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ABSTRACT

A solar hybrid continuous dryer (SHCD) was developed to overcome the limitations of conventional solar batch
drying systems for paddy. This study investigates the thermal effects on drying performance, drying kinetics, and
quality characteristics of paddy at different drying air temperatures. Drying experiments were conducted at average
air temperatures of 49.7 °C (Exp 1), 60.0 °C (Exp 2), and 69.6 °C (Exp 3). The results indicate that the SHCD at an air
temperature drying of 60.0 °C provides the optimal balance between drying performance, energy efficiency, and
product quality. At this temperature, the drying time was significantly reduced, accompanied by higher thermal
efficiency and superior rice quality compared to other conditions. In contrast, drying at 49.7 °C resulted in prolonged
drying time, whereas drying at 69.6 °C led to reduced thermal efficiency and deterioration in product quality.
Moreover, the SHCD at 60.0 °C reduced the paddy mass from 420 kg (16.80% wet basis) to 407.63 kg (14.17% wet
basis) within 165.4 min. The average drying rate, specific moisture extraction rate (SMER), and specific energy
consumption (SEC) were 2.849 kg/h, 0.125 kg/kWh, and 15.649 kWh/kg, respectively, with a maximum thermal
efficiency of 17.14%. Quality analysis showed that the percentages of head rice, broken rice, and rice groats were
85.60 + 0.65%, 8.73 + 1.98%, and 4.92 + 1.67%, respectively. Furthermore, the drying kinetics analysis revealed that
the moisture ratio (MR) data were best described by the Page model, indicating its suitability for predicting paddy
drying behavior in the SHCD system. These findings present that temperature optimization plays a critical role in
enhancing drying efficiency and maintaining product quality in continuous solar drying systems.
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1. INTRODUCTION

Indonesia, as an agriculture-based country, is recognized as one of the world’s leading paddy producers. In
2019, national paddy production reached approximately 84 million tons, with an annual per capita rice consumption
of about 111.58 kg, indicating that rice remains a staple food with consistently high demand [1]. Due to the tropical
climate characterized by high humidity, freshly harvested paddy must be dried immediately to prevent mold growth,
discoloration, and quality deterioration. Typically, harvested paddy contains a moisture content ranging from 20% to
27% wet basis (wb), which must be reduced to approximately 14% wet basis (wb) to ensure safe storage and extend
shelf life [2].
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Traditionally, paddy drying is carried out using open sun drying, where grains are directly exposed to solar
radiation. This method is widely practiced due to its advantages, including the availability of free and abundant solar
energy, operational simplicity, and low initial and maintenance costs. However, open sun drying also has limitations,
especially the requirement of large drying areas, dependence on weather conditions, prolonged drying time,
susceptibility to contamination, pest infestation, and material losses. Moreover, this method often results in non-
uniform drying and product quality reduction [3].

To address these limitations, mechanical drying technologies, including flat-bed dryers, have been developed
and extensively implemented. These systems provide enhanced drying efficiency, reduced drying time, improved
control over operating conditions, and minimized material losses during the drying process [4]. Flat-bed dryers
continue to encounter significant challenges, particularly in achieving uniform temperature and moisture distribution
within the grain bed. In practice, drying non-uniformity commonly occurs between the upper and lower layers of the
paddy bed. The upper layer tends to retain higher moisture content due to insufficient heat transfer, while the lower
layer becomes excessively dry due to prolonged exposure to heated air.

This non-uniformity significantly affects rice quality during milling. Tahrir reported that, in a 50 cm thick paddy
bed dried using a flat-bed dryer, the percentage of broken rice was 7.35% in the upper layer and 13.80% in the lower
layer. These values exceed the maximum allowable limit specified in SNI 6128:2008 (5%) [5]. The high percentage of
broken rice is mainly attributed to uneven moisture distribution, which induces internal stresses within the grain,
leading to fissures and breakage during milling.

Drying temperature is one of the most critical parameters affecting drying performance, energy consumption,
and rice quality. Previous studies have demonstrated that excessive drying temperatures can significantly degrade
grain quality. Astuti reported that drying at 95 °C resulted in an extremely high broken rice percentage of 87.5% after
milling [6]. Similarly, Karbasi and Mehdizadeh found that drying at 140 °C reduced head rice yield and negatively
affected the sensory properties of rice, including taste and aroma [7]. Furthermore, Yahya et al. reported that drying
using a recirculating mixed-flow dryer at temperatures of 75.40 °C — 81.40 °C resulted in moderate head rice yield
(67.37% + 0.69%) and relatively high broken rice (26.34% + 0.80%), indicating quality degradation at elevated
temperatures [8].

The deterioration in rice quality at high drying temperatures is primarily caused by rapid moisture removal,
which creates steep moisture gradients within the grain. This leads to internal stress, fissure formation, and structural
damage in the endosperm, making the grains more prone to breakage during milling. Additionally, excessive heat
exposure can alter rice's physicochemical properties, leading to undesirable changes in flavor and aroma. Therefore,
precise control of drying temperature and uniform heat distribution are crucial to maintain both the physical and
sensory quality of rice.

Recent advancements in drying technology have introduced hybrid drying systems that integrate renewable
energy sources with advanced control mechanisms. Yahya et al. evaluated a hybrid solar-assisted heat pump dryer
and reported significant improvements in both drying performance and product quality. The system achieved efficient
moisture reduction within 5.5 hours at an average temperature of 62.9 °C, with a high head rice yield (93.10% *
1.044%) and low broken rice (4.41% * 0.737%). These results highlight the potential of hybrid drying systems to
provide controlled drying conditions, improved energy efficiency, and more uniform moisture removal [9].

Despite these advancements, studies on solar hybrid continuous drying systems remain limited, particularly in
terms of comprehensive evaluation involving thermal performance, drying kinetics, and product quality under
different temperature conditions. Most existing studies focus on either drying performance or product quality
separately, leaving a research gap in the integrated analysis of these parameters.

Therefore, this study aims to investigate the thermal effects on drying performance, drying kinetics, and quality
characteristics of paddy using a solar hybrid continuous dryer (SHCD). Drying experiments were conducted at various
air temperatures to evaluate key performance indicators, including drying rate, specific energy consumption, and
thermal efficiency. In addition, drying kinetics were evaluated using established mathematical models, while product
quality was assessed based on milling characteristics. The findings of this study are expected to provide valuable
insights into optimizing operating conditions for continuous solar drying systems and improving the overall quality of
dried paddy.
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2. METHODOLOGY

a. Experimental Set-up

A solar hybrid continuous dryer (SHCD) for paddy consists of a blower, bucket elevator, drying column, biomass
furnace, and vibratory feeder. The biomass furnace includes a heat exchanger, blower, chimney, and combustion
chamber. The construction of the biomass furnace employed AISI 1030 steel plates, SK-34 cement mortar, and SK-34
fire bricks due to their superior mechanical strength and high-temperature resistance, whereas the heat exchanger
pipes were manufactured from mild steel. The drying column comprises three essential units: the discharge, the
drying, and the storage. The discharge system consists of a motor-driven mechanical assembly, while the vibratory
feeder and bucket elevator facilitate continuous material handling. A cross-sectional area of 95 x 95 cm? in the drying
section incorporates outlet and inlet air ducts arranged in a horizontal configuration. Each side consists of four rows of
ducts, with six inlet ducts per row and a combination of five full and two half outlet ducts per row. Each duct has a
cross-sectional area of 56.25 cm? and a wedge-shaped design to enhance airflow distribution. Photographs and
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schematic diagrams of the SHCD and its components are presented in Figures 1-6.
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Figure 2. Schematic of the SHCD.
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Figure 4. The air duct.
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Figure 6. Dimensions of the air ducts.
b. Experimental Procedure
Drying tests were carried out to analyze the performance of the SHCD system with a 420 kg capacity. Local
farmers provided fresh paddy for this experiment. In the experiment, type-T thermocouples (+ 0.1°C) were employed
to measure ambient temperature, air temperature, and paddy temperature at the SHCD system. Air velocity at the
inlet and outlet of the drying section was measured using an anemometer (+ 0.2 m/s). All temperature data were
recorded using a data logger (+ 0.1°C). The paddy moisture content was determined using a digital grain moisture
tester (+ 0.5%), while the masses of biomass fuel (coconut shell charcoal) and paddy were measured using digital
weighing scales (+0.05 kg and +0.1 kg, respectively). All parameters were recorded at 30-minute intervals.
Measurement uncertainty was calculated using the following equation [10, 11]:

W= () 6 () s () | "
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where WR is the total uncertainty in the result measurement; the corresponding uncertainties in the
aforementioned independent variables are w1, w2, ..., wn. While the independent variables are x1, x2, ..., xn.
c. Analysis of Drying Kinetics and Performance

Drying kinetics were evaluated in terms of moisture content, drying rate, and dimensionless moisture ratio
(MR). The goodness of fit of the drying models was assessed using the root-mean-square error (RMSE), mean bias
error (MBE), and coefficient of determination (R?). The SHCD performance was analyzed based on key parameters,
including drying rate (rh,4er), Specific moisture evaporation rate (SMER), specific energy consumption (SEC), thermal
efficiency of the dryer (1,), and biomass furnace efficiency (ngg). All drying kinetics and performance parameters
were calculated using the equations listed in Table 1.

Table 1. Equations used to determine the drying kinetic and performance of the SHCD.

Parameter Formula Eq. Ref.

Drying kinetic

Paddy moisture content (wb) Muopd = Myetpd — Mypd (2) [12]
mwetpd
Moisture content of paddy (db) My, g = Myetpd — Mdpd (3) [12]
P m
dpd
Drying rate (DR) m _ Mabpd,t+dt = Mabpd,e (4) [13, 14]
water — dt
Dimensionless moisture content MR = M, (5) | [11,15]
M,
Newton model MR = exp(-kt) (6) [11, 15]
Henderson and Pabis model MR = a exp(-kt) (7) [11, 15]
The root-mean-square error 1 (8) [11, 15]

N 2
1
RMSE = [NZ(MRPre.i - MReXP.i)ZI
i=1

The mean bias error 1 (9) |[11,15]
MBE = < (MRyre; — MRy )?
i=1
Page model MR = exp(-kt™) (10) | [11, 15]
Performance of dryer
Specific energy consumption SEC = Qise + Quoms + We + Wgg + Wppe + Wiy (11) | [16,17]
rhwater
Total electrical energy input of Wt = Wabe + Wave + Wivar (12) | [16,17]
electrical motor
Specific moisture extraction rate My ater (23) | [17,18]
SMER =
Qise T Qibms + We + Waq + Wepe + Wiy,

Thermal dryer efficiency N = Myyacer Heg (14) | [19,20]

b=

T Qise + Qubme + We + Wyg + Wype + Wi

Drying system component’s performance
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Collector efficiency nee = Qepsc X 100% (15) | [19,21]
Ise

Biomass furnace efficiency Nar = Qepbe X 100% (16) | [22]
Ibmf

Thermal energy input of solar Qise = ITAgc (17) | [19, 21]

collector

Power input of compressor W = Vlcos @ (18) | [19,23]

Power input of dryer blower Wieq = V3VIcos @ (19) | [23]

Thermal energy input of Qroms = MpCpya (20) | [22]

biomass furnace

Thermal energy produced by Qepse = M,C,(Toge — Tisc) (21) | [21]

solar collector

Thermal energy produced by Qgppr = n‘naCa(TO,bf - Ti,bf) (22) | [22]

biomass furnace

d. Quality of Drying Products

Beyond drying performance and drying time, the quality of the dried product is a critical parameter that must
be considered. Product quality is strongly influenced by drying air temperature, as excessive temperatures may result
in quality degradation. In paddy drying, product quality is commonly evaluated based on milling outcomes, including
the percentages of head rice yield, broken rice, and rice groats. These parameters were determined following the
milling of the dried paddy. The corresponding percentages of rice groats, broken rice, and head rice yield obtained
from the SHCD system were calculated using the equations presented in Table 2.

Table 2. Equations used to determine the quality of drying product.

Parameter Equation Eqg.no. Ref.

Head rice yield HRY = Wryr % 100% (23) [24]

Broken rice BR = WTl:s % 100% (24) [25]

Grain grouts GG = WTTGSG % 100% (25) [26]
TS

3. RESULTS AND DISCUSSION

The uncertainties related to the experimental parameters in paddy drying are summarized in Table 3.

Table 3. Uncertainty evaluation of experimental parameters in paddy drying.

Parameter Unit Range of Uncertainty
Paddy temperature °C +0.20
Air temperature °C +0.20
Time measurement min +0.10
Paddy moisture content change % (wb) +0.51
Relative humidity % +0.35
Mass of paddy kg +0.14
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Mass of coconut shell charcoal kg +0.11

Air velocity m/s +0.24

The variation of solar radiation with drying time at different drying temperatures is presented in Figure 7.
During experiments (Exp 1, 2, and 3), the weather conditions were generally clear. For an average air temperature of
49.7 °C (Exp. 1), solar radiation ranged from 365.94 W/m? to 796.51 W/m?, with an average value of 592.47 W/m?. At
60.0 °C (Exp. 2), solar radiation varied between 469.09 W/m? and 766.55 W/m?, with an average of 643.28 W/m?2.
Similarly, at 69.6 °C (Exp. 3), solar radiation ranged from 402.32 W/m? to 923.62 W/m?, with an average value of
630.63 W/m?2.

1000

900
800
700
600
500
400
300

Solar radiation (W/m?2)

200

100

0 60 120 180 240 300 360
Drying time (min)

BWExp1(49.7C) MExp2(60.0C) MWExp3(69.6C)

Figure 7. Variation of solar radiation with drying time.

The variation of solar collector efficiency with drying time at different drying temperatures is presented in Figure
8. For an average air temperature of 49.7 °C (Exp. 1), the solar collector efficiency ranged from 62.86 % to 97.06 %,
with an average value of 82.15%. At 60.0 °C (Exp. 2), the efficiency varied between 67.46 % and 88.53 %, with an
average of 79.46%. Meanwhile, at 69.6 °C (Exp. 3), the efficiency ranged from 55.60 % to 80.70 %, with an average
value of 70.67%. The results indicate that the highest average solar collector efficiency was achieved at the lower
drying temperature (49.7 °C). This is mainly due to the smaller temperature difference between the collector and
ambient air, which reduces thermal losses. At higher drying temperatures (69.6 °C), efficiency declines as a result of
greater heat dissipation to the environment and diminished heat transfer performance. Although the efficiency at
60.0 °C is slightly lower than that at 49.7 °C, it provides a better balance between energy utilization and drying
performance, as reflected in the shorter drying time and improved overall system performance.
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Figure 8. Changes in solar collector efficiency over drying time.

Figure 9 illustrates the variation of biomass furnace thermal efficiency with drying time at various drying
temperatures. The thermal efficiency of biomass furnace ranged from 20.26 % to 38.20 %, 21.45 % to 27.21 %, and
22.79 % to 32.46 % for air temperatures of 49.7 °C (Exp. 1), 60.0 °C (Exp. 2), and 69.6 °C (Exp. 3), respectively. The
corresponding average efficiencies were 29.14 %, 24.55 %, and 27.04 %. The results show that the highest average
thermal efficiency was obtained at 49.7 °C, while the lowest occurred at 60.0 °C. This behavior can be attributed to the
variation in heat demand and combustion conditions within the biomass furnace. At lower drying temperatures, the
heat requirement is relatively moderate, allowing more stable combustion and improved heat utilization. In contrast,
at higher drying temperatures, increased fuel consumption and heat losses reduce the overall efficiency. Although the
efficiency at 60.0 °C is lower than that at 49.7 °C, this condition provides more effective heat utilization for the drying
process, as indicated by improved drying performance and shorter drying time. This suggests that optimal dryer
operation not only depends on furnace efficiency but also involves balancing heat supply and drying requirements.
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Figure 9. Effect of drying time on biomass furnace efficiency.

The relationship between drying air temperature and drying time at various operating conditions is presented
in Figure 10. The drying air temperatures for Experiments 1-3 ranged from 49.30 to 50.80 °C, 58.20 to 61.40 °C, and
68.50 to 70.40 °C, respectively, with average values of 49.7 °C, 60.0 °C, and 69.6 °C. The results indicate that the drying
system was able to maintain relatively stable air temperatures throughout the drying process, with only minor
fluctuations observed in each experiment. This stability reflects the effective integration of the solar collector and
biomass furnace in providing a consistent heat supply. Furthermore, the controlled temperature ranges demonstrate
that the SHCD system can operate reliably under different thermal conditions, enabling a systematic evaluation of
temperature effects on drying performance, kinetics, and product quality. The small temperature variations also
ensure that the observed differences in drying behavior are primarily influenced by the set operating temperatures
rather than thermal instability within the system.
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Figure 10. The relationship between drying air temperature and drying time.

Figure 11 illustrates the change in paddy moisture content over drying time under a variation in drying air
temperatures. As anticipated, the moisture content decreases progressively with drying time under all temperature
conditions, with higher temperatures resulting in significantly faster moisture removal rates. At an average drying air
temperature of 49.7 °C (Exp. 1), the moisture content decreased in the range 16.90% wb to 14.17% wb, corresponding
to a reduction in paddy mass from 420 kg to 406.07 kg over a drying period of 360 min. In comparison, at an average
drying air temperature of 60.0 °C (Exp. 2), the system achieved the same final moisture content of 14.17% wb in a
much shorter time of 165.43 min, with the final mass recorded at 407.63 kg. Furthermore, for the highest drying air
temperature of 69.6 °C (Exp. 3), the drying process was further accelerated, reaching the target moisture content of
14.17% wb within 143.29 min, with a final mass of 407.35 kg. These results clearly indicate that increasing the drying
air temperature enhances the drying kinetics, thereby reducing the drying time required to reach the desired moisture
content. This behavior can be attributed to the higher thermal energy supplied at elevated temperatures, which
increases the vapor pressure gradient between the surrounding air and the paddy surface, thereby promoting faster
moisture diffusion and evaporation. However, while higher temperatures improve drying efficiency, careful
consideration is required to avoid potential quality degradation of the paddy.
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Figure 11. Paddy moisture content (wb) as a function of drying time.

The variation in drying rate over drying time in experiment is presented in Figure 12. In general, the drying rate
exhibits a decreasing trend with drying time for all temperature conditions, indicating that the drying process is
predominantly governed by the falling-rate period. The drying rates obtained from the solar hybrid continuous dryer
at average air temperatures of 49.7 °C (Exp 1), 60.0 °C (Exp 2), and 69.6 °C (Exp 3) show a clear dependence on
temperature. At an average air temperature of 49.7 °C, the drying rate ranged from 0.379 to 4.994 kg/h, with an
average value of 2.226 kg/h. An increase in drying air temperature to 60.0 °C resulted in an enhanced drying rate,
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varying between 0.512 and 5.972 kg/h, with an average value of 2.849 kg/h. A further increase in temperature to 69.6
°C resulted in the highest drying performance, with drying rates ranging from 0.918 to 6.213 kg/h and an average
value of 3.324 kg/h. The higher drying rates observed at elevated temperatures can be attributed to the increased
heat transfer to the paddy, which enhances moisture evaporation from the surface as well as internal moisture
diffusion. Initially, the drying rate is relatively high due to the abundance of free moisture on the surface. However, as
drying progresses, the rate gradually decreases because moisture migration becomes controlled by internal diffusion
mechanisms. These findings demonstrate that increasing the drying air temperature significantly enhances the drying
kinetics and overall system performance. Nevertheless, excessive temperatures should be carefully controlled to
prevent potential thermal damage and maintain the quality of the dried paddy.
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Figure 12. The relationship between drying rate and drying time.

The relationship between specific moisture extraction rate (SMER) and drying time at different drying
temperatures is presented in Figure 13. At air temperatures of 49.7 °C, 60.0 °C, and 69.6 °C, the SMER ranged between
0.032-0.378 kg/kWh, 0.022—-0.259 kg/kWh, and 0.034-0.227 kg/kWh, respectively, with corresponding mean values
of 0.171, 0.125, and 0.118 kg/kWh. Figure 13 also illustrates the variation of specific energy consumption (SEC) with
drying time under the same conditions. At drying temperatures of 49.7 °C, 60.0 °C, and 69.6 °C, the SEC varied
between 2.643-31.631 kWh/kg, 3.860-44.652 kWh/kg, and 4.402-29.512 kWh/kg, respectively, with corresponding
mean values of 11.804 kWh/kg, 15.649 kWh/kg, and 13.018 kWh/kg. The results indicate that SMER tends to decrease
with increasing drying temperature, suggesting a reduction in energy utilization efficiency at higher temperatures. This
behavior is attributed to increased heat losses and reduced effectiveness of moisture removal per unit energy input.
Conversely, SEC shows an increasing trend with temperature, particularly at 60.0 °C, indicating higher energy
consumption per unit mass of evaporated moisture. Although the highest SMER was obtained at 49.7 °C, this
condition is associated with longer drying time. In contrast, drying at 60.0 °C provides a more favorable trade-off
between energy consumption and drying efficiency, resulting in improved overall system performance. These findings
highlight that optimal drying operation requires a balance between energy efficiency and drying effectiveness, rather
than maximizing a single parameter
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Figure 13. SMER and SEC trends during the drying process.

The relationship between the thermal efficiency of the dryer and drying time at different drying air
temperatures is illustrated in Figure 14. In general, the thermal efficiency fluctuates throughout the drying process,
reflecting variations in heat utilization and moisture removal rates over time. The thermal efficiency of the dryer for
average air temperatures of 49.7 °C (Exp. 1), 60.0 °C (Exp. 2), and 69.6 °C (Exp. 3) was found to be in the ranges of
2.09-25.04%, 1.48-17.14%, and 2.24-15.03%, respectively. The corresponding average thermal efficiencies were
11.32%, 8.30%, and 7.83%. It can be observed that the highest average thermal efficiency was achieved at the lowest
drying air temperature (49.7 °C). This behavior indicates that, although higher temperatures accelerate the drying
rate, they do not necessarily lead to better thermal efficiency. At elevated temperatures, a significant portion of the
supplied thermal energy may be lost to the surroundings or carried away by the exhaust air, thereby reducing the
effective utilization of heat for moisture evaporation. Moreover, at lower drying temperatures, the heat supplied to
the system is utilized more effectively for moisture removal, resulting in higher thermal efficiency. The decrease in
thermal efficiency with increasing temperature suggests a trade-off between drying rate and energy efficiency, which
is a critical consideration in the design and optimization of solar hybrid drying systems. These findings highlight the
importance of selecting an optimal drying temperature that balances drying time, energy consumption, and product
quality to achieve an efficient and sustainable drying process.
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Figure 14. The relationship between thermal efficiency and drying time.

Three thin-layer drying models, namely Page, Henderson—Pabis, and Newton models, were employed to fit the
dimensionless moisture content data of dried paddy at various drying air temperatures. The regression constants,
along with the statistical indicators including root mean square error (RMSE), mean bias error (MBE), the coefficient of
determination (R?), are presented in Table 4. The Page model provided the best fit to the experimental. This is
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evidenced by its higher R? values and lower MBE and RMSE values, indicating better agreement between the
predicted and experimental results. Through an average air temperature of 49.7 °C for paddy drying, the Page model
yielded R? = 0.9645, MBE = 0.00007, and RMSE = 0.00847. At an average air temperature of 60.0 °C, the model
performance improved slightly, with R? = 0.9673, MBE = 0.00013, and RMSE = 0.01127. Furthermore, at the highest

drying air temperature of 69.6 °C, the Page model demonstrated the best overall performance, with R* = 0.9784, MBE

= 0.00014, and RMSE = 0.01178. These results confirm that the Page model is appropriate for characterizing the drying
behavior of paddy in the solar hybrid continuous dryer within the investigated temperature range. The superior
performance of the Page model can be attributed to its empirical flexibility, which allows it to better capture the
nonlinear moisture removal characteristics during the falling-rate drying period. Figure 15 presents a comparison
between the experimental MR and the MR predicted by the Page model for the dryer. The results confirm the
suitability of the developed model in representing the drying behavior of paddy.

Table 4. Drying kinetics and statistical evaluation of thin-layer models for paddy drying.

Coefficients
Model Temp. R? MBE RMSE
a k n
Newton 50 0.036 0.9001 0.00061 0.02460
60 0.047 0.9200 0.00079 0.02827
70 0.055 0.9496 0.00066 0.02579
Henderson 50 1.0308 0.0286 0.8942 0.00397 0.06308
and Pabis
60 1.0357 0.0390 0.9126 0.00506 0.07111
70 1.0322 0.0478 0.9434 0.00398 0.06307
Page 50 0.6027 0.0659 0.9645 0.00007 0.00847
60 0.6597 0.0802 0.9673 0.00013 0.01127
70 0.7414 0.0830 0.9784 0.00014 0.01178
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Figure 15. The relationship between dimensionless moisture content (MR) and drying time.
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The variation in rice quality components as a function of drying air temperature is presented in Figure 16.
Milled rice quality was assessed based on the distribution of head rice, broken rice, and rice groats after processing
the dried paddy. For the drying air temperature range of 49.30-50.80 °C, with an average temperature of 49.7 °C, the
percentages of head rice, broken rice, and rice groats were 88.41 + 1.46%, 7.14 + 0.48%, and 3.01 = 0.72%,
respectively. When the drying air temperature increased to the range of 58.20-61.40 °C (average 60.0 °C), the head
rice yield decreased to 85.60 + 0.65%, while the proportions of broken rice and rice groats increased to 8.73 + 1.98%
and 4.92 + 1.67%, respectively. A more pronounced effect was observed at the highest drying air temperature range
of 68.50-70.40 °C (average 69.6 °C), where the head rice percentage significantly decreased to 72.85 + 4.54%,
accompanied by a substantial increase in broken rice (14.14 + 2.50%) and rice groats (7.85 + 1.46%). These results
clearly indicate that increasing the drying air temperature adversely affects the milling quality of rice. Higher
temperatures tend to induce internal stresses and fissures within the rice kernels due to rapid moisture removal and
uneven moisture gradients. As a result, the grains become more susceptible to breakage during the milling process,
leading to a reduction in head rice yield and an increase in broken fractions. Therefore, although higher drying
temperatures can significantly reduce drying time, they negatively impact the final product quality. This highlights the
importance of optimizing the drying temperature to achieve a balance between drying efficiency and rice quality,
particularly in solar hybrid continuous drying systems. The experimental results of paddy drying using the SHCD
system are summarized in Table 5.
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mExp 1 (49.7 C) Tyr?fpozf{%%(ampq@;}s (69.6 C)

Figure 16. The relationship between quality of rice component and type of rice component.
Table 5. Evaluation of the performance of SHCD and the quality of drying products.

Quality of rice component (%)

. Value
Parameter Unit

Exp 1 Exp 2 Exp 3
Initial weight of paddy kg 420 420 420
Final weight of paddy kg 406.6 407.6 407.3
Initial moisture content (wb) % 16.90 16.80 16.75
Final moisture content (wb) % 14.17 14.17 14.17
Average drying air temperature °C 49.7 60.0 69.6
Drying time min 360 165.4 143.3
Average drying rate kg/h 2.226 2.849 3.324
Average SMER kg/kWh 0.171 0.125 0.118
Average SEC kWh/kg 11.80 15.65 13.02
Average thermal efficiency of the % 11.32 8.30 7.83
SHCD
Average efficiency of solar % 82.2 79.5 70.7

collector
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Average efficiency of biomass % 29.1 24.6 27.0
furnace

Head rice yield % 88.41+1.456 85.60+0.651 72.85+4.541
Broken rice % 7.14+0.475 8.73+1.983 14.14+2.500
Grain grouts % 3.01+0.723 4.92+1.670 7.85%£1.455

4. CONCLUSION

This study aimed to design, construct, and evaluate the performance of a solar hybrid continuous dryer (SHCD)

for paddy drying. The following conclusions are drawn from the experimental outcomes:

1. A combination of solar energy and biomass fuel effectively met the thermal energy demand of the drying
process, confirming the system’s hybrid performance.

2. The average solar collector efficiencies were 82.15%, 79.46%, and 70.67% at average drying air temperatures of
49.7 °C (Exp. 1), 60.0 °C (Exp. 2), and 69.6 °C (Exp. 3), indicating a decreasing trend with increasing
temperature.

3. The biomass furnace efficiencies were 29.14% (Exp. 1), 24.55% (Exp. 2), and 27.04% (Exp. 3), and, respectively,
showing relatively stable but moderate performance.

4. The drying system successfully reduced the moisture content of paddy from approximately 16.75-16.90% wb
to 14.17% wb, with drying times significantly decreasing from 360 min to 143.3 min as the drying air
temperature increased.

5. The average drying rates increased with temperature, reaching 2.226 kg/h, 2.849 kg/h, and 3.324 kg/h for Exp.
1, Exp. 2, and Exp. 3, respectively, confirming enhanced drying kinetics at higher temperatures.

6. In contrast, the average SMER values decreased from 0.171 kg/kWh to 0.118 kg/kWh with increasing
temperature, while the SEC values varied between 11.804 kWh/kg and 15.649 kWh/kg, indicating a trade-off
between drying rate and energy efficiency.

7. The maximum thermal efficiencies of the dryer were 25.04% (Exp. 1), 17.14% (Exp. 2), and 15.03% (Exp. 3),
suggesting that lower drying temperatures resulted in more effective heat utilization.

8. The drying behavior of paddy was best described by the Page model, which showed the highest coefficient of
determination and lowest error values among the evaluated models.

9. In terms of product quality, the highest head rice yield (88.41 + 1.46%) was obtained at the lowest drying
temperature (49.7 °C), while higher temperatures led to increased proportions of broken rice and groats,
indicating quality degradation due to thermal stress and grain fissuring.

Overall, the SHCD system demonstrated effective performance for paddy drying, with a clear trade-off between
drying rate, energy efficiency, and product quality. Therefore, an optimal drying air temperature in the moderate
range (around 50-60 °C) is recommended to achieve a balance between drying efficiency and rice quality.
NOMENCLATURE
Crq air specific heat (JkgC?)

CVpms biomass fuel caloric value (kcal/kg)

cos @ power factor

Epps electrical energy required by the biomass furnace blower (W)

Epmg heat energy produced from burning of the biomass fuel (W)

Epmra electrical energy required by the mixed flow dryer blower (W)

Evpe electrical energy required by the bucket elevator motor (W)

Eviar electrical energy required by the discharge roller motor (W)

Eyys electrical energy required by the vibratory feeder motor (W)

Hg latent heat of vaporization of water (klJ/kg)

I current (A)
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my, mass flow rate of air (kg/s)

My consumption rate of biomass fuel (kg/h)
Mpyonedrypd mass of bone dry of paddy (kg)

Mcap ¢ paddy moisture content (dry basis) at the time “t’
Mcap,t+ac paddy moisture content (dry basis) at the time “t+At”
M, initial paddy moisture content (%)

M, instantaneous paddy moisture content (%)

My ater drying rate (kg/h)

Myetpa mass of wet of paddy (kg)

T temperature (°C)

V voltage (V)

At interval of drying time (h)
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