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The aims of this work were to develop a solar dryer combined with infrared radiation for Phlai 

drying and to investigate the performance of the developed dryer. The dryer consisted of a drying 

chamber, a source of uneven infrared radiation, a 70% thermal energy recovery unit, a solar thermal 

energy collector, and a latent thermal energy storage unit. Experiments followed a factorial design, 

with Phlai interior temperatures (PIT) of 50, 60, and 70 °C and infrared power (IRP) levels of 500, 

1000, and 1500 Watts (W). The results showed that the drying rate (DR), specific electrical energy 

consumption (SEEC), and the solar collector efficiency (ηcoll) ranged from 0.0047 to 0.0123 

kgwaterh-1, 1.58 to 14.15 kW, and 53.36 to 83.69%, respectively. The optimum IRP was 1500 W. 

The optimum PIT could be separated into two cases: for saving energy reduction, it was 50 °C, 

whereas for short drying time, it was 70 °C.  
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1. Introduction 

Thailand is an agriculture country in Southeast Asia with relatively high solar irradiance levels 

(the average daily solar irradiation is 18 MJ(m2-day)-1). Therefore, solar energy technology is 

well-suited for use in agricultural processes, particularly post-harvest management. Currently, 

solar thermal drying technology is one of the post-harvest management methods that is very 

popular because it is clean, energy-efficient, and non-polluting [1]. Also, the temperature of 

the drying air in the solar dryer ranges from 45 to 60 °C [2], which is perfect for drying a 

variety of agro-food products. However, applying solar thermal drying technology to 

agricultural products often presents several issues, such as uneven solar irradiation and limited 

working hours compared to other energy sources [3]. This system requires a long drying time, 

and its performance decreases during off-sunshine hours [4], which impacts product quality 
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[5, 6]. Therefore, the development of a hybrid solar dryer was necessary to solve these 

problems. Currently, infrared radiation drying is a method that has received a lot of attention 

and is widely accepted for enhancing energy performance, retaining quality of product, and 

shortening the drying period [7, 8]. Another method to reduce the energy consumption was to 

apply an uneven form of on-off infrared source [9]. Furthermore, installing a thermal energy 

storage unit [10] and a thermal energy recovery unit [11] can also improve the efficiency of 

solar dryers and solve the issue of uneven solar irradiation. There have been studies attempting 

to enhance the performance of solar dryers. Ziaforoughi and Esfahani [5] studied a solar 

collector-assisted intermittent infrared dryer. They found electrical energy consumption 

decreased by 40%–69%. Additionally, drying time decreased by 31–52% compared to that 

with an intermittent infrared dryer. Rabha and Muthukumar, [2] examined convection solar 

dryers in combination with shell and tube thermal energy storage units, with paraffin wax as 

the thermal energy storage material. They found that drying times were reduced, and it 

lessened the temperature fluctuations of the drying air during cloud cover or when there was 

no sunlight. Aktas et al. [11] studied the drying of melons with a solar dryer combined with 

infrared radiation and thermal energy recovery with the use of a heat exchanger. They found 

that it could increase energy in the dryer by up to 23–28% of the total input energy. While 

studies have aimed to enhance the performance of solar dryers using various techniques, no 

research has yet improved solar dryer performance by integrating thermal energy storage, 

thermal energy recovery, and uneven infrared drying in the same solar dryer system. These 

discoveries could serve as guidelines for developing a hybrid solar dryer. 

Zingiber montanum (J. Koenig) Link ex A. Dietr., also known as "Phlai" by Thais [12], is an 

aromatic herb plant in the Zingiberaceae family [13]. Phlai's rhizome includes essential oils, 

phenylbutanoids, and cassumunoids, which have been reported to have anti-inflammatory 

properties [14]. Thai medicine utilizes Phlai to treat sprains, inflammation, muscle aches, 

rheumatism, etc. [15]. After harvest, the Phlai's moisture content can be as much as 400% d.b. 

[16]. When stored for a long time, important substances in essential oils deteriorate. Therefore, 

water removal is necessary to prevent spoilage and to slow down the enzymatic reactions that 

occur within the Phlai. There have been few studies of water removal from Phlai. Mahayothee 

et al. [17] investigated the influence of drying technique and drying temperature on drying rate 

and bioactive components in Phlai slices dried with a hot air dryer at 40, 50, 60, 70, and 80 

°C, a greenhouse solar dryer, and by sun drying. They found that increasing the drying 

temperature of the hot air-drying process accelerated the drying rate. However, the high drying 

temperature decreased the yield of essential oils. Furthermore, it was discovered that the dried 

samples from the greenhouse solar dryer and the hot air dryer had marginally greater 

antioxidant capabilities than the samples from sun drying. Meunathasa et al. [16] studied the 

effect of drying temperatures on the quality of Phlai rhizome. Phlai were dried in a hot air oven 

at a drying temperature of 40, 50, 60, 80, and 100 °C. They found that high-temperature drying 

removed moisture more quickly than low-temperature drying. The decrease in volatile oil 

content was significantly related to increased drying temperature. According to a review of the 

limited literature on water removal from Phlai, no study has yet investigated using a hybrid 

solar dryer for Phlai drying process. Addressing this gap was another objective of the present 

study. 

The literature review offers guidelines for enhancing the performance of hybrid solar dryers 
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for Phlai drying. Therefore, the objectives of this work were to: 1) develop a hybrid solar dryer 

for Phlai drying that integrates thermal energy recovery (without a heat exchanger), thermal 

energy storage, and uneven infrared drying; and 2) investigate the performance of the 

developed dryer. The experiments were conducted at Phlai interior temperatures (PIT) of 50, 

60, and 70 °C and infrared power (IRP) levels of 500, 1000, and 1500 watts (W). 

 

2.  Materials and methods 

2.1 Description of developed dryer 

The developed dryer for this work was a hybrid solar dryer type that had the following main 

components: a solar thermal energy collector, a drying chamber, an uneven infrared heater, a 

thermal energy storage unit, and a thermal energy recovery unit. The specifics of each 

component of the developed dryers are as follows:  

The solar thermal energy collector operates on the principle of the greenhouse effect [18]. The 

solar collector area was determined based on the heat energy required for the drying system 

(including the thermal energy needed to evaporate water from the product and the thermal 

energy required for the thermal energy storage unit) and the solar radiation intensity (Wm-²) 

of Thailand. In this work, the dimensions of the solar thermal energy collector were 1.00 m in 

width, 2.00 m in length, and 0.15 m in height. An aluminum flat plate absorber was installed 

inside, and the aluminum fins were fixed at the same height and at a 30° angle to the direction 

of airflow [19]. To increase the rate of solar radiation energy absorption, the inside surface of 

the solar thermal energy collector was painted matte black [20, 21], as shown in Figure 1(B). 

A 4 mm-thick transparent polycarbonate sheet covered the collector's top, and this prevented 

heat from escaping from the surface of the collector [22]. 6.5-mm-thick black nitrile rubber 

insulation was used to cover the collector's sides and underside. 6 fans (d.c. 12 volts) were 

installed on the solar thermal energy collector to provide air circulation. A photovoltaic panel 

(STP185S-Ad/24) was utilized to provide the necessary energy for the fan.  

The drying chamber, where the evaporation process of water from the Phlai slices occurred, 

measured a width of 30 cm, a length of 40 cm, and a height of 30 cm. It was constructed of a 

0.35 mm-thick galvanized steel sheet with black nitrile rubber insulation covering. The inside 

of the drying chamber was lined with aluminum foil to reflect the infrared radiation onto the 

Phlai slices [23]. An infrared ceramic plate heater was installed on top of the inside drying 

chamber. Under the infrared heater, a wire mesh drying tray measuring 10×20 cm2 was placed. 

The distance between the infrared heater and drying tray was set at 20 cm to provide a thorough 

distribution of infrared radiation, as shown in (Figure 2). The operation of the infrared heater 

was controlled by the PIT, which turned off when it reached the preset temperature. It would 

then turn on again when the PIT dropped below the preset temperature [11]. 

 

 

 

 



981 Thanin Rudchapo et al. Development of Solar Dryer Combined...                                                                                               
 

Nanotechnology Perceptions Vol. 20 No. S10 (2024) 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Inside characteristics of a solar thermal energy collector are shown in A) the before 

paint matte black and B) the after paint matte black. 

 

 

Figure 2 Features inside the drying chamber. 

The drying system maintained a constant drying temperature using shell and tube latent 

thermal energy storage units, with paraffin wax serving as the thermal energy storage material 

[24]. The amount of paraffin wax used in this drying system was determined based on the heat 

energy required to evaporate water from the product. The shell of the thermal energy storage 

unit was constructed from a 2 mm-thick mild steel sheet and measured a width of 10 cm, a 

A B 
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length of 10 cm, and a height of 13 cm. Nine copper pipes, each 13 cm in length and 2.54 cm 

in diameter, were fitted through the shell. The gap between the shell and the tubes was filled 

with 700 g of paraffin wax (the amount of paraffin wax was determined based on the thermal 

energy needed to evaporate water from the product). A diagram of the shell and tube thermal 

energy storage unit is shown in (Figure 3).  

 

Figure 3 Diagram for the thermal energy storage unit. 

Waste thermal energy recovery involves the conduction of residual thermal energy from the 

production process back into the production process itself. It represents a cost-effective use of 

energy, leading to reductions in overall energy consumption [25], energy costs, and CO2 

emissions. In this study, 70% of the waste thermal energy generated during the drying process 

[26] was effectively utilized by being transferred back to the solar thermal energy collector. 

2.2. Sample preparation  

The Phlai samples were cleaned and stored refrigerated at +4 °C [27]. Before each experiment, 

the samples were stored at room temperature for 1 hour [11]. Subsequently, the samples were 

sliced into 2 mm-thick slices using a slicing machine. The oven drying at 105 °C for 48 h was 

conducted to determine the moisture content in the samples. The moisture content values were 

calculated on a dry basis (d.b.). 
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Figure 4 Measurement points of air temperature, electrical energy consumption, and solar 

radiation intensity. 

2.3. Experiment procedure  

The studies were conducted in the Mahasarakham Province of Thailand between December 

2019 and May 2020. The drying experiments were carried out from 9:00 a.m. to 5:00 p.m. In 

each drying experiment, 100 g of phlai slices were evenly distributed in the drying tray. The 

experiment was conducted at Phlai interior temperatures (PIT) of 50, 60, and 70 °C, with a 

temperature probe (thermocouple) inserted into the Phlai slices, infrared power levels (IRP) of 

500, 1000, and 1500 W, and a drying air velocity of 0.4 m/s. Changes in the sample's mass 

were recorded every 15 minutes using a digital balance (PA2102C/OHAUS, precision 0.01 g) 

until the sample’s moisture content reached approximately 13% d.b. The experiments were 

replicated three times. 

During the experiment, the drying air temperature at different points inside the dryer was 

recorded every 15 minutes; these included the ambient temperature (Tamb), temperature within 

the solar collector {inlet temperature (Tci), center temperature (Tcc), outlet temperature (Tco)}, 

thermal energy storage’s inlet temperature (Ttsi), drying chamber’s inlet temperature (Tdi), 

drying chamber’s outlet temperature (Tdo), and phlai interior temperature. All of these 

temperatures were measured using type K thermocouples (WCA-G, accuracy: ±2.2 °C). A 

power quality meter (Fluke 1735 three-phase power quality logger) was used to measure the 

electrical energy consumption of the infrared radiation source. The intensity of solar radiation 

(I) was measured with a solar power meter (TES-1333R, accuracy typically within ±10 Wm-

2). The speed of the air moving through the solar collector and drying chamber was measured 

with a hotwire anemometer (TESTO 425, precision: 0.01 ms-1). 
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2.4. Analyses   

 The Phlai's moisture content can be evaluated using the following dry basis expression: 

 Md =
w−d

d
× 100%       (1) 

Where Md is the moisture contents (dry bisis), w is wet mass (kg), and d is dry mass (kg). 

The parameters drying rate (DR), solar collector efficiency (ηcoll), and specific electrical 

energy consumption (SEEC) were used to evaluate the developed dryer's performance. The 

details and methods for calculating these parameters are given below. 

2.4.1 The DR shows the ratio of the quantity of water evaporated from the drying material per 

time unit, which was defined as follows: 

DR =
Mi−Mf

td
 (2) 

where Mi is the initial mass (kg), Mf is the final mass (kg), and td is the drying time (h). 

2.4.2 The ηcoll was determined as the ratio of useful energy gain per incident solar energy on 

the collector [28], which was defined as follows: 

ηcoll =
Qu

ACI
 (3) 

where AC is the collector’s surface area (m2) and I is the incident solar radiation intensity on 

the collector’s absorber (Wm-2). Qu is the useful energy that the solar collector has collected, 

which was defined as follows: 

Qu = ṁcp∆T (4) 

where ṁ is the passing air's mass flow rate in the collector (kgs-1), cp is the specific heat 

capacity (J(kg°C)-1) of drying air, and ∆T is the difference in drying air temperature between 

the inlet and outlet of the collector (°C).  

2.4.3 The SEEC was determined by the ratio of electrical energy consumption per quantity of 

evaporated water from materials [11], which is defined as follows: 

SEEC =
EEC

mi−mf
    (5) 

where EEC is the electrical energy consumption (kWh) of the infrared source. 

 

3. Results and Discussion 

The Phlai drying experiments with a solar dryer combined with infrared radiation were 

conducted under various drying conditions. Temperature data at different points within the 

dryer and solar radiation intensity were collected during the drying period from December 

2019 to April 2020. This article uses, as an example, only the drying condition: 70 °C PIT with 

1500 W IRP, as shown in (Figure 5). Results from other drying conditions showed similar 

behavior. Environmental conditions during the experiment were as follows: ambient 

temperature ranged from 32 to 39 °C and averaged 37 °C, peaking at 2:00 PM, while radiation 
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intensity varied from 590 to 1,200 Wm-2 and averaged 812 Wm-2, with the highest level 

recorded at 11:30 AM. 

Examination of air temperature measurements at various points indicated that the solar 

collector’s inlet temperature (Tci) was higher than the ambient temperature. This occurred 

because the drying system recovered waste thermal energy from the drying process, thus 

elevating the solar collector's inlet temperature (Tci). The drying chamber’s inlet temperature 

(Tdi) was higher than the chamber’s outlet temperature (Tdo). Because the phlai slices were 

exposed to the drying air's heat and infrared radiation, the water evaporated, resulting in a 

slight decrease in the drying air temperature. The thermal energy storage unit’s inlet 

temperature (Ttsi) was mostly higher than its outlet temperature (the drying chamber’s inlet 

temperature, Tdi). However, if the drying system does not have enough thermal energy or if 

the amount of solar radiation decreases, the stored thermal energy will be released as auxiliary 

energy, which will help stabilize the drying air temperature. It results in the drying chamber’s 

inlet temperature being almost constant [2], which makes an infrared heater have less electrical 

energy consumption. These results were similar to those found by D.K. Rabha and P. 

Muthukumar [2], who studied the performance of a forced convection solar dryer combined 

with a paraffin wax-based shell and tube latent heat storage unit, which was tested from 8:00 

to 18:00 o’clock. They discovered that on most bright sunny days, the charging process 

occurred between 8:00 and 14:30 o’clock. 

 

Figure 5 Drying air temperature at various points within the dryer, as well as solar radiation 

intensities, were collected during the experimental drying conditions at 70°C PIT and 1500 

W IRP. 
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3.1 The performance of developed dryer  

This hybrid solar dryer created hot air for water removal from materials by using solar thermal 

energy and was used in combination with the infrared drying technique, which is a high-

efficiency and energy-saving method. In addition, a heat storage system and a waste heat 

recovery system were installed on this hybrid solar dryer, which can troubleshoot the 

instability problem of solar radiation and increase energy efficiency. The moisture content 

changes versus drying time under various drying conditions, as shown in (Figure 6). 

 

 

 

 

 

A 

B 
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Figure 6 The moisture content changes versus drying time were observed at PITs of 50, 60, 

and 70 °C and 

under IRPs of A) 500, B) 1000, and C) 1500 W. 

The performance study of the developed dryer was determined from the td, the EEC, the DR, 

the ηcoll, and the SEEC values, as shown in Table 1. 

Table 1 The drying performance of the developed dryer. 

IRP (W) 
PIT 

(oC) 

td  

(h) 

EEC 

(kWh) 

DR 

(kgwaterh-1) 

ηcoll 

(-) 

SEEC 

(kWhkgwater
−1 ) 

500 

50 16.92±0.14a 0.51±0.07de 0.0047 64.36 7.28 

60 15.67±1.61b 0.89±0.14b 0.0051 70.43 13.57 

70 12.33±0.76e 1.38±0.19a 0.0067 53.36 14.15 

1000 

50 15.75±0.25b 0.36±0.18ef 0.0049 80.18 7.36 

60 13.30±0.80d 0.67±1.06cd 0.0061 83.69 8.54 

70 10.50±0.43f 0.97±0.04b 0.0077 56.98 12.16 

1500 

50 13.67±0.14c 0.19±0.06f 0.0070 69.65 1.58 

60 9.25±0.43g 0.55±0.03de 0.0082 76.69 8.32 

70 7.33±0.38h 0.78±0.09bc 0.0123 70.54 9.82 

Mean ± SD (n = 3). Means labeled with different letters within each column indicate 

significant differences as determined by Duncan's New Multiple Range Test (DMRT) 

(p<0.05). 

From Table 1, it was found that the td and EEC were in the range of 7.25 to 17.00 h and 0.150 

to 1.156 kWh, respectively. In a study on the td of each drying condition, it was found that the 

drying condition at PIT of 70 °C with an IRP of 1500 W required the shortest time td of 7.25 

h, while the drying condition at PIT of 50 °C with an IRP of 500 W took the longest time td of 

17.00 h. The findings suggest that the td is inversely proportional to IRP and PIT. These results 

were similar to those of Lakchai et al. [29], who studied the effects of temperature and 

thickness on the hot air drying of sliced Phlai. They found that the drying time ranged from 28 

to 36 h, and that an increase in temperature resulted in longer drying times. In a study on the 

C 
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amounts of EEC used in uneven infrared radiation sources, it was revealed that the drying 

conditions at PIT of 50 °C with an IRP of 1500 W gave the lowest amount of EEC at 0.150 

kWh. The drying conditions at PIT of 70 °C with an IRP of 500 W gave the highest amount 

of EEC at 1.156 kWh. The experimental results show that drying at high PIT makes infrared 

sources use more electricity. Since the infrared sources are controlled based on the PIT, if the 

preset PIT is high, this will cause the infrared sources to use more electrical power to enable 

the PIT to reach the preset value. On the other hand, if the experiment's IRP is high, the EEC 

value used in infrared sources is reduced. Although conducting an experiment with a high IRP 

level will inevitably result in increased electricity consumption by the infrared sources, it also 

leads to a shorter drying process. 

In terms of drying performances, it was found that the DR and SEEC values were between 

0.0047 and 0.0123 kgwaterh-1 and 1.58 and 14.15 kWhkgwater
−1 , respectively. Among the drying 

conditions, the highest DR value of 0.0123 kgwaterh-1 was achieved at a PIT of 70°C with an 

IRP of 1500 W, while the lowest DR value of 0.0047 kgwaterh-1 observed at a PIT of 50°C with 

an IRP of 500 W. This suggests that the DR value is directly proportional to both PIT and IRP. 

In SEEC values, the lowest value of 1.58 kWhkgwater
−1  was found at a PIT of 50°C with an 

IRP of 1500 W, while the highest SEEC value of 14.15 kWhkgwater
−1  was observed at a PIT of 

70°C with an IRP of 500 W. The results show that the SEEC value was inversely proportional 

to the IRP and directly proportional to the PIT. The ηcoll value was found to be between 53.36 

and 83.69%. The experimental results showed that ηcoll depends on drying conditions (PIT and 

IRP) and ambient conditions. These results were similar to those of Ziaforoughi and Esfahani 

[8], who studied drying potatoes using a solar dryer combined with intermittent infrared 

radiation. They found that the SEEC values ranged from 1.79 to 4.35 kWhkg-1; an increase in 

temperature resulted in higher SEEC values. 

 

4. Conclusion 

This work investigated the development and efficiency of solar dryers combined with infrared 

radiation for Phlai drying. The results showed that the best drying conditions were at an IRP 

of 1500 W, which had the highest DR and the lowest SEEC. Two considerations arose from 

consideration of the PIT. - (1) from the perspective of electricity saving, the drying at PIT at 

50 °C was optimal, yielding the lowest SEEC; and (2) from the perspective of drying time, the 

drying at PIT at 70 °C was optimal, yielding the highest DR. 
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