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Abstract: In recent years, the production of municipal sludge has gradually increased, and finding
suitable sludge treatment and disposal technologies is an urgent problem that needs to be solved.
Bio-drying of sludge is a relatively efficient and convenient drying method, but currently, there are
still problems with unstable drying effects and high moisture content of dried products, which limits
the subsequent utilization of bio-drying products. This article uses a thermal assisted bio-drying
device that simulates carbonization waste heat reflux, and uses corncob, straw, sawdust, and rice
husk as conditioners to carry out bio-drying of dehydrated sludge. The influence of the types and
ratios of conditioner under thermal assistance on the bio-drying of dehydrated sludge is explored.
The results showed that the moisture removal efficiency of the corncob and straw groups was better,
and their material moisture content could be reduced to below 10% within 24 h. The lower calorific
value of straw-sludge drying products was the highest, at 11,608.8 kJ/kg. The best conditioner under
the conditions of this experiment was straw, and the drying effect was best when the mass ratio of
dehydrated sludge to straw was 4:1. The research results contribute to promoting the development of
sludge bio-drying technology.

Keywords: dehydrated sludge; bio-drying; thermal assistance; conditioners

1. Introduction

With the advancement of industrialization and urbanization, the amount of sewage
discharge and treatment is increasing at a rapid speed, and the amount of sludge is also
increasing [1]. However, the vast majority of sludge has not been properly treated [2]. At
present, almost all sewage treatment plants in the country are troubled by the problem of
sludge treatment and disposal. The market for sludge treatment and disposal is becoming
increasingly standardized, and the requirements of that are becoming increasingly strict.
Traditional treatment and disposal models can no longer adapt to changes in environmental
protection requirements. Finding suitable sludge treatment and disposal technologies is an
urgent problem that needs to be solved [3].

Sludge drying is an important way to achieve sludge resource utilization, and bio-
drying is gradually becoming a treatment method to further reduce the moisture content
of dehydrated sludge due to its economic and environmental friendliness. Compared to
traditional thermal drying, the heat generated by microbial life activities during the bio-
drying process can significantly reduce drying energy consumption [4], and co-directional
heat and mass transfer also greatly improve energy utilization efficiency [5]. Compared to
emerging drying technologies such as frying drying and microwave drying, bio-drying
has simpler operations, fewer restrictions, and a wider range of product uses. Therefore,
bio-drying is an ideal technology for treating dehydrated sludge, with significant research
and application values [6].

In the traditional bio-drying process, the life activities of microorganisms are easily
affected by various environmental factors, and there is less organic matter available for
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direct utilization by microorganisms in the dehydrated sludge. However, the heat in the
traditional bio-drying process mainly comes from the life activities of microorganisms [7].
Therefore, microbial heat production is unstable, the drying effect is not ideal, and the
subsequent utilization of drying products is limited [8]. Therefore, the optimization of
bio-drying technology can be achieved through thermal assistance and the addition of
conditioners to enhance the drying effect.

Thermal assistance is one of the important conditions determining the drying effect.
Temperature is a key factor affecting drying kinetics [9]. Providing an appropriate high-
temperature environment within the tolerance range of microorganisms can accelerate
enzymatic reactions, facilitate the selection of functional microorganisms, and enhance the
synergistic effect between microbial communities, enabling materials to reach the high-
temperature stage in a short period of time, thereby shortening the operating cycle [10–13].
High temperatures can also increase the saturated vapor pressure of the intake, enhance the
ability of the intake to carry moisture, and improve the convective effect [14]. Conventional
thermal assistance uses a heat source for heating, which requires specialized heat source
equipment, and generates a certain amount of energy consumption. Considering the
continuity between the drying and carbonization processes, the drying process requires
heating to assist the reaction, and the carbonization process generates a significant amount
of heat. Therefore, the residual heat from carbonization can be refluxed to the drying system,
creating a high-temperature environment without adding a heat source. The material can
reach the high-temperature stage in a short period of time, improving the drying rate.

Conditioners play an important role in the bio-drying process of sludge. By adding
conditioners, the porosity of the mixed material can be increased, the initial moisture
content can be reduced, and the organic matter content can be increased, thereby improving
the bio-drying performance of sludge and enhancing the drying effect [5,15]. Some condi-
tioners are natural substances, but some need to be processed from raw materials. In the
context of carbon neutrality, reducing carbon emissions in the sewage treatment industry is
mainly achieved by reducing agent and energy consumption [16]. As agricultural waste
such as straw, sawdust, and rice husks are natural substances, they have the advantages
of easy access to raw materials, low cost, and a good improvement effect on sludge per-
formance. Therefore, this type of plant-based biomass is usually chosen as a conditioner
to improve sludge dewatering and bio-drying performance [17,18]. Because the type and
ratio of conditioning agents can affect the effectiveness of sludge bio-drying [6,19–22], it is
necessary to study the optimal conditioner for sludge bio-drying and optimize the ratio of
conditioners to minimize the moisture content of drying products and retain their calorific
value. This is crucial for further promoting sludge bio-drying technology.

Reducing carbon emissions during sludge bio-drying process can be achieved by
reducing agent and energy consumption, while improving the effectiveness of sludge
bio-drying can be achieved by thermal assistance and adding conditioners. Taking into
account the two aspects above, this study starts from the perspective of treating waste with
waste, using agricultural waste as a conditioner for bio-drying, and using carbonization
waste heat to provide thermal assistance to the drying system. The aim is to improve
the drying effect, promote bio-drying technology, and reduce the carbon emissions in the
sewage treatment industry.

This study used a self-designed thermal assisted bio-drying integrated device to
simulate carbonization reflux waste heat through direct heating. Plant-based biomasses
were used as conditioners to analyze the heating capacity, water removal effect, and drying
product calorific value of different types of plant-based biomass conditioners under thermal
assisted conditions. The conditioners and drying products were characterized and analyzed,
and further analysis was conducted on the impact of different ratios of conditioners on the
bio-drying effect of dehydrated sludge. In subsequent practical engineering applications,
actual carbonization waste heat will be refluxed, in order to provide corresponding scientific
basis for the further promotion and application of sludge bio-drying technology. At present,
there have been studies on the impact of the types and ratios of conditioners and system
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temperature on the bio-drying effect of dehydrated sludge, but there are few studies on the
combination of carbonization waste heat reflux and plant-based biomass conditioning, so
this topic has certain research significance.

2. Materials and Methods
2.1. Experimental Materials

The municipal dehydrated sludge used in this experiment comes from a sewage
treatment plant in Zhenjiang city. The sewage in the factory is mainly domestic sewage,
and no industrial wastewater flows in. The plant-based biomass used for dehydrated
sludge conditioning is straw, rice husk, sawdust, and corncob, with a particle size of 1 mm.
The bacterial preparations inoculated in bio-drying are already domesticated composite
thermophilic bacteria. The specific characterization results are provided in Table 1.

Table 1. Comparison of different drying methods.

Drying Technologies Characteristics

Natural drying
Natural drying utilizes natural forces such as solar energy for dehydration, which is low-cost
but occupies a large area, has a long drying cycle, requires a lot of manpower, and the drying
effect is easily affected by climate conditions.

Thermal drying
Thermal drying uses direct heating to increase the temperature of sludge, which consumes a lot
of energy, has insufficient water removal efficiency, and also has the problem of pollution of
thermal conductive media.

Frying drying
Frying drying involves immersing sludge in hot oil at approximately 150 ◦C, transferring heat
directly to water molecules in the sludge. But this method is obtained based on the combustion
of fossil fuels, so it is limited in large-scale promotion.

Microwave drying

Microwave drying is the process of inducing water molecules in sludge to rotate through the
application of an electric field. The oscillating electromagnetic field generates resistance forces
such as friction, elasticity, and inertia, thereby increasing the overall temperature of the sludge.
But microwave drying requires high requirements for raw materials.

Bio-drying

Bio-drying is the process of generating heat through aerobic metabolism of microorganisms,
achieving the self-heating and high-temperature state of the material, and carrying out the
evaporated moisture of the material through forced ventilation. The treatment cycle of
bio-drying is short, the operating cost is low, and the technical adaptability is strong.

2.2. Experimental Setup

The experimental device used to explore the bio-drying effect of sludge consists
of three parts: a reactor body, a ventilation and deodorization pipeline system, and an
online control and monitoring system. The reactor box is a stainless-steel drying chamber
composed of a 30 cm cube and a curved surface with a radius of 15 cm, with an effective
volume of 40 L. The upper part is equipped with a square sampling port, from which sludge
is discharged into the chamber. When conducting bio-drying experiments, the sampling
port is closed. There is a circular sample outlet at the bottom, and the nut of the outlet can
be loosened to clean the chamber after the experiment. The sludge is stirred by the stirring
shaft and two stirring blades inside the chamber. The internal structure of the reaction box
is provided in Figure 1.

The system uses a high-temperature-resistant dehumidification fan to forcibly extract
air through a 30 mm air outlet above the side wall of the drying chamber through negative
pressure suction. The water vapor and harmful gases generated by sludge bio-drying are
extracted through this air outlet, and the start and stop of the dehumidification fan are
controlled through feedback from two factors: time and temperature. After the dehumid-
ification fan is turned on, a negative pressure state is formed inside the drying chamber,
and air enters the drying chamber through the non-enclosed area of the chamber. There is
a deodorization box installed on the outlet pipeline system, where activated carbon and
sponge are placed to adsorb the odor substances in the discharged gas. The temperature of
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sludge and hot gas inside the drying chamber are measured by the digital thermocouples
inside, and the air humidity at the inlet and outlet are also monitored in real time by the
humidity sensor inside.
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2.3. Experimental Methods
2.3.1. Experimental Procedures

1. Before the start of the bio-drying experiment, a dose of composite thermophilic
bacteria with a mass ratio of 100:1 was inoculated, and the material was fed into
the reactor. The ventilation rate, heating temperature, upper and lower limits of
material temperature, stirring speed, and stirring frequency were set through the
digital panel. After ensuring that the sampling port above was closed, the control
system was activated to start the bio-drying experiment.

2. During the bio-drying experiment, each group of experiments used a stirrer to contin-
uously stir the materials, with a stirring frequency of 4.6 r/min and a ventilation rate
of 1.58 L/(min·kg). During the experiment, samples were taken every 2 h to measure
the moisture content, thermocouples were used to record the temperature changes in
the stack every 5 min, humidity sensors were used to monitor the moisture content
changes in the inlet and outlet air, and samples were taken every 2 h to measure the
moisture content changes in the mixed materials.

3. After the bio-drying experiment was completed, we stopped the reactor control
system, opened the discharge port below, cleaned the drying products, and conducted
the moisture content test. After sealing the remaining products, we sent them to
a professional testing institution for characterization of calorific value. After the
temperature inside the reactor returned to room temperature, we proceeded to the
next set of bio-drying experiments.

2.3.2. Characterization

The characterization methods, and instrument models of experimental raw materials
and products are shown in Table 2.
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Table 2. Basic properties of experimental raw materials.

Items Dehydrated Sludge Straw Rice Husk Sawdust Corncob

Moisture content
(%)

84.5~89.7
(87.1) 11.8~14.7 (13.3) 10.9~11.9 (11.4) 27.8~29.5 (28.7) 11.2~14.1 (12.7)

Volatile matter
(%) 45.9~46.2 (46.1) 85.7~86.1 (85.9) 82.9~83.2 (83.1) 92.9~93.2 (93.1) 95.9~96.2 (96.1)

C
(%) 51.41 36.34 35.56 43.14 43.62

H
(%) 4.14 5.45 5.35 5.95 6.11

N
(%) 7.61 0.66 0.39 0.08 0.28

S
(%) 0.89 0.13 0.12 0.10 0.14

Qnet,d
(kJ/kg) 11,790.0 13,294.7 13,491.18 16,362.5 16,574.2

Qnet,ar
(kJ/kg) 1925.5 13,034.8 13,113.1 16,169.4 16,482.6

Bulk density
(kg/m3) 970 259 355 167 287

Hemicellulose
(%TS) - 20.88 18.72 13.56 37.74

Cellulose
(%TS) - 28.39 25.95 33.75 35.19

Lignin
(%TS) - 17.30 26.09 22.01 8.22

Note: There are differences between different batches of materials, resulting in certain fluctuations in the measure-
ment parameters. The average value is calculated in parentheses.

3. Results
3.1. The Effect of Thermal Assistance on Dehydrated Sludge Bio-Drying

This study uses direct heating to simulate the utilization of waste heat from carboniza-
tion gas reflux and compare the thermal assisted bio-drying system with the traditional
bio-drying system without thermal assistance and the direct thermal drying system. The
specific parameters are provided in Table 3.

Table 3. Characterization methods of raw materials and products.

Items Method Instrument Model

Moisture content Gravimetric method DHG-9030A, Shanghai Peiyin
Instruments, Shanghai, China

Volatile matter Gravimetric method SX2-4-10A, Shangcheng instruments,
Shaoxing, China

C, H, N, S Elemental analysis method Vario UNICUBE, Elemantar,
Rhein-Main-Gebiet, Germany

ulk density Volumetric method ZS-102 vibrating density meter, Dedu
instruments, Changzhou, China

Calorific value Oxygen bomb combustion method 5E-AC8018, Kaiyuan Instruments,
Changsha, China

Cellulose, hemicellulose, and lignin Van Soest abstersion fiber method ANKOM220 fiber analyzer, ANKOM
Technology, Fairport, NY, USA
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3.1.1. Temperature Changes

The temperature changes and accumulation of materials in thermal assisted bio-drying
systems (A1), thermal drying systems (A2), and traditional bio-drying systems (A3) are
shown in Figure 2.
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The heating potential of materials in the A3 system is relatively low, and the material
temperature is maintained at room temperature, which is around 25 ◦C. It does not rise
to the temperature range suitable for the growth of thermophilic bacteria within 24 h.
In addition, the A3 system is significantly affected by room temperature, and during
continuous operation, the material temperature also decreases due to the decrease in
temperature at night. The material temperature of A1 and A2 systems rapidly increases
under the heating effect of the system. In contrast, the material temperature in the A2
system is relatively high. After a 3.5 h heating, the material temperature stabilizes at around
45–47 ◦C, and there is no significant change until the end of the reaction.

Unlike the A2 system, in the A1 system, there is a phenomenon of a secondary increase
in material temperature after it stabilizes. After an initial temperature rise of 3.5 h, the
material temperature of the A1 system stabilized at around 40 ◦C. After a stabilization
period of 13.5 h, a second temperature rise began, with a peak of 43.4 ◦C, which took 4.75 h.
This second temperature rise may be due to the proliferation of thermophilic bacteria and
the degradation of organic matter to produce bioheat [10]. After the second temperature
rise, the temperature of the material begins to decrease. At the end of the reaction, the
temperature of the material drops to around 36 ◦C, which is lower than the stable stage.
This may be due to the degradation of organic matter, which reduces the total mass of the
material and weakens the insulation effect of the system.

Using the cumulative temperature method [23], the data recorded by the temperature
sensor are accumulated and calculated to compare the changes in material temperature in
different systems. Linear fitting was performed on the cumulative temperature of materials
in each system, and it was observed that the cumulative temperature curve of A3 group was
significantly lower than that of A1 group and A2 group, indicating that thermal assistance
can significantly increase system material temperature.
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3.1.2. Moisture Removal Effect

The moisture removal performance of thermal assisted bio-drying systems, thermal
drying systems, and traditional bio-drying systems is shown in Figure 3. The material
moisture content in group A1 decreased from 86.6% to 42.9%, with a decrease of 43.7%
and a relative removal of 50.5%. In group A2, it decreased from 87.2% to 79.2%, with a
decrease of 8% and a relative removal of 9.2%. However, the moisture content of the A3
group material remained basically unchanged, with an initial and final moisture content of
86.4% and 86.3%, respectively, which is consistent with the moisture removal effect in the
initial stage of traditional bio-drying experiments.
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From the above results, it can be seen that relying solely on bio-drying makes it difficult
to increase the material temperature in the short term, and the system’s water evaporation
effect and the ability of the intake to carry water are relatively poor, which in turn affects
the removal of material moisture content. The thermal drying system also makes it difficult
to remove a significant amount of water from the sludge within 24 h. This may be due to
the low heating temperature, which is not enough to evaporate the water in the material. In
addition, the limited number of thermophilic bacteria that can perform organic degradation
in the system makes the sludge sticky, so the water is limited inside the sludge and difficult
to remove.

By comparison, the thermal assisted effect can not only effectively increase the temper-
ature of materials in the reaction system, but also enhance the water removal effect, which
is consistent with the research results of Ma et al. [24]. Therefore, the thermal assisted
bio-drying system has great potential for application in removing water from dehydrated
sludge and is worth further exploration.

3.2. The Effect of Thermal Assisted Combined Plant-Based Biomass Conditioning on Dehydrated
Sludge Bio-Drying

This study simulates the experimental process of integrated equipment for drying
and carbonization, using direct heating to simulate the waste heat of carbonization gas
production. In subsequent practical engineering applications, the recovered carbonization
gas will be used to heat the drying system. Corncob, straw, sawdust, and rice husk were
selected as conditioners. Under the action of thermal assistance, the effects of conditioner
types and ratios on the bio-drying characteristics of sludge were explored, in order to
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provide corresponding scientific basis for the further promotion and application of sludge
bio-drying technology.

3.2.1. The Effect of Different Types of Conditioners under Thermal Assistance on the
Bio-Drying Characteristics of Dehydrated Sludge

Five experiment groups were set up using corncob, straw, sawdust, and rice husk as
conditioners, numbered E1, E2, E3, E4, respectively, and with E5 as the control experiment.
According to the results of multiple parallel pre-experiments, the ratio of sludge to condi-
tioner is set at 4:1, and the total mass of the material is 5 kg. The specific material properties
are shown in Table 4.

Table 4. Control parameters of thermal assisted bio-drying, bio-drying, and direct thermal drying.

Groups Types Materials Temperature (◦C)

A1 Thermal assisted bio-drying 5 kg dehydrated sludge + 50 g bacterial preparations 75

A2 Thermal drying 5 kg dehydrated sludge 75

A3 Bio-drying 5 kg dehydrated sludge + 50 g bacterial preparations -

1. Temperature changes

The temperature changes in the bio-drying system after adding different types of
conditioners are shown in Figure 4. The E1 and E2 groups, as well as the E3 and E4
groups, respectively, show similar temperature changes. Compared to the control group,
the speed of the first temperature rise and the temperature stability value after the first
temperature rise were significantly improved after the addition of conditioners, and the
first temperature rise was achieved within about 3 h, with a temperature stability of around
45 ◦C. The increase in material temperature during the initial stage of bio-drying was
mainly due to the auxiliary effect of heating. It is inferred that the addition of conditioner
improved the heat transfer performance of the bio-drying system.
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After the first temperature rise, the temperatures of the E1 and E2 groups gradually
decreased to around 38 ◦C, and there was no second temperature rise, which was possi-
bly because the material temperature reached a suitable range for thermophilic bacterial
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proliferation after the first temperature rise, so there was no stable period between the
first and second temperature rise. Additionally, due to the thermophilic bacteria prolifer-
ated and metabolized extensively in the early stage of the reaction, a significant amount
of organic matter was degraded, which limited the further proliferation of thermophilic
bacteria and gradually weakened microbial activity. And the material in the system was
significantly reduced, leading to an accelerated rate of heat loss and a decrease in material
temperature. The E3 and E4 groups experienced a brief period of temperature stabilization,
with the material temperature maintained at around 44–46 ◦C after the first temperature
rise; after a stable period of 6 h, a small second temperature rise occurred, with the highest
temperatures reaching 48.2 ◦C and 47.3 ◦C, respectively. Subsequently, the temperature
gradually decreased.

Under the same thermal auxiliary conditions, the material temperature was main-
tained within a relatively high range after adding a conditioner, which was conducive to the
growth and proliferation of thermophilic bacteria. The overall temperature accumulation
of the E1~E4 groups was not significantly different, while the temperature accumulation
of the E5 group (10,850.6 ◦C·5 min) was significantly lower than that of the other four
groups (12,041~13,041.2 ◦C·5 min), indicating that adding conditioners increased system
temperature. Comparing the temperature accumulation of groups E1 to E4, it can be seen
that rice husks and sawdust were more conducive to temperature maintenance.

2. Moisture removal effect

As shown in Figure 5, in the 24 h bio-drying experiment, the moisture content of
the E1 group decreased from 71.69% to 4.20%, a decrease of 67.49%, and the E2 group
decreased from 72.15% to 2.07%, a decrease of 70.08%. The removal trend of moisture
content of bio-drying experiments in the E1 group was similar to the E2 group. The slow
removal stage was 0–10 h, with a 2% reduction in moisture content per hour; 10–20 h was
the rapid removal stage, and the rate of moisture content reduction was 2.5 times that of
the slow stage; and 20–24 h was the stagnation stage and had no significant change in
moisture content. According to the temperature changes in the materials, it can be seen
that the period of significant moisture removal lagged behind the period of significant
temperature rise.
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The moisture content of the E3 group decreased from 76.73% to 10.78%, a decrease
of 65.95%, while the E4 group decreased from 73.32% to 16.03%, a decrease of 57.29%.
The moisture removal trend of these two groups was relatively consistent, with a slow
removal stage from 0 to 18 h, with a 1% decrease in moisture content per hour, which
was slower than the E1 and E2 groups; then, 18–24 h was the rapid removal stage, with a
maximum hourly moisture content removal rate of 10% and an average hourly moisture
content reduction of 7%. In the latter half of the stage, there was a greater potential for
moisture removal.

In comparison, the E1 and E2 groups had the best moisture removal efficiency, with
the material moisture content dropping below 10% within 24 h. E3 and E4 groups took
second place, and the moisture content of the material after reaction reached below 20%.
The moisture content of the control experimental group without the addition of a condi-
tioner was only reduced to 42.89%. Therefore, adding straw or corncob as a conditioner,
setting the heating temperature at 75 ◦C, ventilation rate at 1.58 L/(min·kg), and using
continuous turning mode can quickly reduce the moisture content of the material to below
10% after 24 h.

3. Product calorific value

The calorific value is the unit heat released by a substance after complete combustion
and cooling to the temperature before combustion, which is closely related to the organic
matter content and moisture content. As water is removed, the lower calorific value
will continue to increase, while the degradation of organic matter will lead to a decrease
in calorific value. To evaluate the economic feasibility of carbonization or incineration
treatment, the calorific value of the dried products was measured, as shown in Table 5.

Table 5. Basic properties of mixed materials under different types of conditioners.

Groups Conditioners Initial Moisture Content

E1 Corncob 71.69%
E2 Straw 72.15%
E3 Sawdust 76.73%
E4 Rice husk 73.32%
E5 - 84.61%

The lower calorific value of each kilogram of standard coal is 29,307 kJ/kg, which
translates to 1 kg of corncob-sludge drying product equivalent to 0.3 kg of standard
coal, and 1 kg of straw-sludge drying product is equivalent to 0.40 kg of standard coal,
higher than the other three groups of drying products. The requirement for feedstock in
carbonization treatment is that the higher calorific value exceeds 15,000 kJ/kg. From the
table, it can be seen that the calorific values of the four groups of sludge drying products
with conditioners can meet the requirements of carbonization treatment.

According to the above experimental results, it can be concluded that corncob and
straw are more effective as conditioners in the thermal assisted bio-drying experiment than
rice husk and sawdust, which is consistent with the research results of Yuan et al. [25].
According to the research results of Zhang et al. [26], cellulose has been shown to be
the most biodegradable among lignocellulose by microorganisms. However, Komilis
et al. [27] found that lignin can shield around cellulose, hindering microbial degradation of
cellulose. The raw material characterization data show that the cellulose content of the four
conditioners is not significantly different, but the lignin content of rice husk and sawdust is
significantly higher than that of corncob and straw. Based on the monitoring results of the
bio-drying process, it is speculated that due to the different composition of lignocellulose
in each conditioner, corncob and straw have better overall biodegradability than rice husk
and sawdust. Therefore, sufficient organic matter can be added to the dehydrated sludge,
which makes up for the lack of carbon source in the dehydrated sludge in this experiment.
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The research results of Petric et al. [28] also indicate that adding more wheat straw can
produce more biodegradable carbon.

4. Surface morphology

Scanning Electron Microscopy (SEM) was used to characterize the morphology of
various plant-based biomass and drying products.

• Corncob

From Figure 6a–c, it can be observed that the arrangement of the internal structure of
corncob is not very regular, with fewer complete pore structures, larger but fewer pores,
and relatively fewer attachment points. Figure 6d–f indicate that the pore structure and
adhesive sites of the corncob-sludge drying product are basically covered and masked,
possibly due to the attachment of microorganisms to the surface of the corncob, resulting
in the formation of a layer of reaction residue on the surface. The surface pores are partially
penetrated, while some remain in a circular structure. It is speculated that the irregular
structure of the corncob results in a lack of clear flow channels for airflow and water to
migrate inside the material, resulting in perforation in weaker areas of the material.
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• Straw

Figure 7a–c show that the interior of the straw is a porous framework with many pores
on the surface, which is conducive to water migration and the improvement in the structure
of dehydrated sludge. Overall, straw structure is mostly rod-shaped, and its surface can
provide more attachment points for microbial growth. Figure 6d–f indicate that the pore
structure on the surface of the straw-sludge drying product and the exposed attachment
points before the reaction are basically covered and masked. After reaction, the surface
pores change from circular to elliptical, and the pore area increases. It is speculated that
during the bio-drying process, the migration of airflow and water leads to the continuous
expansion of pore size, and both airflow and water move forward along the direction of
the rod-shaped structure, ultimately forming an elliptical structure.
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• Sawdust

The apparent morphology of sawdust is shown in Figure 8a–c. The internal pores
are regular hexagonal structures and arranged tightly, with a honeycomb shaped cross-
section. Overall, the sawdust has a rod-shaped structure, and the rod-shaped body is
not interconnected internally, with a large number of pores on the surface. The side and
internal cross-section of the rod-shaped body can provide more attachment points for
microorganisms, which is conducive to the migration of airflow and water. The surface
of the reacted sawdust sludge product is shown in Figure 8d–f, showing a phenomenon
of covering the attachment points and pores, with some rod-shaped pores collapsing and
residual reaction residue on the surface.
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• Rice husk

The apparent morphology of rice husk is shown in Figure 9a–c. The internal structure
of rice husks is closely arranged with many pores, and there is a layer of film wrapped
around the surface. Unlike the other three types of biomasses, the wrapping film on the
surface of rice husks has neatly arranged tripod shaped protrusions, which can provide a
certain number of attachment points for microbial growth. The rice husk sludge product
after reaction is shown in Figure 9d–f, and the surface is also covered by residues. From the
cross-section, the pores of the rice husk are basically blocked, and a significant amount of
material is covered by the surface protrusions. Some of the material covering the surface of
the rice husk is adhesive hyphae, indicating that microbial life activities have occurred on
the surface and internal structure of the biomass during the bio-drying process.
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3.2.2. The Effect of Conditioner Ratio under Thermal Assistance on the Bio-Drying
Characteristics of Dehydrated Sludge

According to the results of multiple parallel pre-experiments, when the mass ratio of
dehydrated sludge to conditioner is 5:1, the initial moisture content of the mixed material
can be reduced to about 75%. When the dosage of conditioner is further increased to
3:1, the initial moisture content can be reduced to about 65%, which basically meets the
requirements of composting.

Compared with the other three conditioners, the comprehensive drying effect of straw
is better, and the cost is lower. Therefore, straw is selected as the conditioner to explore the
effect of the conditioner ratio on the bio-drying experiment. The total mass of each group
of stacked materials is 5 kg. Different ratios were obtained by adjusting the mass ratio of
sludge to conditioner, and three groups were set up: F1, F2, and F3. The specific parameters
are shown in Table 6.

Table 6. Calorific value of bio-drying products under different conditioners.

Groups Qnet,ar (kJ/kg) Qnet,d (kJ/kg) Qgr,d (kJ/kg)

E1 8801.7 10,154.7 16,804.1
E2 11,608.8 14,652.8 16,276.0
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Table 6. Cont.

Groups Qnet,ar (kJ/kg) Qnet,d (kJ/kg) Qgr,d (kJ/kg)

E3 10,487.2 15,366.8 16,798.0
E4 10,272.0 14,528.6 15,883.0

1. Temperature changes

The temperature changes in the bio-drying system after adding different ratios of
conditioner are shown in Figure 10. The overall temperature change trend of the F1
group and F2 group is similar. The initial temperature rise lasted for 2.5 h, followed by
a stable period of 11.5 h. The material temperature remained stable at around 46–47 ◦C.
Subsequently, the temperature of both groups began to decrease significantly, eventually
dropping to 38–40 ◦C, and there was no significant second temperature rise. The speculated
reason is that thermophilic bacteria proliferate extensively in the early stage of bio-drying
experiments, leading to a rapid increase in temperature without a second temperature
rise. After the available organic matter is consumed, the activity of thermophilic bacteria
gradually weakens, and the temperature of the pile begins to gradually decrease. After the
first temperature rise of 2.5 h, the F3 group entered a temperature stabilization stage that
lasted for 5.5 h. Subsequently, a second temperature rise occurred, with a peak temperature
of 45.8 ◦C. The second temperature rise stage took 10.5 h, and then the temperature began
to decline.
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Under the same system control conditions, the material temperature was maintained
within a relatively high range after adding different proportions of conditioner, and the
overall temperature accumulation of groups F1 to F3 was also fairly consistent. The
research results indicate that the higher the proportion of conditioner added, the faster the
temperature of the material rises, and the earlier the proliferation stage of thermophilic
bacteria appears.

2. Moisture removal effect

As shown in Figure 11, after 24 h of the bio-drying experiment, the moisture content
of the F1 group material decreased from 69.09% to 10.03%, a decrease of 59.06%, and the
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relative moisture removal rate reached 85.48%. The moisture content of F2 group materials
decreased from 72.15% to 2.07%, with a decrease of 70.08%, and a relative moisture removal
rate of 97.13%. The moisture content of F3 group materials decreased from 75.63% to
39.81%, a decrease of 35.82%, and the relative moisture removal rate was 47.36%.
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The water removal of F1 and F3 groups can be divided into two stages: slow and fast.
The slow removal stage for the F1 group is 0–14 h, and the fast removal stage is 14 h later.
The F3 group was limited by the sampling time, and it is difficult to determine the specific
boundary points between the two stages. The removal rates of F1 and F2 in the slow water
removal stage are 1.15%/h and 0.59%/h, respectively, and the removal rates in the fast
water removal stage are 4.30%/h and 2.40%/h, respectively. The water removal of the F2
group can be divided into three stages: slow, fast, and second slow. Due to sampling time
constraints, it is difficult to accurately determine the specific time nodes of the first two
stages. The moisture removal rates in the slow and fast stages of F2 group are 1.67%/h and
4.93%/h, respectively. When the drying process reaches the 20th hour, the moisture content
of the material decreases to 6%. At this point, the second slow removal stage is entered,
and the moisture removal rate is 1%/h.

Based on the trend of temperature changes, it can be seen that the F1 group begins
to remove a significant amount of water when the temperature drops. This may be due
to the evaporation of a significant amount of material moisture under ventilation, which
absorbs the system heat. After 20 h, the water removal rate of group F2 decreased, while
the temperature gradually increased; this may be due to the decrease in water evaporation
rate. Additionally, the temperature gradually rose under the thermal assistance.

The experimental results show that the F1 and F2 groups have better water removal
effects, and the moisture content of the materials can decrease to below 10% within 24 h.
The moisture content of the F3 group materials is still relatively high after bio-drying.
Therefore, under the conditions of this experiment, when the straw blending ratio is within
4:1, the moisture content of the material can quickly reach below 10% after 24 h.

3. Product calorific value

Statistical analysis was conducted on the calorific value of drying products with
different proportions of conditioner added, and the statistical results are shown in Table 7.
When the mass ratio of straw to sludge was 1:4, the wet-based lower calorific value was
the highest, because the moisture content of the drying products in the F2 group was the
lowest. As the proportion of straw added decreased, the dry-based higher calorific value of
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the drying products also decreased. The wet-based lower calorific value of drying products
in the above three ratio experiments was higher than 5100 kJ/kg, which can be used as
incineration raw materials. The dry-based higher calorific value reached over 15,000 kJ/kg,
which can meet the feedstock standards for carbonization treatment (Table 8).

Table 7. The basic properties of materials under different ratios of bulking agent.

Groups Total Mass Msludge:Mconditioner Initial Moisture Content

F1 5 kg 3:1 69.09%
F2 5 kg 4:1 72.15%
F3 5 kg 5:1 75.63%

Table 8. Calorific value of bio-drying products under different conditioner ratios.

Groups Qnet,ar (kJ/kg) Qnet,d (kJ/kg) Qgr,d (kJ/kg)

F1 11,055.4 14,707.1 16,325.7
F2 11,608.8 14,652.8 16,276.0
F3 8671.7 14,507.1 16,125.8

Overall, when the mass ratio of straw to sludge is 1:4, the moisture content of sludge
bio-drying products is the lowest, the calorific value is the highest, and the comprehensive
drying effect is the best. The reason may be that at this ratio, the porosity of the reactor body
can meet the requirements of ventilation and oxygen supply, as well as the requirements
of system insulation, and the aerobic reaction of microorganisms is carried out more fully.
The high temperature generated is conducive to vaporizing the water inside the material
into steam and carrying it out of the reactor through ventilation.

4. Conclusions

This research mainly discusses the impact of thermal assistance combined with plant-
based biomass conditioning on the bio-drying of dehydrated municipal sludge. The drying
effect is evaluated using indicators such as changes in process moisture content and product
calorific value. The research results show that thermal assistance can increase the tempera-
ture of materials in the bio-drying system, making the water removal effect much better
than that of thermal drying systems and traditional bio-drying systems. Adding plant-
based biomass conditioners can effectively regulate the moisture content, C/N, and free
space of mixed materials, as well as improve the material temperature and water removal
efficiency. The higher calorific value of the dried products can meet the requirements of
carbonization treatment for feed. The optimal conditioner in this study is straw, and the
optimal mass ratio of dehydrated sludge to conditioner is 4:1.

This study recycled plant-based biomass and simulated the utilization of heat from
the waste gas of the carbonization system. This not only improved the drying effect of
sludge, but also reduced a significant amount of agent and energy consumption in practical
applications. However, this study lacks in-depth exploration of the changes in microbial
activity and dominant populations during the thermal assisted bio-drying process. In
future research, specific pathways for organic matter degradation can be explored, and
methods to enhance the effectiveness of bio-drying can be sought. In addition, further
exploration is needed on the carbonization utilization of post drying products, as well as
the reflux and heat utilization of carbonization gas produced after actual integration with
the carbonization system.
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