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Abstract 

Stingless bee honey is a premium natural product with high nutritional and medicinal value; however, its naturally 

high moisture content (30–35%) promotes microbial fermentation, shortens shelf life, and restricts commercial 

production. This study presents the development of a compact vacuum-assisted dehumidification machine 

integrated with a drying-time prediction model for community-scale stingless bee honey processing. The system 

combines indirect hot-water heating, vacuum evaporation, and mechanical agitation to accelerate moisture removal 

while maintaining stable operating conditions. Drying experiments were conducted using 10 L of a honey-like sugar 

solution with an initial moisture content of 35%, targeting a final moisture content of 20%. The effects of heating 

temperature (50 and 70 °C), operating pressure (0 and -80 kPa), and agitation speed (0 and 60 rpm) on drying 

performance were investigated. Moisture content, soluble solids (°Brix), thermal efficiency, electrical energy 
consumption, and drying time were determined. Drying kinetics were analyzed using Newton's drying equation, 

and an empirical regression model was established to predict drying time under different operating conditions. 

Vacuum pressure was identified as the dominant factor governing moisture removal, followed by heating 

temperature and agitation speed. The optimum condition (70 °C, -80 kPa, and 60 rpm) reduced the moisture content 

from 35% to 20% within 9 h, whereas 168 h was required under atmospheric pressure at 50 °C without agitation. 
Soluble solids increased from 64 to 79 °Brix during dehydration. Vacuum operation improved thermal efficiency by 

4.21-7.76 times and reduced electrical energy consumption to 0.12-0.14 USD kg
-1
. The proposed machine and 

predictive model provide an energy-efficient and practical solution for producing high-quality stingless bee honey 

and support process design, optimization, and scale-up for community enterprises. 

Keywords: Stingless bee honey; Honey dehumidification; Vacuum drying; Drying kinetics; Thermal efficiency. 

 



1. Introduction 

Stingless bees have become economically important insects, generating substantial income for farmers. 

Beyond their economic value, they play a vital role as pollinators in tropical ecosystems, contributing significantly 

to ecosystem sustainability [1-3]. They also produce high-value products, particularly stingless bee honey, which is 

recognized for its outstanding nutritional value and medicinal properties. Its physicochemical characteristics, 

including moisture content, soluble solids, acidity, and hydroxymethylfurfural (HMF), have been widely reported [4-

5]. Stingless bee honey is characterized by its distinctive sweet–sour taste and contains abundant phenolic 

compounds and flavonoids with strong antioxidant and anti-inflammatory activities [6-8]. However, despite these 

beneficial properties, one of its major limitations is its naturally high moisture content, typically ranging from 30% 

to 35%. Such high moisture content promotes the growth of yeasts and molds, leading to fermentation and rapid 

quality deterioration [5], [9-13]. Therefore, reducing the moisture content is essential for preserving the quality of 

stingless bee honey and represents an important processing technology for increasing its commercial value and 

promoting Thai agricultural products to international standards.  

The naturally high moisture content of stingless bee honey (30-35%) directly accelerates microbial 

fermentation and quality deterioration [5], [12-14]. Consequently, the development of an efficient dehumidification 

process is essential to preserve its nutritional value, antioxidant capacity, and phenolic compounds [7], [15]. Various 

dehydration technologies have been investigated, including vacuum drying [16-19], microwave heating [20-21], low-

temperature drying under atmospheric conditions [22-23], rotary-spray honey dehydrators [24], vacuum drying 

combined with mechanical agitation [25], and polymer-based desiccant dehumidification systems [26]. These 

technologies not only reduce the moisture content of stingless bee honey but also extend its shelf life while 

maintaining its physicochemical stability.  

A major challenge faced by commercial stingless bee honey producers is the high moisture content, which 

increases the risk of fermentation and product spoilage [11]. Although industrial-scale dehumidification technologies 

are available, they are generally large, expensive, and excessively complex for community enterprises. In contrast, 

small-scale dehumidification systems often lack precise temperature control, and excessive heating may increase 

hydroxymethylfurfural (HMF) formation and degrade honey quality [27]. Furthermore, the viscosity of honey increases 

during water evaporation, reducing heat-transfer efficiency and prolonging the drying process [28-29]. Therefore, 

developing a dehumidification system that integrates efficient heating, pressure reduction to lower the boiling point 

of water, and mechanical agitation to increase the liquid surface area is a promising approach for accelerating 

moisture removal. A high-performance dehumidification machine with stable temperature control and reasonable 

operating costs is therefore essential for enabling community enterprises to produce high-quality stingless bee honey 

and enhance consumer confidence in standardized products [2-3], [8-9].  

Therefore, this study aimed to develop and evaluate a dehumidification machine suitable for community-

scale stingless bee honey production. The effects of heating temperature (50 and 70 °C), operating pressure (0 and 
-80 kPa), and agitation speed (0 and 60 rpm) on the moisture removal rate and quality of stingless bee honey were 



systematically investigated. The proposed system was designed to provide stable temperature control, high 

dehumidification efficiency, and practical operating costs, thereby enabling producers to obtain stingless bee honey 

with consistent quality, extended shelf life, and improved commercial value that meets international standards.  

2. Materials and Methods 

2.1 Development of the Stingless Bee Honey Dehumidification Machine 

A laboratory-scale honey dehumidification machine with a processing capacity of 10 L consists of a double-

jacketed vessel, a vacuum pump, an agitator, a temperature control system, and auxiliary components. A ULVAC 

YTP400-4W01 vacuum pump was used to remove air and water vapor from the vessel (not shown in Fig. 1). Agitation 

was provided by an ORIENTAL MOTOR (OM) BHM62T-G2, while the hot-water temperature was controlled using 

a Panasonic KT4R temperature controller at the desired operating temperatures of 50 and 70 °C, as shown in Fig. 
1(a).  

The double-jacketed vessel comprised an outer and an inner tank, both fabricated from stainless steel 304. 

The outer tank served as the hot-water jacket and has an outer diameter of 550 mm, an inner diameter of 400 mm, 

and a height of 230 mm. It supplied thermal energy to the inner tank through indirect heat transfer. The inner tank 

was designed with a wide and shallow geometry, having a diameter of 400 mm and a height of 150 mm. The 

resulting surface-area-to-volume ratio was 12.5664 m
2
/m

3
, providing a large exposed liquid surface that promoted 

moisture evaporation during the dehydration process. It is supported by stainless-steel 304 tubular legs with a 

diameter of 40 mm and a length of 150 mm, as illustrated in Fig. 1(b). Heating was provided by two 300-W stainless-

steel cartridge heaters. The hot-water temperature was regulated using a PID controller coupled with Type-T 

thermocouples to monitor the temperatures of both the hot water and the honey-like sugar solution. The agitator 

and speed controller were integrated into the top cover assembly, allowing the agitation speed to be adjusted 

continuously up to a maximum of 100 rpm, as shown in Fig. 1(c). The vessel lid was fabricated from stainless steel 

304 with an outer diameter of 230 mm and was used to seal the system during both atmospheric and vacuum 

operations. It incorporates a stainless-steel vacuum pipe with a diameter of 40 mm and a length of 1000 mm, 

connecting the vessel to the vacuum pump for air evacuation. A 1/2-inch brass ball valve was installed for sample 

collection during the dehumidification process. The operating pressure inside the vessel was measured using a 

KEYENCE AP-44 pressure sensor with a measurement range of 101.3 to -101.3 kPa. In addition, the lid was equipped 

with a stainless-steel vent valve and a 40-mm-diameter sight glass for visual observation during operation, as shown 

in Fig. 1(d). The specifications of the machine were summarized in Table 1.  



 

                  (a) 

 

                    (b) 

  

                             (c) 

  

                                (d) 

Fig. 1. Configuration of the stingless bee honey dehumidification machine: (a) overall view of the 

dehumidification machine; (b) double-jacketed vessel; (c) internal configuration of the dehumidification machine; 

and (d) vessel lid assembly. 

Table 1. Specifications of the stingless bee honey dehumidification machine. 

    Item     Details 
Operating principle Indirect hot-water heating combined with vacuum evaporation and 

mechanical agitation  
Honey capacity 10 L 

Hot-water capacity 4.5 L 

Operating temperature 50°C to 70°C 

Operating Pressure 0 to -80 kPa 
Agitation speed 0 to 100 RPM 

Heating system Cartridge electric heaters, 300 W x 2 
Vacuum system Oil Rotary vacuum pump 

Temperature controller PID controller 
Construction material Stainless Steel 304 
Overall dimensions 63 x 63 x 75 cm 

Surface area-to-volume ratio (m2/m3) 12.5664 
 

 

 



2.2 Raw Material Preparation 

A honey-like sugar solution was prepared as a substitute for stingless bee honey in order to minimize the 
experimental cost while maintaining moisture characteristics comparable to those of natural honey. The solution 
was prepared by dissolving brown sugar in water to obtain a total volume of 10 L with an initial moisture content 
of 35%, representing the upper limit of the moisture content typically found in freshly harvested stingless bee 
honey [9,10]. 

The required proportions of brown sugar and water were calculated to achieve the target moisture 
content. The prepared solution was thoroughly mixed before each experiment to ensure a homogeneous 
composition. The use of a honey-like sugar solution instead of natural stingless bee honey significantly reduced 
material consumption and experimental cost while providing consistent experimental conditions throughout the 
study. A comparison between natural stingless bee honey and the prepared honey-like sugar solution is presented 
in Fig. 2. 

 

Fig. 2. Natural stingless bee honey and the honey-like sugar solution used in the experiments. 

2.3 Experimental Procedure 

The experiment was initiated by preparing 10 L of a honey-like sugar solution with an initial moisture 
content of 35%, as measured using a digital honey moisture meter based on the refractive index principle. Once 
the hot-water temperature reached the preset value, the honey-like sugar solution was transferred into the jacketed 
vessel, and the lid was securely closed. The agitator and vacuum pump were then operated simultaneously 
according to the prescribed experimental conditions. During each experiment, samples of the honey-like sugar 
solution were collected at 1-h intervals to monitor changes in moisture content and soluble solids (°Brix) 
throughout the drying process. The experiment was terminated when the moisture content reached the target 
value of 20%.  

Measurement errors and instrument uncertainties directly influence the accuracy of process control and 
experimental conditions. Therefore, to ensure the reliability and transparency of the experimental results, all data 
presented in this study were obtained directly from the measuring instruments without correction. The 
specifications, resolutions, and measurement uncertainties of the instruments used in this study are summarized 
in Table 2.  



Table 2. Measuring instruments and their specifications. 

Parameter Measuring Instruments Resolution Error Value (%) 
Water Temperature (°C) Thermocouple Type T 0.1 °C ±0.1 
Honey Temperature (°C) Thermocouple Type T 0.1 °C ±0.1 
Pressure (kPa) Sensor KEYENCE AP-44 0.1 kPa ±0.1 
Moisture (%) Refractive measurement device 0.1 % ±0.2 

 

2.4 Experimental Design 

A full-factorial experimental design was employed to investigate the effects of the three primary operating 
variables on the dehumidification performance of the developed honey dehumidification machine. The investigated 
factors included heating temperature (50 and 70 °C), operating pressure (0 and -80 kPa), and agitation speed (0 
and 60 rpm). Each factor was evaluated at two levels, resulting in eight experimental conditions. The experimental 
combinations were designated using the notation A, B, and C, representing temperature, pressure, and agitation 
speed, respectively. This factorial design enabled the individual and combined effects of the operating parameters 
on moisture removal, drying time, soluble solids, thermal efficiency, and electrical energy consumption to be 
systematically evaluated. All experiments were conducted using 10 L of honey-like sugar solution with an initial 
moisture content of 35%, and the dehumidification process was terminated when the moisture content reached 
20%. The experimental design and operating conditions are summarized in Table 3. 

Table 3. Experimental design and operating conditions for the dehumidification experiments 

Condition Temp. (°C) P (kPa) N (rpm) 
A1B1C1 50 0 0 
A1B1C2 50 0 60 
A1B2C1 50 -80 0 
A1B2C2 50 -80 60 
A2B1C1 70 0 0 
A2B1C2 70 0 60 
A2B2C1 70 -80 0 
A2B2C2 70 -80 60 

 

2.5 Electricity Cost Analysis 

The electricity cost of the dehumidification process was evaluated to assess the operating cost of the 
developed machine under different experimental conditions. The electricity cost per unit mass of the processed 
honey-like sugar solution was calculated using Eq. (1): 



Electricity cost   (USD/kg) = P×t×Cem         (1) 

where P is the total electrical power consumption of the dehumidification system (kW), including the heater, 
vacuum pump, and agitator; t is the operating time (h); Ce is the electricity price (USD/kWh); and m is the mass 
of the processed honey-like sugar solution (kg). This parameter was used to compare the economic performance of 
the dehumidification process under different operating temperatures, pressures, and agitation speeds. 

2.6 Experimental Uncertainties  

Experimental uncertainties were evaluated to ensure the reliability of the measured data. The uncertainty 
of each measuring instrument was obtained from the manufacturer's specifications and considered during data 
analysis. Temperature was measured using a digital thermometer with an accuracy of ±0.1 °C. The operating 
pressure was monitored using a vacuum gauge with an accuracy of ±1 kPa. Moisture content was determined 
using a digital refractometer with an accuracy of ±0.2 °Brix, while electrical power con sumption was recorded 
using a power meter with an accuracy of ±1% of the measured value. The mass of the honey-like sugar solution 
was measured using an electronic balance with a readability of ±0.01 kg. 

3. Results and Discussion 

3.1 Moisture Content Variation 

Fig. 3 illustrates the variation in the moisture content of the honey-like sugar solution under different 
heating temperatures (50 and 70 °C), operating pressures (0 and -80 kPa), and agitation speeds (0 and 60 rpm). 
The experimental results showed that temperature significantly affected the moisture removal rate. Drying at 70 
°C exhibited a substantially faster reduction in moisture content than drying at 50 °C, resulting in a shorter drying 
time. Under vacuum conditions (-80 kPa), the moisture content decreased from 35% to 20% within 9 h at 70 °C, 
whereas 28 h were required at 50 °C. During the initial stage of drying, moisture content decreased rapidly; 
however, the evaporation rate gradually declined with increasing drying time because the viscosity of the honey-
like sugar solution increased as water was removed. These results indicate that temperature is one of the major 
factors influencing the moisture removal rate [16], [23], [30]. In addition, vacuum operation enhanced the effect of 
temperature by accelerating moisture evaporation and further reducing the drying time compared with 
atmospheric pressure [18], [21]. 



  

  

 

Fig. 3. Variation in the moisture content of the honey-like sugar solution during dehumidification at different 
temperatures under atmospheric and vacuum conditions. 

 

Fig. 4 presents the effect of operating pressure on the moisture removal behavior of the honey-like sugar 
solution. A substantial improvement in the drying rate was observed under vacuum conditions (-80 kPa) compared 
with atmospheric pressure (0 kPa). Under vacuum operation, the moisture content decreased rapidly during the 
initial stage of drying, enabling the moisture content to be reduced from 35% to 20% within a considerably shorter 
period. The enhanced drying performance under vacuum conditions is primarily attributed to the reduction in the 
boiling point of water as the operating pressure decreases. Consequently, moisture evaporation occurred at a lower 
temperature, allowing water to vaporize more readily without requiring excessive thermal energy. In addition, the 
pressure difference between the liquid surface and the surrounding environment increased the vapor pressure 
driving force, thereby accelerating mass transfer from the honey solution to the vapor phase. Similar observations 
have been reported in previous studies on vacuum drying of honey and other heat-sensitive food materials [18,23]. 

Compared with atmospheric pressure, vacuum operation not only reduced the drying time but also 
minimized prolonged thermal exposure, which is advantageous for preserving the physicochemical quality of 
stingless bee honey. These findings indicate that operating pressure is the dominant factor governing the moisture 
removal process in the developed dehumidification system. 



  

  

Fig. 4. Effect of operating pressure on the moisture content of the honey-like sugar solution during the 
dehumidification process. 

 

Fig. 5 illustrates the influence of agitation speed on moisture removal during the dehumidification 
process. Increasing the agitation speed from 0 to 60 rpm shortened the drying time under all operating conditions. 
The improvement was particularly noticeable under vacuum conditions, where the combined effects of agitation 
and pressure reduction produced the highest drying performance. Mechanical agitation continuously renewed the 
liquid surface exposed to evaporation while promoting uniform temperature distribution throughout the honey 
solution. Consequently, temperature gradients inside the chamber were reduced, and both heat and mass transfer 
were enhanced. Agitation also prevented the formation of localized high-viscosity regions near the heating surface, 
thereby reducing internal diffusion resistance and facilitating moisture transport from the bulk liquid to the 
evaporation surface.  

Although the influence of agitation was less pronounced than those of temperature and operating 
pressure, it consistently improved drying performance by increasing the effective heat-transfer area and reducing 
the boundary-layer thickness adjacent to the liquid surface. Similar improvements in drying efficiency due to 
mechanical mixing have been reported for vacuum-assisted dehydration processes of viscous food products [23,29]. 
The combined application of elevated temperature, vacuum pressure, and mechanical agitation provided the 
highest moisture removal rate, confirming that simultaneous enhancement of heat transfer and mass transfer is 
essential for efficient stingless bee honey dehumidification.  



 

Fig. 5. Effect of agitation speed on the moisture content of the honey -like sugar solution during the 
dehumidification process. 

 

3.2 Effect of Dehumidification on Soluble Solids Content 

Fig. 6 illustrates the variation in the soluble solids content (°Brix) of the honey-like sugar solution during 
the dehumidification process under different operating temperatures, pressures, and agitation speeds. As the 
moisture content gradually decreased from 35% to 20%, the soluble solids content increased continuously from 
approximately 64 to 79 °Brix. This trend indicates that water removal progressively concentrated the dissolved 
solids in the solution. 

Among the investigated operating parameters, vacuum pressure had the greatest influence on the rate of 
soluble solids concentration. At an operating pressure of -80 kPa, the target soluble solids content was achieved 
considerably faster than under atmospheric pressure because the reduced pressure promoted moisture evaporation 
by lowering the boiling point of water. Increasing the operating temperature from 50 to 70 °C further accelerated 
the concentration process by supplying additional thermal energy for evaporation. Mechanical agitation also 
contributed to the increase in soluble solids by improving temperature uniformity and enhancing heat and mass 
transfer within the solution. 

The increase in soluble solids content can be explained by the concentration effect resulting from 
moisture removal. During the dehumidification process, water was continuously evaporated while the amount of 



dissolved sugar remained essentially constant. Consequently, the concentration of dissolved solids increased, 
leading to higher °Brix values. The observed trends demonstrate that the developed dehumidification machine 
effectively concentrated the model solution by simultaneously enhancing heat transfer and moisture removal. It 
should be noted that the present study employed a honey-like sugar solution as a model fluid to evaluate the 
dehumidification performance of the developed machine under controlled and reproducible conditions. Therefore, 
the measured soluble solids values primarily represent the concentration behavior of the model solution. Validation 
using natural stingless bee honey is recommended in future studies to confirm the applicability of the developed 
process to actual honey. 

 

Fig. 6. Variation in the soluble solids content (°Brix) of the honey-like sugar solution during the dehumidification 
process under different operating conditions. 

 

3.3 Thermal Efficiency 

Fig. 7 presents the thermal efficiency of the developed dehumidification machine under different 
operating temperatures, operating pressures, and agitation speeds. Thermal efficiency was employed to evaluate 
the effectiveness of electrical energy utilization during the moisture evaporation process. 

The results indicate that the dehumidification process under atmospheric pressure (0 kPa) exhibited the 
lowest thermal efficiency under all operating conditions. When the operating pressure was reduced to -80 kPa, the 
thermal efficiency increased substantially, reaching values 4.21-7.76 times higher than those obtained under 
atmospheric conditions. This improvement can be attributed to the reduction in the boiling point of water under 
vacuum conditions, which accelerates moisture evaporation while requiring less thermal energy. As a result, a 
larger fraction of the supplied energy is utilized for phase change rather than being dissipated to the surroundings.  

Temperature also had a pronounced effect on thermal efficiency. Increasing the operating temperature 
from 50 °C to 70 °C improved the thermal efficiency by approximately 28.51-72.14%, depending on the pressure 
and agitation conditions. At the higher temperature, heat was transferred more rapidly from the hot -water jacket 



to the honey-like sugar solution, resulting in faster moisture evaporation and a shorter processing time. Agitation 
further enhanced the process by improving temperature uniformity within the solution, reducing thermal gradients, 
and facilitating heat transfer throughout the liquid. The highest thermal efficiencies were obtained when vacuum 
pressure, elevated temperature, and mechanical agitation were applied simultaneously. Under these conditions, 
moisture was removed more rapidly, reducing both processing time and unnecessary energy  consumption. The 
results suggest that combining these operating parameters is an effective strategy for improving the energy 
performance of the developed dehumidification machine. 

 

Fig. 7. Thermal efficiency of the developed dehumidification machine under different operating temperatures, 
pressures, and agitation speeds. 

 

3.4 Electricity Cost 

Fig. 8 compares the electricity cost of the dehumidification process under different operating 
temperatures, pressures, and agitation speeds. The electricity cost is expressed as the electrical energy 
consumption per kilogram of processed honey-like sugar solution (USD/kg), providing an economic indicator for 
evaluating the operating performance of the developed dehumidification machine. 

The results show that operating under vacuum conditions (-80 kPa) substantially reduced the electricity 
cost compared with atmospheric pressure (0 kPa). At 70 °C and -80 kPa, the electricity costs were 0.12 USD/kg 
and 0.14 USD/kg at agitation speeds of 0 and 60 rpm, respectively. Under the same temperature at atmospheric 
pressure, the corresponding costs increased to 0.65 USD/kg and 0.82 USD/kg. At 50 °C, the electricity costs under 
vacuum conditions were 0.45 USD/kg and 0.21 USD/kg, whereas atmospheric operation resulted in considerably 
higher costs of 1.33 USD/kg and 1.53 USD/kg for agitation speeds of 0 and 60 rpm, respectively. 

The lower electricity cost achieved under vacuum conditions is mainly attributed to the shorter drying 
time. Reducing the operating pressure lowers the boiling point of water, allowing moisture to evaporate more 
readily and thereby decreasing the duration of the dehumidification process. Although the vacuum pump requires 



additional electrical power, the reduction in processing time more than compensates for this energy consumption, 
resulting in a lower electricity cost per unit mass of product. The combined application of vacuum pressure and 
elevated temperature provided the lowest electricity cost among the investigated operating conditions. These 
operating conditions improved moisture removal while reducing processing time, making the developed 
dehumidification machine more economically attractive for practical applications. 

 

Fig. 8. Electricity cost of the dehumidification process under different operating temperatures, pressures, and 
agitation speeds. 

3.5 Regression analysis and drying-time correlation 

The drying behavior of honey under different operating conditions was analyzed using a regression-based 
drying model. The moisture ratio, MR was defined according to Newton’s drying equation as MR = MMi = e−kt

         (2) 

 
where Mi and M are the initial and instantaneous moisture contents (%), respectively, t is the drying time (h), 
and k is the drying constant (h-1) 

The drying constant for each experimental condition was estimated from the measured drying time 
required to reduce the moisture content from 35 % to 20 % according to k = − ln(M/Mi)t            (3) 

Since the moisture ratio for the present study was MMi = 2035 = 0.5714          (4) 

the drying constant becomes 



k = 0.5596t            (5) 

The estimated drying constants obtained from the experimental data are summarized in Table 4. 

Table 4. Effect of temperature, pressure, and agitation speed on the drying time and drying rate constant of 
stingless bee honey. 

Condition Drying time, t (h) Drying constant, k (h-1) 
A1B1C1 168 0.00333 
A1B1C2 144 0.00389 
A1B2C1 28 0.01999 
A1B2C2 13 0.04305 
A2B1C1 82 0.00682 
A2B1C2 77 0.00727 
A2B2C1 9 0.06218 
A2B2C2 9 0.06218 

 

The drying constant was correlated with the experimental parameters including honey temperature (T) 
vacuum pressure (P), and agitation speed (N) using a power-law regression model expressed as k = CTa(|P| + 1)b(N + 1)c

        (6) 

To determine the regression coefficients, the equation was linearized by applying the natural logarithm: ln k = ln C + a ln T + b ln(|P| + 1) + c ln(N + 1)      (7) 

Regression fitting of the experimental data yielded the following empirical correlation: k = 9.398 × 10−7T2.076(|P| + 1)0.484(N + 1)0.063      (8) 

The regression model yielded a coefficient of determination of  R2 = 0.9777, indicating good 
agreement between the predicted and experimental values. The exponent values indicate that honey temperature 
had the strongest influence on the drying rate, followed by vacuum pressure, whereas agitation speed showed a 
comparatively smaller effect. 

Fig. 9 shows the comparison between the experimentally obtained drying constants and the values 
predicted by the regression model. The predicted values closely follow the experimental data, demonstrating that 
the proposed correlation can satisfactorily estimate the drying kinetics of honey under different operating 
conditions. 



 

Fig. 9. Comparison between experimental and predicted drying constants obtained from the regression model. 

 

Substituting the obtained drying constant into Newton’s drying equation gives the generalized drying-
time correlation: t = −l n(M/Mi)9.398×10−7T2.076(|P|+1)0.484(N+1)0.063       (10) 

For the present study, the drying-time equation can be simplified as t = 0.55969.398×10−7T2.076(|P|+1)0.484(N+1)0.063       (11) 

For example, under the operating conditions of (70 °C), (-80 kPa), and 60 rpm, the predicted drying time 
can be calculated as follows: t = 0.55969.398×10−7702.076(81)0.484(61)0.063       (12) 

The predictive capability of the proposed regression model was demonstrated using an operating 
condition of 70 °C, −80 kPa, and 60 rpm. Under these conditions, the temperature, pressure, and agitation terms 
were calculated as (70)2.076 = 6746.7,  (81)0.484 = 8.39,  and (61)0.063 = 1.30 respectively. 
Substituting these values into Eq. (12) resulted in a predicted drying time of approximately 8.1 h, which was in 
good agreement with the experimental drying time of approximately 9 h. The close agreement between the 
predicted and experimental results demonstrates that the proposed regression model is capable of accurately 
predicting the drying time under the investigated operating conditions. 

 

 



4. Conclusion 

This study developed and evaluated a 10-L vacuum-assisted dehumidification machine for stingless bee 
honey intended for community-scale production. The effects of temperature, vacuum pressure, and agitation speed 
on moisture removal, soluble solids, thermal efficiency, energy consumption, and drying time were systematically 
investigated. In addition, a regression-based predictive model was established to estimate the drying time under 
different operating conditions. The key findings of this study are summarized as follows: 

1. Temperature significantly influenced the moisture removal rate. Operating at 70 °C substantially 
accelerated moisture reduction compared with 50 °C, resulting in a considerably shorter drying time.  

2. Vacuum pressure was identified as the most influential operating parameter. Operating under  -80 kPa 
reduced the boiling point of water and markedly enhanced moisture evaporation compared with 
atmospheric pressure (0 kPa), thereby significantly shortening the drying time.  

3. The optimum operating condition was obtained at 70 °C, -80 kPa, and 60 rpm, reducing the moisture 
content from 35% to 20% within 9 h. Under atmospheric pressure and lower temperature (50 °C) without 
agitation, the drying process required up to 168 h. Mechanical agitation contributed to improving heat 
distribution and reducing drying time under some operating conditions, although its influence was less 
significant than those of temperature and vacuum pressure. 

4. The soluble solids content increased as moisture content decreased. Under vacuum conditions, the 
soluble solids increased from 64 to 79 °Brix within 9-28 h, demonstrating the direct relationship between 
moisture removal and honey concentration.  

5. Vacuum-assisted drying considerably improved the thermal performance and reduced energy 
consumption. The thermal efficiency was 4.21-7.76 times higher than that under atmospheric pressure, 
while the minimum electricity cost was only 0.12-0.14 USD kg-1 at 70 °C and -80 kPa.  

6. A predictive drying-time model was successfully developed based on Newton's drying equation and 
regression analysis. The proposed model relates the drying time to the operating temperature, vacuum 
pressure, and agitation speed as follows:  t = 0.55969.398 × 10−7 T2.076(∣ P ∣ +1)0.484(N + 1)0.063 

where t is the drying time (h), T is the operating temperature (°C), P is the operating pressure (kPa), 
and N is the agitation speed (rpm). The model showed excellent agreement with the experimental data, 
with a coefficient of determination of R² = 0.9777, indicating its suitability for predicting drying time and 
optimizing the operating conditions of the developed dehumidification system.  
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