]. The COVID-19 pandemic has
significantly changed the compositions of MSW, with extensive non-biodegradable material
produced due to the 63% increase in plastic waste reported in 2020 [2,4]. These changes
represent both a challenge and an opportunity to convert non-biodegradable material into
RDF. Due to the separation process of non-biodegradable materials described above, the
organic waste is mixed and digested, and leachate from digestion is mixed into the waste
stream. In addition, the separated non-biodegradable waste is highly contaminated with
leachate; therefore, the non-biodegradable materials for RDF production contain a higher
moisture content (MC) and have low heating values. These materials are unacceptable for
usage as fuel for the cement production industry and at power plants.

To increase the utilization of waste via conversion into RDF, the quality of non-
biodegradable materials should be improved by using drying technology treatments. The
biodrying process is an alternative pretreatment method and has been widely developed.
Biodrying aims to remove moisture from substances with a high MC by using heat gen-
erated during the breakdown of degradable materials in addition to forced aeration. A
previous study examined several parameters that affect the biodrying process, e.g., the ini-
tial organic substance content, the initial MC, and the aeration rate, all of which were found
to be significant. A range of monitoring parameters is also used to characterize bioactivity
during the biodrying process, e.g., the temperature profile, the water reduction rate, and
gas generation. Based on previous literature, the primary operational variable controlling
the biodrying process is the aeration rate [5–8]. The matrix temperature, as a representation
of self-heating in the biodried substance, can be controlled by adjusting the aeration rate.
Huilinir et al. (2015) investigated the effects of the initial MC and aeration rate on the
temperature profile of sewage sludge biodrying; their study found that a lower aeration
rate and an initial MC of 68% achieved the highest temperature in the first three days. In
addition, the highest water removal rate was reached with higher temperatures during the
first two days [5]. Zhou et al. (2014) also studied sewage sludge composting. Their results
showed that, from day 2 to day 3, the highest temperature in the matrix coincided with the
highest water removal rate on day 3 and the highest oxygen consumption on day 3. This
was achieved under intermittent airflow (8 min on/32 min off pattern for the operation
pump) [6]. Yuan et al. (2018) studied MSW biodrying under different aeration methods (in-
termittent and continuous). In their study, the biodrying temperature was highest under the
continuous aeration method between days 0 and 6, while the water removal rate reached
its maximum values during days 3 and 6 [7]. In addition, Colomer-Mendoza et al. (2013)
studied the effect of airflow rate on garden waste biodrying. They showed that higher
airflow rates prevented the occurrence of a thermophilic phase; thus, physical phenomena
primarily dried the waste [8].

Overall, previous research [5–9] found that the biodrying temperature was at its
highest from the first day of biodrying to day 3, while the highest water removal rates
occurred after 2–3 days; however, a key required aspect of this process is to determine the
optimal aeration configuration. Low airflow rates at high biodrying temperatures allow
maximum water vapor removal. Likewise, higher airflow rates allow for high evacuation
rates of water vapor from the system. Although the temperature is controlled by aeration
for effective moisture removal under ventilation, no research has been published to date
on modifying aeration during the biodrying process. Therefore, this study investigates
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the aeration-supplied configuration (i.e., modifying the aeration rate during the biodrying
process) for wet RDF.

2. Materials and Methods

The biodrying process is performed similarly to the initial stages of the composting
process for MSW and sludge [10]. The biodrying process in this study involves microor-
ganisms contained in wet RDF, which maintain bioactivity and the organic degradation
process due to supplied aeration. This study focused on varying the aeration input to the
matrix body during different periods, described as an “aeration-supplied configuration”.
During these tests, no other materials (organic matter, water, etc.) were added, and only
the aeration was varied during the experiment. The basic indicator values of the substrate,
in addition to the pH, C/N ratio, oxygen content, MC, etc., were found to meet the basic
conditions required for the stabilization process [11].

2.1. Lysimeter Design

A schematic representation of the biodrying lysimeter system used for the lab-scale
wet RDF treatment experiments is shown in Figure 1. The lysimeter is composed of
a square stainless steel structure with a width as well as depth of 50 cm and a height
of 200 cm. It was fabricated in a 2.5 cm-thick polyurethane foam cover to minimize
heat loss through the lysimeter’s side walls. The biodrying lysimeter unit consisted of
three structural components. The first was the convertible lysimeter, which can treat a
maximum of 0.375 m3 of wet RDF in one batch. A perforated metal plate was placed at the
bottom of the device to support the waste material and ventilation. Secondly, an aeration
component system was installed at the bottom of the lysimeter to supply and maintain
uniform airflow throughout the lysimeter body. This system included a centrifugal pump
(50 FCM 1/4 HP 1P, 220 V, 50 Hz), a flexible conduit, a ventilation pipe with a control valve,
and a condensation pipe.
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A ventilation pipe 14 cm in length and 5 cm in diameter was placed under the perfo-
rated metal plate. This pipe was perforated in its center with a 1 × 3 cm hole to measure
the airflow rate. The airflow rate measurement was used to ensure that the designated area
of the ventilation pile was experiencing laminar flow. In addition, a U-trap pipe with a
diameter of 5.08 cm was connected to the ventilation pipe for condensate water collection.
The third structural component of the lysimeter was a leachate collection point located at
the bottom of the lysimeter body, which was fabricated using a U-trap pipe with a diameter
of 5 cm. Three perforated pipes with diameters of 0.2 cm were placed at heights of 0.2 m,
0.6 m, and 1 m above the base of the lysimeter to measure inner gases [9]. The lysimeter
design used here was modified from that used in the study of Payomthip et al. (2022) [12].

2.2. Feedstock Preparation and Analysis

In the feedstock preparation process, wet RDF, used here as feedstock, is produced
at the MBT plant located in the On Nut waste transfer station. It is then transferred to the
Waste to Energy plant of SCI Eco Services Co., Ltd. in Saraburi province, Thailand. At
the Waste to Energy plant, wet RDF is shredded using the mechanical treatment unit and
conveyed to the cement production process. The experiments in this study were performed
in the early wet season between April and May, with an average relative humidity of
40–75%. The wet RDF used here has a relatively homogeneous composition comprising
non-degradable materials, degradable materials, and other materials. The non-degradable
materials were composed of 44.1% plastic bags, 12.04% fabric and napkins, and 11.38%
packaging and plastic tubes. The degradable materials were 20.51% mixed food, garden,
and paper waste. The other materials, representing 10.91% of the total wet RDF, were
composed of unseparated waste.

Secondly, this study sampled wet RDF from the stockpile before it was loaded into
the lysimeters, in which the biodrying process was performed. The wet RDF (before the
biodrying process) and biodried product (after the biodrying process) were analyzed using
the quartering method following the ASTM D5231-92 standard. Before the biodrying
process, 20 kg of wet RDF was sampled from the stockpile to characterize its composition.
In addition, 1.5 kg of wet RDF and 0.5 kg of degradable materials were collected to
measure their chemical properties. The ultimate analysis was performed only for the
degradable material and involved analyses of C, H, O, N, Cl, S, and ash content. The
experiment included three lysimeters, with an average feedstock mass of 70.3 kg in each
lysimeter. The feedstock was loaded equally to a height of 1.2 m. A thermogravimetric
analyzer was used to measure the MC, volatile solid content, and ash content following
the ASTM D7582 standard. In addition, the heating value was analyzed through the
use of a bomb calorimeter according to the ASTM D2015 standard. The feedstock and
biodried product were measured for each parameter following standard methods. The
physicochemical characterization process used here was very similar to that reported by
Bhatsada et al. (2022) [9], and the experimental conditions were controlled to ensure the
reliability of the final results.

2.3. Experimental Design

In this study, three experiments were conducted, in which aeration-supplied config-
urations to the biodrying process were performed. The aeration configurations refer to
the continuous negative ventilation supplied at a specified rate, which was then changed
during the biodrying process. The study was divided into two periods: The first period
was from the start of the experiment to day 2.5. In this period, the three experiments were
set at the same aeration rate (0.5 m3/kg/day). The second period directly followed the first
period, starting on day 2.5 until the end of the experiment on day 5. In the second period,
different aeration rates were used. In Experiment I, the aeration rate was decreased to
0.3 m3/kg/day; in Experiment II, the aeration rate was maintained at 0.5 m3/kg/day; and
in Experiment III, the aeration rate was increased to 0.7 m3/kg/day. These aeration config-
urations were selected based on the following assumptions: (1) the constant aeration rates
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used for each experiment in the first period maintained the same level of bioactivity in each
case, and (2) reducing the aeration rate incubated the biodrying system to promote evap-
oration, whereas increasing the aeration rate forced a decrease in the MC via ventilation.
The aeration rate changes were selected based on those reported in previous research in the
literature. The studies of Huilinir et al. (2015), Zhou et al. (2014), Yuan et al. (2018), and
Colomer-Mendoza et al. (2013) reported increased bioactivity, represented by increases in
temperature, water reduction, and gas generation during days 2–5 [5–8]. The experimental
design conditions are listed in Table 1. Before each experiment, the feedstock was measured
for its physical and chemical characteristics, i.e., initial weight, bulk density, and MC.
The initial low heating value (LHV) of each experiment varied from 4033 to 4239 kcal/kg.
Experiment III had a lower LHV but a higher MC and volatile solid content. Although
each experiment’s initial weight and bulk density of feedstock were varied, its volume was
calculated to be the same at 0.30 m3. The experiments were performed for a total of five
days, at which time the MCs and LHVs of the final biodried products were measured.

Table 1. Aeration configuration and characteristics of the feedstock of the experiments in this study.
The values I to III indicate the experiment number.

Condition Unit I II III

Aeration rate on day 0–day 2.5 m3/kg/day 0.5 0.5 0.5
Aeration rate on day 2.5–day 5 m3/kg/day 0.3 0.5 0.7

Initial weight kg 68 72 71
Initial bulk density kg/m3 227 238 237

Initial moisture content % 37 33 40
Initial volatile solid % 55 53 57

Initial low heating value kcal/kg 4239 4106 4033

2.4. Experimental Monitoring

The temperature was monitored by using type K thermocouples at three vertical
locations on the lysimeter, i.e., its top, middle, and bottom. Another sensor was placed
outside the lysimeter to measure the ambient temperature. The temperature data were
recorded hourly using a mini-data logger (Graphtec GL220). Significant temperature
differences between each experiment and the ambient conditions were determined us-
ing the analysis of variance method [10] with 95% confidence in Excel 2010. A Biogas
5000 monitor (Geotech, UK) was used to measure the concentrations of carbon dioxide
(CO2) and oxygen (O2) each day at three levels within the lysimeter. The flow of the pump
was adjusted so that the Biogas 5000 monitor could overcome the maximum negative
aeration from the lysimeter of 27.78 mL/min. Every day, before the gas concentration in
the lysimeter was measured, the monitor was calibrated using ambient air for methane
(CH4), CO2, O2, and hydrogen sulfide (H2S) levels to 0% by volume, 0% by volume, 20.8%
by volume, and 0 ppm, respectively. A push gantry hoist and digital crane scales were used
to measure the feedstock’s daily weight. In addition, the elevation of the feedstock inside
the lysimeter was measured vertically by using a tape measure.

2.5. Performance Indicators

The temperature integration (T.I.) describes the temperature accumulation. Its value
is based on the difference between the process temperature and the ambient temperature,
and can be calculated as:

T.I. = ∑n
i=1 (Tm − Ta)·∆t (1)

where Tm and Ta are the matrix and ambient temperatures on day i, respectively, and ∆t is
the time element [13,14].

Waste density (kg/m3) =
Wt

SA·Et
(2)
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where Wt is the weight of the waste on day t, SA is the cross-sectional area of the lysimeter,
and Et is the elevation of the waste on day t.

Volatile solid (VS) change (%) =
VSin − VSout

VSin
·100 (3)

where VSin is the volatile solid content in the feedstock and VSout is the volatile solid
content in the biodried product in each layer.

Organic degradation rate = (Voutlet·CO2,outlet)·10−2·1.34 (4)

where the organic degradation rate is in units of kg/h, Voutlet is the daily exhaust gas
(m3/h), CO2,outlet is the CO2 concentration, and 1.34 is the conversion factor for organic
degradation (kgsolid/m3 CO2) [11].

B.I. =
O.C.
W.L.

(5)

The biodrying index (B.I.) is defined as the proportion of the organic loss (O.C.) (kg)
and water content loss (W.L.) (kg) in the final process [13,14].

3. Results
3.1. Temperature Evolution during the Biodrying Process

Temperature measurements were used to determine microbial activity, which resulted
in heat, gas, and water. The water vapor released is due to heat production. Thus, the
temperature directly correlates with the vapor saturation and regulates evaporation from
the system into the environment. Figure 2 illustrates the hourly temperature measurements
from the three experiments.

The experiments were carried out in the lysimeter conditions at stable temperatures
(25–35 ◦C) and relative humidity (35% ± 10%), which did not interfere with the course of
the experiments. In terms of the system’s temperature over the first two days, the tempera-
ture rose steadily and then began to fluctuate. The ambient temperature rose and decreased
following a pattern of a sharp period of warming from 5:30 a.m. to 12:30 p.m. daily
(7 h) and a longer cooling period from 12:30 p.m. to 5:30 a.m. (17 h), which are influenced
by the effects of solar radiation, humidity, and wind speed [15,16]. The different stages in
the experiments can be distinguished based on temperature patterns. In the mesophilic
phase, the biologically generated temperature increases with the bioactivity of bacteria
such as Bacillus macerans, Aspergillus flavus, and Micrococcus. The waste is most effectively
stabilized when its temperatures rise to the highest level, which occurs in the thermophilic
phase due to the activity of communities comprising species such as Enterobacter cloacae,
Absidai corymbifera, and Bacillus licbeniformis [17,18]. In the thermophilic phase, especially
in Experiments I and II, the system’s temperature was low in the warming period relative
to that during the cooling period. This behavior is a result of (1) the greater water vapor
evaporation capability in the warming period relative to the cooling period due to rela-
tive humidity differences in the ambient air (average relative humidity in the warming
period = 48.38%, average relative humidity in the cooling period = 68.0%) [19] in addition
to (2) low heat retention in the system due to lower levels of water vapor accumulation.

During the first period, the top and middle levels exhibited temperature differences
due to variations in their initial parameters. The top layer of Experiment III had the
highest temperature, consistent with its highest initial volatile solid (VS) content and
MC, followed by those of Experiments I and II, respectively; however, more consistent
behavior was recorded in the bottom layer because this layer was saturated with water in
all of the experiments due to the effects of gravity and forced ventilation. In the second
period, the temperatures in Experiment III decreased slightly, except for those in the
middle layer, which remained steady during this period. This observation is due to the
excess aeration during the experiment’s operation, which increased the dry air in the
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system and dissipated the heat as well as saturated vapor pressure, corresponding to
physical drying [12]. The temperature of Experiment II (middle layer, average layer)
continuously increased because of the continuous organic decomposition process [18]. The
temperatures recorded in Experiment I increased continuously because decreasing the
aeration rate reduces the ventilation effect while the saturated vapor and heating levels
remain the same. This configuration is consistent with the biostabilization required for
the composting process, while the conditions in the first stage are consistent with those
required for biodrying [11,18].
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(c) bottom layer, and (d) average layer.

The middle layer exhibited the highest temperature of 70 ◦C, followed by the top and
bottom layers, in which values of 60 ◦C were recorded. The top layer has more area exposed
to ambient conditions than the other layers do, resulting in the transfer of the system’s
heat to the environment; however, the bottom layer accumulates water due to gravity and
pumping, resulting in cooling in this layer. A homogeneous temperature for the average
layer of each experiment was calculated. There were significant differences between all
of the experiment pairs, i.e., Experiment I and Experiment II (p < 0.05), Experiment I and
Experiment III (p < 0.05), and Experiment II and Experiment III (p < 0.05). In addition, sig-
nificant differences were identified between all of the experiments and ambient conditions
(p < 0.05).

Zhou et al. (2018) investigated the composting of municipal sewage sludge in a cuboid
pile under varied intermittent ventilation conditions [20]. They observed that the middle
of the waste pile reached the highest temperature relative to the top and bottom layers.
Similar findings were found in this study. Wang et al. (2011) described the heat distribution
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in the waste pile layer due to positive aeration and ambient air; in their study, the top layer
was found to be at a higher temperature than the bottom due to the effects of heat transfer
from the bottom to the top of the system via aeration [21]; however, the present study was
performed under negative aeration, in which the heat distribution was controlled by the
ambient air contact area, water flow by gravity, and aeration force. Tom et al. (2016) studied
the temperature during an MSW biodrying process with positive ventilation. Their results
showed that the highest temperature was obtained from the bottom layer (55–60 ◦C) on
days 2 to 3 [22]. In contrast, the daily temperature for wet RDF biodrying in the present
study reached its maximum value of 70 ◦C in the middle layer on day 4. This is because
the middle layer of the lysimeter can more effectively maintain heat dispersion without the
interference of ambient air and humidity.

In addition, the influence of daily temperature under different aeration rates was iden-
tified. Cai et al. (2015) showed that the highest temperatures corresponded to lower aeration
input rates in sewage sludge biodrying [23]. Sharara et al. (2012) compared aeration rates
and temperature variations in the manure biodrying process and found that the higher the
temperature, the lower the aeration rate [24]. Similar results were obtained in the present
study: by reducing the aeration rate, the temperature increased. Zambra et al. (2011) ex-
plained this phenomenon as a result of the higher temperatures arising due to moisture
loss following heat and mass transfer during low-aeration operation [25].

The heat accumulation values during the biodrying operation throughout the five
studied days were calculated using Equation (1) and presented in terms of T.I. values based
on the average temperatures. Figure 3a shows that the highest T.I. value was obtained
from Experiment III (2670 ◦C), followed by Experiments I and II, with values of 2638 ◦C
and 2072 ◦C, respectively. In addition, the effect of the change in the aeration rate on
the T.I. values was calculated by splitting the data into two experimental periods. As
shown in Figure 3b, the T.I. phases before and after day 2.5 indicate the effects of changes
in the aeration rate. Experiment III displayed the highest cumulative temperature dur-
ing the initial phase of the experiment due to its higher initial MC and VS availability,
which improved the biodegradation process [9]; however, after the aeration rates were
modified, Experiment I had the highest T.I. value. This occurred because reducing the
aeration rate can increase temperature integration. There was a significant difference in
the overall T.I. values between the experiments (p < 0.05). In the first period, the T.I. differ-
ences between the experiment pairs were not significant (Experiment I and Experiment II
(p = 0.98), Experiment I and Experiment III (p = 0.95), and Experiment II and Experiment III
(p = 0.53)). In contrast, there were significant T.I. differences recorded in the second period
for all three of the above experiment pairs (p < 0.05).
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Payomthip et al. (2022) reported that increasing the aeration rate during the MSW
biodrying process resulted in increased temperatures from day 2 to day 4 of the total 7-day
operation [12]. The findings of the present study contrast with those of Payomthip et al., as
a decrease in the aeration rate was found here to correspond to an increase in temperature
when biodrying was performed. Yu et al. (2022) compared the effects of low-ventilation
and high-ventilation conditions on the pile temperature during the sewage sludge biodry-
ing process. In phase 1 (day 0 to day 3), low ventilation levels maintained higher pile
temperatures than those of high ventilation levels; however, in phase 2 (days 3 to 10),
high ventilation levels maintained higher pile temperatures than those corresponding to
low ventilation levels [26]. It should be noted that the temperature phase of the study by
Yu et al. was different from that investigated in this study.

3.2. Gas Generation and Concentration in the Biodrying Process

The inner gases measured at the top, middle, and bottom of the lysimeters corre-
sponded to bioactivity in the organic degradation process. Specifically, the CO2 concen-
tration represents a product of the decomposition process, while the O2 concentration
represents the remaining O2 after microbial consumption for the decomposition process.
The CO2 concentrations throughout the experiments are shown in Figure 4. In the middle
layer, Experiment III displayed the highest CO2 concentration of 7.5%, followed by Exper-
iments II and I with peak concentrations of 3.1% and 2.9%, respectively. The peak CO2
concentrations in the middle layer of each experiment are consistent with the experimental
temperatures. The maximum CO2 concentrations in Experiment II and Experiment I were
recorded in the middle layer and top layer, respectively.
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The aeration-supplied configuration had a noticeable effect on inner gas generation. In
the first period, the CO2 concentration increased and followed a continuous slope; however,
in the second period the slope of each graph changed due to a change in the aeration rate.
The CO2 concentration of Experiment I decreased on day 3 and then increased until the end
of the experiment. In Experiment III, the slope of the increase in the CO2 concentration was
steeper in the second period than in the first period. The observed patterns relate to changes
in the aeration: in the second period of the study the aeration was decreased in Experiment
I, whereas Experiment III received increased aeration, which stimulated bioactivity from
day 2.5 onwards. Variable CO2 generation was demonstrated during the domestic waste
biodrying process by Sutthasil et al. (2022), who reported that adding water to the feedstock
resulted in the highest CO2 generation levels from day 2 to day 5 [27]. Ngamket et al. (2021)
reported that higher temperatures in MSW solar greenhouse biodrying increased CO2
generation under less aeration than that studied here [28]. The present study shows that
increases in the aeration rate increase CO2 generation.

High values of CO2 concentration correspond to high levels of bioactivity, which
requires O2 for organic degradation. The residual concentrations of O2 are shown in
Figure 5. In the middle layer, Experiment III had the lowest O2 concentration of 10.6% on
day 4, followed by Experiments I and II with values of 16.5% on day 4 and 16% on day 5,
respectively. At the top layer, the minimum O2 concentration of both Experiments I and
II was 18.8%, recorded on day 5. For the average layer, the minimum O2 concentration of
Experiment I was 17.49%, recorded on day 4; the minimum for Experiment II was 16.5% on
day 5; and the minimum for Experiment III was 13.6% on day 5.
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Increasing the aeration rate increases the oxygen demand of bioactivity, thus resulting
in lower residual amounts of oxygen in the system. In contrast, reducing the aeration rate
affects the low oxygen demand of the digestion process, resulting in high residual amounts
of O2 in the system [29,30]; however, microorganisms adapt their degradation activity
relative to the amount of oxygen entering the system. In addition, all of the aeration rates
in this study corresponded to biodrying conditions because the residual oxygen level did
not reach the ambient oxygen concentration in the environment (20.8% O2 in ambient air,
as measured by a Biogas 5000 monitor).

As reported elsewhere [31–33], CO2 concentrations increased and O2 concentrations
decreased with an increase in temperature, which represents a similar pattern to the results
of this study. Orthodoux et al. (2015) observed strong relationships between temperature
and CO2 generation as well as temperature and O2 concentration, with R-squared values
of 0.66 and 0.69, respectively [33]. Mejias et al. (2017) reported increased oxygen uptake
due to increased temperatures in the organic waste composting process [34]. The present
study shows that increases in temperature result in increased O2 concentrations; this is in
contrast to the findings of Mejias et al. because the increased O2 concentrations reported
here correspond to low oxygen uptake. Zhou et al. (2014) found that an increase in
the aeration rate corresponded to increases in temperature, micro-activity, and oxygen
consumption [6]; however, the present study clearly identifies increased temperature and
oxygen consumption in the period where the aeration rate was decreased.

3.3. Weight Loss and Elevation Change during the Biodrying Process

The weight and elevation of the matrix were measured daily throughout the exper-
iment before the inner gas measurements were collected. As shown in Figure 6a, the
maximum weight reduction was recorded in Experiment I (6.2%), followed by Experiments
II and III with values of 5.9% and 5.1%, respectively. The reduction rate is represented
by the slope of the linear relationship linking the weight loss values in each experiment.
The slopes of Experiments I, II, and III were 1.36 (R2 = 0.99), 1.24 (R2 = 0.97), and 0.98
(R2 = 0.99), respectively. Therefore, the reduction rates of Experiments I, II, and III were
1.36%, 1.24%, and 0.98%, respectively.
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As shown in Figure 6b, the elevation of Experiment II decreased continuously from the
beginning of the experiment until the end of the process, accounting for a 13.3% decrease.
The elevations of Experiments I and III decreased continuously from the beginning of the
experiment to day 4, with decreases of 8.3% and 9.2%, respectively; however, on day 5,
their elevations increased again, corresponding to overall decreases of 6.7% and 8.3%,
respectively. These changes are consistent with the O2 concentration results described
in Section 3.2.
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The increase of elevation in Experiment I occurred because reduced aeration increases
the system’s temperature, causing the displacement of cold air into the matrix following the
principles of heat and mass transfer [23,35,36]; however, the elevation increase observed in
Experiment III could be caused by the displacement of ambient air into the matrix due to
an increase in the air forcing process [37–39].

The daily matrix density values were also calculated using the elevation change,
as described in Equation (2). The density is related to void space, which controls the
permeability of the matrix to air (Li et al., 2019) [40]. The calculated matrix density values
are shown in Table 2.

Table 2. Matrix density (kg/m3) values during the biodrying process of each experiment.

Day Daily Density of
Experiment I, kg/m3

Daily Density of
Experiment II, kg/m3

Daily Density of
Experiment III, kg/m3

Day 0 227.33 236.67 237.49
Day 1 227.33 236.67 237.49
Day 2 233.10 251.43 242.92
Day 3 235.09 251.53 247.24
Day 4 233.63 255.56 248.81
Day 5 236.36 259.81 251.18

The matrix density of Experiment II continuously increased from the beginning of
the experiment to day 5 due to its stable aeration rate. The matrix density of Experiment
I continuously increased from day 0 to day 3 and then dropped on day 4 because of the
decrease in the aeration rate in the second phase of the experiment. Senthil et al. (2021)
reported that increases in waste density correspond to more significant decreases in the
MC of waste piles [41]. Tom et al. (2016) observed that the bulk density was achieved in
33 days, corresponding to a 52% density increase, and weight reduction became negligible
on day 20 [22]. In the present study, the bulk density values recorded on day 5 were
236.35 kg/m3, 259.81 kg/m3, and 251.18 kg/m3 for Experiments I, II, and III, respectively.

3.4. Volatile Solid and Moisture Content Change in Each Layer of the Lysimeter

The degraded material in the lysimeter reflects the microorganisms’ digestion ability,
which is reflected in the moisture and VS removal [23,42,43]. The VS and MC removal
values of each experiment were analyzed at different levels in the lysimeters, as shown
in Figure 7. The VS reduction was not only affected by the aeration rate but also by the
influence of depth within the lysimeter. Each layer experienced differences in terms of its
ambient air contact area, water flow by gravity, and aeration force.
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The maximum VS change occurred in the bottom layer of Experiment I at 20%, fol-
lowed by Experiment III at 18%. The lowest VS change occurred in the middle layer of
Experiment II, with a value of 2%. In terms of each layer, the VS changes in the bottom layer
were typically the largest, followed by the top and middle layers. In addition, the influence
of the modified aeration rate in each experiment had the following effects: decreasing the
aeration rate during the biodrying process resulted in the largest reduction in VS content,
while excess aeration rates during the biodrying process corresponded to effective VS
removal. Zhou et al. (2018) found that VS degradation was faster under increased tempera-
tures, with the VS loss corresponding to degraded material [20]. As shown in Figure 7a,
Experiment I achieved the highest temperature, degradable material loss, and change in VS
content, similar to the findings of Zhou et al. Yu et al. (2022) studied the effects of a high
aeration rate (1.99 m3/kg/day) and low aeration rate (1.34 m3/kg/day) on VS changes in
different sewage sludge biodrying phases. The second phase of the sewage sludge biodry-
ing from day 2 to day 10 achieved the highest VS degradation under a low aeration rate of
8.8%, while for high aeration this figure was 6.7% [26]. Notably, the present study showed
that the low aeration rate (Experiment I) in the second phase of the wet RDF biodrying
process increased the VS reduction relative to the high aeration rate (Experiment III).

Throughout the experiment, water was not only removed by gravity drainage and
aeration but also through evaporation, leaching, and condensation [40]. Under negative
aeration, water flow may occur into the blower [44,45]. The U-trap used in this experiment
was designed to prevent the condensation under the perforated metal plate from entering
the blower; therefore, water removal at different layers of the lysimeter was influenced by
the modification of the aeration rate. As shown in Figure 7b, the MC in the top and middle
layers was reduced, whereas the MC in the bottom layer increased. In the top and middle
layers, Experiment II had the largest reduction in the MC, with values of 41% and 30%,
respectively, followed by Experiment III (28% and 13%, respectively) and Experiment I
(15% and 6%, respectively). In contrast, the MC values in the bottom layers of Experiments
II, III, and I increased by 16%, 13%, and 9%, respectively. The accumulated MC values in
the bottom layer were lower than the minimum water content for micro-activity [18].

The increase in moisture recorded at the bottom of the lysimeters was due to water ac-
cumulation under the effects of gravity, leachate accumulation, and air forcing. In addition,
the high temperatures at this level indicate that the water accumulation contributed to the
system’s internal heat. The process of heating liquids to cause evaporation could occur in
this scenario (Haug, 1993; Wang et al., 2011); however, the vaporization process was not
completed during the experimental period in this study, resulting in high residual MC in
the bottom layer and continuously rising temperatures.

Several studies have characterized moisture removal through evaporation and identi-
fied similar changes in temperature patterns, with the most vapor loss recorded on reaching
the maximum temperature. For example, this pattern was observed by Zaman et al. (2021)
on day 2 and day 6 [46], by Yuan et al. (2018) from day 3 to day 5 [7], by Sutthasil et al.
(2022) during days 2 to 5 [27], by Li et al. (2022) on day 3 [47], and by Xin et al. (2022) in
the range of days 4–6 [48]. Consistent with these studies, the highest average temperature
was recorded in Experiment I between days 3 and 5, which also had the greatest MC loss.
Unidirectional airflow has been investigated in vertical profiles under positive aeration,
which tends to cause moisture accumulation in the top layer [21,49,50]. In contrast, under
negative aeration, such as that used in this study, water molecules tend to accumulate in
the bottom layer.

As shown in Figure 7a,b, two factors led to the observed changes in VS: (1) modification
of the aeration rate during the experiment and (2) variations in the MC in the matrix at
each level. Variations in the matrix’s MC had more of an effect on the changes in VS than
changes in the aeration rate. In addition, the changes in VS can be classified as follows:
(1) during the experiment, an increase in the MC and a decrease in the aeration rate as well
as (2) an increase in the MC and an increase in the aeration rate. Zhao et al. (2010) showed
that the airflow rate had a more significant impact on moisture removal than on VS loss,
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which was consistent with the trend observed in this study [49]. Yuan et al. (2018) reported
that both continuous and intermittent aeration had no significant effect on VS degradation
when the initial MC and aeration rate remained constant [7].

3.5. Determination of Organic Degradation during the Biodrying Process

Figure 8 shows the degradation rate of degradable material in each experiment as
obtained from Equation (4). In the initial period, the organic degradation followed the
same trend in all three experiments. Experiment III achieved the maximum organic content
degradation, followed by Experiments II and I. In the second period, the organic degra-
dation trend remained constant in Experiment II but changed in Experiments I and III.
The degradation rate in Experiment I notably decreased to its minimum value on day 3
(5.9 g/h) before increasing and then stabilizing until the end of the experiment. Experiment
III showed a noticeable increase in its degradation rate to achieve its maximum value on
day 3 (40.48 g/h) before decreasing and then stabilizing until the end of the experiment. The
degradation curves of the modified airflow rates (Experiments I and III) were adjusted to
resemble the stable airflow rate (Experiment II), since day 3 was staged to be a maintained
degradation period.
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Several previous studies have investigated irregular matrix airflows during biodrying
operations, i.e., intermittent aeration and interrupted airflows via pile turning, resulting
in a maintained degradation stage. The study by Yuan et al. (2018) found variations in
temperature during the operation under both continuous and intermittent airflow [7].
Yu et al. (2022) demonstrated a steady decrease in the MC even though a fixed airflow rate
was used in an intermittent aeration mode [26]. Huilinir and Villegas (2015) reported that
the temperature decreased and then increased within less than 12 h after pile turning [5].
Similar to this study, these findings demonstrate that modifying the aeration rate during
the biodrying process strongly affects the degradation in the maintained stage even within
timescales as short as 12 h.

3.6. Mass Change and Biodrying Index

The biodrying operation reduces the MC via air outflow, evaporation, and leachate
generation, resulting in mass changes in the biodried product. To investigate the effects of
modifying the aeration rate, the mass change of each experiment is shown in Table 3 The
full biodried products were obtained by complete mixing following the quartering process.
After the experiment ended, the greatest decrease in degradable material was recorded in
Experiment I (27%), followed by Experiment II (22%) and Experiment III (2%).
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Table 3. Comparison of the mass changes recorded between the feedstock and biodried product.

Content Unit
Feedstock Biodried Product

I II III I II III

Degradable material % 20.51 20.51 20.51 15.03 15.91 20.19
Non-degradable + other % 79.49 79.49 79.49 84.97 88.22 79.81
Moisture content in mass % 37 33 40 24 31 32

Moisture content in degradable material % 45 45 45 45 45 43
Total mass kg 68.20 71.00 71.25 52.40 47.67 51.53

Moisture content in mass kg 25.23 23.43 28.49 12.61 14.93 17.43
Dry degradable material kg 7.73 8.05 8.08 4.98 4.19 5.00

Dry non-degradable + other kg 35.24 39.52 34.67 35.44 28.54 28.15

In contrast, the greatest increase in the non-degradable material + other class was
recorded in Experiment II at 10%, followed by Experiment I at 6%. This is because the
degradation process produces water, which accumulates in materials such as cloth, diapers,
and sanitary napkins, in addition to causing an increase in the non-degradable material’s
weight. The MC in the mass decreased, with the largest reduction of 35% recorded in
Experiment I, followed by Experiments III and II at 20% and 6%, respectively. In addition,
the final MC in the degradable material was found to be relatively stable at 45% in Exper-
iments I and II, followed by 43% in Experiment III. In the biodried product, the largest
decrease in the MC was recorded in Experiment I (12.61 kg), which accounted for 50% of
the initial MC, followed by Experiments III and II with values of 16.49 kg and 14.77 kg,
corresponding to 42% and 37%, respectively. The greatest decrease in the dry degradable
material was recorded in the biodried product obtained from Experiment II, accounting for
66%, followed by Experiments I and III with values of 61% and 26%, respectively. Therefore,
the dry degradable material masses in the biodried products of Experiments I, II, and III
were 4.53 kg, 4.19 kg, and 5.94 kg, respectively. Although the bottom of the lysimeter was
configured for leachate collection, no leachate production was observed during the entire
biodrying process.

Based on the aeration variations conducted in this study, decreasing the aeration rate
during the biodrying process mostly affected the decrease in the MC and waste mass. This
behavior was clearly demonstrated by the 35% decrease recorded from an initial MC of 37%.
During the operation, the increased aeration rate in Experiment III promoted the physical
transfer of the MC to the environment. Thus, these results indicate that the MC was more
effectively removed by evaporation than by forced aeration, which was associated with
higher temperature accumulation.

Based on the mass of feedstock and biodried product, the biodrying performance was
evaluated using the B.I., which was calculated using Equation (5). The results are shown in
Table 4. Experiment I exhibited the greatest loss in the MC and the lowest dry organic loss,
corresponding to the best performance in terms of the B.I. with a value of 0.22. Experiments
III and II had MC losses of 11.06 kg and 8.50 kg and corresponding dry organic losses of
3.98 kg and 3.86 kg, with B.I. values of 0.27 and 0.45, respectively.

Table 4. Biodrying index values based on the proportion of dry organic loss and moisture loss.

Experiment Moisture Content Loss, kg Dry Organic Loss, kg Index

I 12.62 2.75 0.22
II 8.50 3.86 0.45
III 11.06 3.98 0.27

Many studies have assessed the B.I. based on the proportion of water loss and volatile
solid loss [5,42,49]. Although the organic loss and VS loss values in previous studies showed
similar trends, the values of these indexes were different because of the different operating
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conditions used in the experiments. Huilinir and Villegas (2015) summarized that the initial
MC has a greater effect on the B.I. than the aeration rate [5]; however, the results of the
present study indicate a different trend. Although both decreases and increases in the aera-
tion range during biodrying had a similar effect on the B.I., this study demonstrates that mod-
ifying the aeration rate had a more pronounced effect on the B.I. than constant aeration.

3.7. The Heating Value and Moisture Content in the Biodried Product

This study aimed to enhance the quality of wet RDF to meet the requirements of
Thailand’s local cement industry. The primary criteria for RDF production were the
maximum MC and minimum LHV, which should have values of 30% and 4500 kcal/kg,
respectively. The key purpose of the biodrying process is to reduce the excess MC while
simultaneously increasing the LHV. Due to the limited organic content in wet RDF for
generating and stimulating heat production for converting water into vapor, the aeration
characteristics supplied to the system played an important role in this study. The results in
Figure 9 show the efficiency of the biodrying process, as reflected in the characteristics of the
final biodried products. As shown in Figure 9a, the final MC values were 24.07%, 31.33%,
and 33.83% for Experiments I, II, and III, respectively. The final LHVs of Experiments I,
II, and III were calculated as 4787 kcal/kg, 4601 kcal/kg, and 4411 kcal/kg, respectively.
In addition, as shown in Figure 9b, Experiment I achieved the lowest MC and the highest
LHV, with a decrease and increase of 35% and 11%, respectively.
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Figure 8a shows each experiment’s trends in terms of the LHV and MC. This was
analyzed in terms of the heating value, chemical composition, and water content. The LHV
of fuel increases with the hydrogen content due to the combustion of water. In addition,
the LHV is defined as the energy released from materials burned, which excludes the
heat of vaporization of the water [51,52]. Therefore, the LHV and MC are proportional to
each other. Figure 8b shows the changes in the LHV and MC, which reflect the overall
performance of the biodrying process; as shown, biodrying had a more significant effect on
the MC than on the LHV. In terms of the criteria for RDF production for Thailand’s local
cement industry, Experiment I met the required standards due to providing lower MC and
higher LHV values than the requirements stipulate; however, the results of Experiment II
only satisfied the LHV criterion.

4. Conclusions

This study proposed an aeration-supplied configuration to stimulate heat for evapo-
ration and ventilation to improve the biodrying performance of wet RDF. The modified
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aeration procedure was evaluated in terms of two main criteria: temperature evolution
and gas generation. Decreases in the aeration rate could help to accumulate heat in the
system to stimulate vapor evaporation, while excess aeration rates could force vapor
removal via ventilation.

Reducing the aeration rate during the biodrying process resulted in maintained sta-
ble heat generation, which affected the following parameters: Greater MC removal was
achieved due to evaporation rather than increased air force, corresponding to greater tem-
perature accumulation. VS content and MC were simultaneously reduced under aeration,
and the degradation rate stages stabilized in 12 h to maintain evenness.

Good performance of the aeration-supplied configuration was achieved by reduc-
ing the aeration rate during the biodrying process by 40% compared to the first period
(0.5 m3/kg/day followed by 0.3 m3/kg/day). The biodried product from this configuration
not only met the RDF production requirements for Thailand’s local cement industry in
terms of the LHV and MC, but this configuration also minimized the energy consumption
required for operating the biodrying process; however, as the final MC values are a critical
parameter in Thailand’s standards for RDF production and are related to heat accumulation
as well as vapor evaporation, the other aeration-supplied configurations studied were not
acceptable for RDF production.
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