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Abstract- A novel rotary rack-type greenhouse solar dryer (RRT-GHSD) was developed to solve the problems found in a static
rack-type greenhouse solar dryer for drying fish. The experiments were carried out in four drying modes: mode 1 (MD1), mode
2 (MD2), mode 3 (MD3), and mode 4 (MD4); the performances of these modes were compared to each other. In MD1 and MD?2,
the RRT-GHSD was operated with exhaust air recycling at 100% and 50%, respectively, and heat recovery was utilized. MD3
and MD4 involved operating the RRT-GHSD with and without heat recovery, respectively, and without exhaust air recycling.
The specific moisture evaporation rate (SMER) (0.223 kg/kWh) and efficiency of thermal dryer (39.16%) were found highest
for MD1 and lowest for MD4. The specific consumption of energy (SEC) was found lowest (6.905 kW h/kg) for MD1 and
highest for MD4. MD1 could save heat energy around 70.2%. The drying rate was found highest (4.79 kg/h) for MD1 and lowest
for MD3. Furthermore, MD1 exhibited the highest exergy efficiency at 63.11%, surpassing MD2’s 54.96%. Notably, RRT-
GHSD not only ensures uniform air distribution but also maintains high drying product quality. The experimental moisture ratio

(MR) data displayed an excellent relationship with the Page model.

Keywords Fish, rotating rack, rack-type, greenhouse solar dryer, air recirculation system, biomass furnace, performance.

1. Introduction

Indonesia, one of the world’s largest fish-producing
countries, achieved a significant fish production of 24.85
million tons in 2022. This production comprised 7.99 million
tons from capture fisheries and 16.87 million tons from
aquaculture. Notably, this total production represented a
substantial increase of 13.63% when compared to the 2021
production, which stood at 21.87 million tons. Indonesia is
also among the world’s leading fish consumers, with a fish
consumption rate of 56.48 kg per capita in 2022. This figure
marked a 2.39% increase from the 2021 consumption rate,
which was 55.16 kg per capita [1].

Fish is a widely consumed food ingredient cherished not
only for its delectable taste but also for its numerous health
benefits, owing to its rich content of vitamins A and D, along

with essential minerals like, P4O19, Mg, Se, I, and Ca [2].
However, fish is a biologically active product prone to
spoilage and decay, primarily due to its high moisture content,
which promotes the rapid growth of microorganisms.
Therefore, it is crucial to handle fish with precision, speed, and
correctness to maintain its quality and prolong its shelf life
before reaching the market. One effective method for
preserving fish is through the process of drying, which entails
utilizing heat energy to decrease the moisture content from the
product (MC) to a predetermined level [3].

In tropical countries like Indonesia, the drying of
biologically active products typically harnesses solar energy,
given the consistent abundance of sunlight throughout the
year, cheapness and cleanness [4-6]. This is primarily
achieved through methods namely traditional drying and solar
dryers. Traditional drying involves placing biologically active
products directly under the sun, making it a simple and
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economical method. However, it has drawbacks, including
concerns about hygiene, lower product quality, and extended
drying durations. On the other hand, solar dryers are a
common option for drying biologically active products, with
two common types being rack-type cabinet solar dryers (RT-
CSD) and static rack-type greenhouse solar dryers (SRT-
GHSD). These solar dryers offer more controlled and efficient
drying processes compared to traditional drying.

Numerous sudies have explored the use of RT-CSD for
drying of biologically active products, including fishery
products such as channa, walking catfish climbing perch,
swamp eel, and tilapia [7], and striped snakehead fish [8];
medicinal herbs such as onion slice [9], thymus and mint [10],
red chilli [11], rosella [12], and centella asiatica L. [13]; fruits
such as mango [14], and cabya [15]; vegetables such as
mushroom [16], bitter gourd [17], and tomato [18]; food
products such as copra [19].

A common observation in many of these studies is that RT-
CSD offers hygienic and cost-effective drying. However, it is
worth noting that RT-CSD is best suited for lower capacities,
and differences in drying rates and final moisture content
(MC) can occur between products on the bottom rack and the
top rack. These variations may be due to differences in the heat
energy received by the drying products, as well as differences
in air temperature inside the dryer.

In a study, Prasad and Vijay [20] examined the distribution
of air temperatures within a drying chamber of a RT-CSD
during the drying of ginger and curcuma. The air temperatures
on the bottom, middle, and top racks were found to be
approximately 49.8 °C, 42.2 °C, and 39.9 °C, respectively.
Furthermore, 15.59% was found to be the RT-CSD's thermal
efficiency.

In a separate study, Mohanraj and Chandrasekar [21]
examined the final MC of copra on the bottom and top racks
within a drying chamber of a RT-CSD. The MC was found to
be 7.8% (wb) on the bottom rack and 9.7% (wb) on the top
rack after drying for 82 hours, starting with an initial MC of
51.8% (wb). Furthermore, it was determined that the RT-
CSD's thermal efficiency was 24%.

In a subsequent study, Mallikarjuna et al. [22] performed
an investigation on the distribution of air temperature, final
moisture content (MC) of green chilies on each rack in the
drying chamber, and the thermal efficiency of a RT-CSD. The
air temperature within the dryer was found to be
approximately 50.68 °C in rack 1, 49.75 °C in rack 2, 48.42
°C in rack 3, and 47.15 °C in rack 4. The final MC of green
chilies in rack 1, rack 2, rack 3, and rack 4 were 0.0043,
0.0101, 0.0601, and 0.1278 kg/kg (db), respectively with an
initial MC of approximately 8.3935 kg/kg (db). The thermal
efficiency of RT-CSD was found to be 9.15%.

In a study conducted by Lingayat et al. [23], an inquiry was
conducted to evaluate distribution of air temperature, drying
rate of bananas for each rack in the drying chamber, and the
rack-type cabinet solar dryer's (RT-CSD) thermal efficiency.
The air temperature within the dryer was measured and found
to be approximately 55 °C in rack 1, 51 °C in rack 2, and 47
°C in rack 3. The drying rate of bananas was observed to vary
among the racks, with the bottom rack exhibiting a greater

drying rate compared to the other racks. This difference is
attributed to the fact that the product placed on the bottom rack
receives more heat energy from the drying air, leading to faster
drying. The thermal efficiency of the RT-CSD, as determined
in this study, was found to be 17.73%.

Many sudies explored the use of SRT-GHSD for drying of
biologically active products, including fishery products such
as silver jew fish [24], salted catfish [25], and medium size
queenfish [26]; medicinal herbs such as pepper and garlic [27],
onion flakes [28], peppermint [29,30], chilli [31], wild ginger
[32], java tea and sabah snake grass [33], red pepper [34], and
cayenne pepper [35]; fruits such as grapes [36,37], and
gooseberries [38]; vegetables such as cabbage and peas [39];
food products such as jaggery [40].

In many studies, the general consensus is that static rack-
type greenhouse solar dryers (SRT-GHSD) are well-suited for
large-capacity drying, offer hygienic conditions, and result in
shorter drying times. However, these dryers have some
disadvantages. They may experience reduced drying rates
during periods of low solar irradiance, and the temperature
distribution of the air within the drying chamber can be
uneven. This uneven temperature distribution leads to
variations in the heat energy received by the fish being dried,
resulting in non-uniform moisture content (MC) in different
racks. As a consequence, some fish may be dry, while others
remain moist, leading to inconsistent product quality.
Moreover, higher MC levels in some areas of the product can
create favorable conditions for the growth of microorganisms
or fungi, further compromising the dried fish's quality.

In a related study, Kaewkiew et al. [31] examined the
distribution of air temperature at five distinct locations within
the drying chamber of a SRT-GHSD used for drying chili.
They observed variations in temperature at these different
locations.

In a study conducted by Ratnawati [41], it was reported
that the air temperatures on rack 1, rack 2, and rack 3 within
the drying chamber of a SRT-GHSD used for drying Fugenia
caryophyllus were recorded at 46.9 °C, 39.6 °C, and 38.0 °C,
respectively.

In another study by Vijaykumar et al. [42], the distribution
of air temperature within the drying chamber of a static rack-
type tunnel solar dryer used for drying chilies was
investigated. The study revealed that the temperature varied
within the dryer, with temperatures ranging from 29 °C to 56
°C at the front, from 30.5 °C to 58.5 °C in the middle, and
from 29.5 °C to 57.5 °C at the back.

In a later study by Aritesty and Wulandani [32], the
distribution of air temperature, final MC of wild ginger on the
upper (top), middle, and lower (bottom) racks within the
drying chamber, and the performance of a SRT-GHSD were
investigated. The air temperature was recorded as 53.10 °C,
44.81 °C, and 40.77 °C for the upper (top), middle, and lower
(bottom) racks, respectively. The final MC of Curcuma
xanthorizza Roxb was found to be 11.56%, 12.00%, and
11.45% (dry basis) for the upper (top), middle, and lower
(bottom) racks, respectively. In addition, the dryer's thermal
efficiency was 8% and its overall energy consumption was 29
MlJ/kg.
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The RT-CSD and SRT-GHSD, as previously discussed,
come with certain disadvantages. In addition to the issues
mentioned, these dryers also suffer from a low drying rate,
making it challenging to achieve drying during periods of low
solar radiation. Moreover, they result in substantial thermal
energy loss through the exhaust air, as the air leaving the dryer
is typically at a high temperature. This not only increases
energy consumption within the drying system but also
diminishes the overall drying system's performance.

In an attempt to minimize heat loss from the drying
chamber's exhaust air, Sarsavadia [9] implemented an exhaust
air recirculation system on an RT-CSD for drying onions. This
innovation achieved significant energy savings, amounting to
70%, by recycling 90% of the exhaust air. This approach
effectively minimized the loss of thermal energy and
improved the drying process's energy efficiency.

Soponronnarit and Prachayawankorn [43] has equipped an
exhaust air recirculation system on a fluidized bed dryer. It
was discovered that recycling 80% of the exhaust air could
result in an energy savings of up to 28%.

Darvishi et al. [44] investigated the effects of air
recirculation on the amount of energy consumed and the
exergy efficiency of a fluidized bed dryer (FBD) for drying
sliced mushrooms. Without air recirculation, they discovered
that the SEC and exergy efficiency in the range of 56.42-
221.24 MJ/kg and 0.81%-3.94%, respectively. The SEC and
exergy efficiency in the range of 14.73-43.14 MlJ/kg and
10.40%-30.57%, respectively, with 100% air recirculation.

To address the challenge of maintaining the drying process
under low sunlight conditions, Yahya [11] developed an
innovative solution by integrating a biomass furnace with a
single-stage heat exchanger into an RT-CSD for drying red
chili. This integration allowed for the effective control of air
temperature within the range of 68.4-71.8 °C, enabling
continuous drying even in conditions of limited sunlight.
According to the study, the solar collector and biomass
furnace accounted for 14.7% and 37.8%, respectively, of the
total energy required during the drying process. The SMER of
0.14 kg/kWh was attained on average, and the dryer's thermal
efficiency reached to 9.03%.

In order to dry rice, Yahya et al. [45] evaluated the energy
contributions and performance of an FBD using hybrid
energy. Through the use of a biomass furnace, the air
temperature could be elevated and effectively maintained
within a range of 78.9-81.6 °C. Their findings revealed that
the solar collector and biomass furnace made substantial
contributions to the energy supply for the drying system, with
a share of 11% and 30%, respectively. In the meantime, the
dryer's thermal efficiency, SEC, exergy efficiency, and SMER
were 15.4%, 4.76 kWh/kg, 41.3%, and 0.24 kg/kWh,
respectively.

Hamdani et al. [26] conducted a study where they
integrated a biomass furnace with a single-stage heat
exchanger into a tunnel-type Static Rack-Type Greenhouse
Solar Dryer (SRT-GHSD). This integration aimed to facilitate
the drying process, particularly for medium-sized queenfish,
even under conditions of low solar radiation. Their findings
indicated that the heat energy generated from burning biomass

fuels allowed the drying process to be carried out or continued
effectively in low solar radiation conditions. Furthermore,
they reported that the air temperature within the dryer could
be maintained in the range of 40—50 °C from 16:00 to 06:00.

However, a biomass furnace utilizing a single-stage heat
exchanger has a significant drawback: it results in substantial
heat energy loss through the high-temperature flue gas from
the chimney. This, in turn, increases energy consumption
within the drying system and diminishes overall drying
performance.

To solve the limitations of existing drying methods,
considering the large amount of energy required in the drying
process and the abundance of alternative energy sources
(renewable energy sources such as solar energy and biomass
energy) [46-48], innovation in drying technology is needed.
The dryer is a rotary rack-type greenhouse solar dryer (RRT-
GHSD) integrated with an air recirculation system and
biomass furnace using a two-stage heat exchanger. And also,
to our knowledge, the performance of this dryer for drying
tilapia fish has not been studied. Thus, this study aimed to
fabricate and investigate its performance.

2. Materials and Methods
2.1. Experimental Set-up

A rotary rack-type greenhouse solar dryer (RRT-GHSD)
equipped with an air recirculation system and a biomass
furnace using a two-stage heat exchanger was designed and
fabricated for fish drying. The drying system comprises a
greenhouse (drying chamber), racks, a rotary transmission
system, a biomass furnace, an air distributor, an air
recirculation system, air ducts, and a blower, as presented in
Figs. 1. The greenhouse measures 2.0 meters in width, 2.5
meters in height, and 6.5 meters in length, covered with a 5
mm-thick transparent glass plate. The biomass furnace
features a two-stage heat exchanger, with the first stage
serving as the primary air heater and the second stage
functioning as an air preheater (heat recovery). Each heat
exchanger consists of 14 pipes with a 2.5-inch diameter,
constructed from mild steel material. The rotary transmission
system includes a 5 HP, 1420 rpm electric motor, a gearbox
with a gear ratio of 1:50, and two sprockets—one with 16 teeth
and the other with 23 teeth, linked by a roller chain. The air
distributor is equipped with guide blades to ensure uniform
airflow into the drying chamber. Both the air distributor, air
recirculation system, and air ducts are insulated with thermal
insulation material (fiber glass) to minimize heat loss. The
racks are sized at 0.5 meters in width and 0.6 meters in length,
constructed from aluminum strips and steel wire mesh. A total
of 60 racks are used in the system. A centrifugal blower is used
in the drying chamber to circulate drying air, with an electric
power rating of 3.7 kW.
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(b)

Figs. 1. Photographs of the RRT-GHSD equipped with an air
recirculation system and a biomass furnace using heat
recovery: (a) front view and (b) back view.

2.2. Experimental Procedure

Four distinct operation modes were used for the drying
studies. In MD1 and MD2, the drying system recycled 100%
and 50% of the exhaust air, respectively, while employing heat
recovery (second-stage heat exchanger) on the biomass
furnace. In MD3 and MD4, the system operated both with and
without heat recovery (second-stage heat exchanger),
respectively, and without recycling the exhaust air. The reason
for choosing to use air 100% comes from the exhaust air of the
drying system and 0% from the environment for the drying
process in MD1, and 50% comes from the exhaust air of the
drying system and 50% from the environment in MD2 is
because these values have quite a big difference and make it
easy to see the effect on energy consumption and dryer
performance. A schematic of a rotary rack-type greenhouse
solar dryer equipped with an air recirculation system and a
biomass furnace using heat recovery is provided in Fig. 2, and
operating modes 1-4 are depicted in Figs. 3. Fresh Tilapia fish
was procured from ocal fish breeders in Padang. The fish were
cleaned, gutted, and halved as shown in Fig 4 (a). After
thorough cleaning and weeding, approximately 90 kg of fish
was loaded into the drying chamber, where it was secured
using racks, as can be seen in Fig 4 (b). The initial MC of the
tilapia fish were conducted by using the oven method at 105 +
3 °C. During the drying experiments, the ambient temperature,
the air temperature at inlet, inside and outlet of drying
chamber, and the air temperature at inlet and outlet of biomass
furnace were measured by using thermocouples (type: T;

range: —200 to 400°C; accuracy: +0.1°C; made in: Japan).
The solar irradiance was measured by using pyranometer
(type: LI-200; range: 0 — 2000 Wm™2; accuracy: +0.1 Wm ?;
made in: Japan). An anemometer was used to measure the air
velocity (type: HT-383; range: 0 —30ms™!; accuracy:
+0.2 ms™'; made in: China). The temperature and solar
irradiance were recorded by data logger (type: AH4000;
accuracy: +0.1°C ; made in: Japan). A weighing scale (type:
Camry; accuracy: +0.1kg; made in: China) was used to
determine the weight of the fish. A weighing scale (type: CTG
602; range: 0 — 600 gm; accuracy: +0.01g; made in: Japan)
was used to determine the sample's weight loss. The biomass
fuels use coconut shell charcoal. Rack rotation speed of 17
rpm. Sample weight loss was weighed, and measurements of
solar irradiance and air temperature were made every 60
minutes.

Fig. 2. Schematic of the RRT-GHSD equipped with an air
recirculation system and a biomass furnace using heat
recovery.
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Figs. 3. Operating modes of the drying sysyem: (a)
MD1, (b) MD2, (c) Md3, and (d) MDA4.
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The uncertainty was determined using the following
formula [49,50]:

(1)

Jror \* . or or 2"
w = [(a_xlwl) ()4t (B ]

' e |
_é:ifimmm ! 2.3. Analyses of Drying Characteristics and Performance
Fig. 4 (a). The tilapia Fig. 4(b). The tilapia The drying characteristics for tilapia, the performance of
fish prepared for the fish clamped with the RRT-GHSD equipped with an air recirculation system and
drying experiment. racks in the drying a biomass furnace using heat recovery were calculated using
chamber. the equations in Table 1.

Table 1. The equations employed to calculate the drying kinetic and performance of the RRT-GHSD

Parameter Formula Eq.no. Ref.
Drying kinetic
Fish moisture content (db) Moo = Myyerr — Mgs ?2) [3]
dbf —
myys
Fish moisture content (wb) M _ Myyerr — Mgy 3) [3]
wbf ——
Myyetf
Drying rate (DR) . ~ Mapgesdar — Mapse “) [56]
DR - nlwater - T
Moisture ratio MR = Mt (%) [56]
MO
Newton model MR = exp (-kt) (6) [51,52]
Henderson and Pabis model MR =2a exp (-kt) 7) [51,52]
Page model MR =exp (-kt") ®) [51,52]
The mean bias error 1 & 5 ) [51,52]
MBE = NZ (MRpre,i - MRexp,i)
i=1
The root-mean-square error 1 & 1/2 (10) [51,52]
2
RMSE = [NZ;(MRPW. -MR_,, ) }
Performance of dryer
Specific energy consumption SEC = Quze T Qome T Wyee T Whar + Wyt (11) [53]
ﬁlwater
Total electrical energy Wit = Wiates + Waar + Wape (12) [53]
Contribution of biomass fuel energy CEg, = Quomt % 1004 (13) [54]
Q]se + Q]bmF + w.\lts + WBdr + WBbF
Contribution of solar energy CE,, = Qe X 10005 (14) [45,53]
Q]se + Q]bmf + W.\lts + WBdr + WB'bF
Specific moisture extraction rate SMER = M yater 1s) [16]
Q]se + Q]bmf + W.\lr: + der + WBbE
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Thermal dryer efficiency M, cer He (16) [11,55]
N =
P Qree + Qi + Wigee + W, + Wiy
Exergy efficiency of greenhouse Exgni — ExXjoss ExXjoss 17) [54]
Mex=——5——— =1——5—"
Excpi Excni
Exergy losses of greenhouse Exjoss = Exgmi — EXguo (18) [54]
Exergy input into the greenhouse . Ticu (19) [54]
Exgy = mg,Cpy, [(Ti,GH ~ Tamb) — TampIn Tl ]
amb
Exergy output for greenhouse . T, 20 54
24 P 8 EXgho = M4aCpda [(TD.GH - amh) - Tambln TQGH ( ) [ ]
amb
Solar energy input Qe = IpAge @1 [55]
Power input of blower biomass furnace Waps = VI cose (22) [45,54]
Power input of dryer blower Wga, = V3VIcosg (23) [45]
Power input of transmission system Wyee = V3VI cosg (24) [45]
motor
Heat energy input of biomass furnace Qoms = MpsCVys (25) [54]

3. Results and Discussion

The uncertainties of measurement of the air temperature,
solar irradiance, air velocity, weight of fish, weight of biomass
of fuel, and measurement of time were found to be +0.17 °C,

4+0.14 W/m?, +0.24 m/s, = 0.14 kg, + 0.11kg, and +0.1 min,
respectively.

In RRT-GHSD, the quality of the drying products, or the
uniformity of the final MC of the fish is primarily influenced
by the even distribution of hot air within the drying. The
variation in air temperature at different positions inside the
drying chamber (T12, T13, T14, and T15) for various drying
modes over time is shown in Figs 5. The graphs illustrate that
these temperatures for each mode (MDI1, MD2, MD3, and
MD4) tend to converge over time. This uniformity is achieved
due to the rotational effect of the racks, ensuring uniform air
distribution within the drying chamber.

The air temperature within the drying chamber or
greenhouse is influenced by two main factors: the intensity of
sunlight received by the greenhouse (drying chamber) and the
temperature of the incoming air (heated by the biomass
furnace) into the drying chamber. Specifically, higher sunlight
intensity and warmer incoming air result in higher air
temperatures within the drying chamber. The variation in solar
irradiance and air temperature within the drying chamber
(drying air temperature) during the drying operations of MD1,
MD2, MD3, and MD4 over time is presented in Fig 6. The
weather conditions during each drying mode were consistently
sunny, with recorded solar radiation ranging from 217.0 to
801.6 W/m?, 184.9 to 787.5 W/m?, 224.3 to 780.7 W/m?, and
386.5 to 782.8 W/m? for MD1, MD2, MD3, and MD4,
respectively. The respective average values were 633.4,477.2,
573.0, and 645.9 W/m?. Meanwhile, the recorded drying air

temperatures during the drying operations of MDI1, MD2,
MD3, and MD4 fell within the ranges of 53.0-62.5 °C, 47.0-
60.7 °C, 51.9-61.8 °C, and 53.0-63.1 °C, with average values
0of 57.6 °C, 54.9 °C, 58.1 °C, and 58.0 °C, respectively.
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Figs. 5. Variation in the air temperature for different
positions and for different drying modes at the inside of
drying chamber vs time.
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Fig. 6. Variation in solar irradiance and drying air
temperature vs time.

The time required, change in material weight, and the
quantity of energy consumed in the drying process are
dependent on several key factors, including the initial and final
MC of the material, the quantity of material, the drying air
temperature, the velocity of air, the surface area of the
material, and the material thickness. The variations in fish
weight change and MC of the fish over time for different
drying modes are illustrated in Fig 7 and Fig 8. The drying
time for each mode was as follows: MD1 (9.89 hours), MD3
(10.25 hours), MD2 (11.27 hours), and MD4 (12 hours). The
initial weights of the fish were 90.56 kg (with an initial MC of
2.234 g/g db or 69.08% wb), 91.46 kg (with an initial MC of
2.267 g/g db or 69.40% wb), 89.20 kg (with an initial MC of
2.186 g/g db or 68.81% wb), and 89.94 kg (with an initial MC
of 2.212 g/g db or 68.87% wb) for MD1, MD2, MD3, and
MD4, respectively. The final weight was 35.04 kg with a final
MC of 0.251 g/g db or 20% wb under a mass flow rate of 0.45
kg/s. The average drying air temperatures were 57.6 °C for
MDI1, 54.9 °C for MD2, 58.1°C for MD3, and 59.0 °C for
MD4. In terms of energy consumption, MD1 required the least
energy (208.7 kW), followed by MD2 (299.9 kW), MD3
(352.9 kW), and MD4, which required the highest energy
(537.8 kW).
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Fig. 7. Variation in weight change of fish vs time.
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Fig. 8. Variation in MC of fish vs time.

The drying rate (DR) of a material is a critical factor
influencing the time required for drying. It depends on the
driving force for the mass transfer of water within the material
to its surface or the rate of water evaporation into the
surrounding environment. In essence, a higher driving force
for mass transfer or a faster rate of water evaporation
corresponds to a higher DR for the material. Fig. 9 illustrates
the variation of the DR with drying time for different drying
modes. The highest DR for fish was achieved in MDI,
primarily due to its high rate of water evaporation. The drying
rates for fish in MD1, MD2, MD3, and MD4 ranged from 1.25
to 13.21 kg/h, 1.19 to 11.08 kg/h, 0.86 to 12.02 kg/h, and 1.02
to 11.24 kg/h, respectively. The respective average values
were 4.79, 4.50, 4.26, and 4.34 kg/h.

Drying rate (kg/h)

1 2 3 45 6 7 8

Drying time (h)
—0—MD1 —{1+—MD2 —A—MD3 —O—MD4

Fig. 9. Variation in DR fish with drying time.

During the drying processes, it is desirable to achieve
minimal energy usage (the total input of energy) in the drying
system, while still drying large quantities of material at a high
drying rate or within a short drying time. In the RRT-GHSD,
energy is derived from two sources: heat energy, employed to
heat the drying air, and electric energy, employed to power the
blower and motor. Fig 10 presents the variation of SEC with
drying time for various drying modes. SEC is influenced by
both the total input of energy of the drying system required for
drying the fish and the drying rate, which is the rate at which
water evaporates. The lowest SEC was achieved in MDI,
primarily due to its low energy consumption and high drying
rate. SEC values in MD1, MD2, MD3, and MD4 fell within
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the ranges of 1.69-17.57 kWh/kg, 2.39-21.35 kWh/kg, 3.15-
35.66 kWh/kg, and 3.95-46.38 kWh/kg, respectively, with
respective average values of 6.91, 9.14, 15.0, and 17.3
kWh/kg.

Changes in SMER as a function of drying time for various
drying modes is depicted in Fig 11. SMER depends on the
drying rate, which signifies the rate at which water evaporates,
and the energy consumed (the total input of energy) by the
drying system to dry the fish. In simple terms, a high drying
rate and low energy consumption by the drying system
correspond to a high SMER. The highest SMER was achieved
in MD1, primarily due to its high drying rate and low energy
consumption. SMER values in MD1, MD2, MD3, and MD4
ranged from 0.057 to 0.59 kg/kWh, 0.05 to 0.42 kg/kWh, 0.03
to 0.32 kg/kWh, and 0.02 to 0.25 kg/kWh, respectively, with
average values 0f 0.22, 0.16, 0.12, and 0.10 kg/kWh.

Changes in thermal dryer efficiency as a function of drying
time for various drying modes is displayed in Fig 12. Thermal
dryer efficiency depends on the drying rate of the fish, air
temperature, and the energy consumed by the drying system.
In simple terms, a high drying rate, high air temperature, and
low energy consumption by the drying system correspond to
a high thermal dryer efficiency. The highest average thermal
dryer efficiency was achieved in MD1 (14.74%), followed by
MD2 (10.77%), MD3 (7.87%), and MD4 (6.52%). The range
of thermal dryer efficiency is displayed as follows: 3.77% to
39.16% for MD1, 3.10% to 27.63% for MD2, 1.86% to
21.04% for MD3, and 1.43% to 16.76% for MDA4.

50
— 40 ,
30

20

SEC (kWh/kg

10

1 2 3 45 6 7 8

1 2 3 4

Drying time (h)
—4&— MD1 —— MD2 —O— MD3 --X-- MD4

Fig. 10. Variation in SEC vs time.

The variation of exergy efficiency with drying time for
various drying modes is displayed in Fig. 13. The value of
exergy efficiency is notably impacted by the temperature of
the drying air, with lower drying air temperatures
corresponding to lower exergy efficiency. The lowest exergy
efficiency was observed in MD2 (54.96%) due to the low
drying air temperature (54.9 °C). Exergy efficiency values in
MD1, MD2, MD3, and MD4 ranged from 40.65% to 76.33%,
36.11% to 73.43%, 57.63% to 96.38%, and 63.55% to
92.12%, respectively, with average values of 63.11%,
54.96%, 79.07%, and 80.34%.

0.7
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0.1
0.0
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1 2 3 45 6 7 8
Drying time (h)
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Fig. 11. Variation in SMER vs time.

(%)
o

N w H
o o o

Thermal efficiency (%)
=
o

o

1 2 3 45

6 7 8
Drying time (h)

—O— MD1 —A— MD2 —<— MD3 --X-- MD4

Fig. 12. Variation in thermal dryer efficiency vs time.

The variation of solar energy and biomass fuel energy
supplied (input) to the drying system with drying time for
various drying modes is displayed in Fig. 14. In MD1, MD2,
MD3, and MD4, the solar energy input to the dryer ranged
from 2.28 kW to 8.42 kW, 1.94 kW to 8.27 kW, 4.06 kW to
8.41 kW, and 2.23 kW to 8.20 kW, respectively, with average
values of 6.62 kW, 5.29 kW, 6.67 kW, and 5.74 kW. The total
solar energy supplied to the drying system was 79.413 kW,
63.43 kW, 80.06 kW, and 68.84 kW, respectively. Meanwhile,
the biomass fuel energy supplied to the drying system in MD1,
MD2, MD3, and MD4 ranged from 8.83 kW to 13.25 kW,
8.83 kW to 30.92 kW, 17.67 kW to 30.92 kW, and 22.08 kW
to 44.16 kW, respectively, with average values of 10.31 kW,
18.03 kW, 23.99 kW, and 34.60 kW. The total biomass fuel
energy supplied to the drying system was 123.66 kW, 216.41
kW, 287.07 kW, and 415.15 kW, respectively.

The variation of contribution of solar energy (CSE) to the
dryer with drying time for various drying modes is displayed
in Fig 15. The highest CSE was observed in mode 1 (31.06%)
due to the low consumption of biomass fuel energy and the
total energy consumed in the drying system. CSE to the drying
system in MD1, MD2, MD3, and MD4 ranged from 11.58%
to 38.60%, 8.25% to 38.91%, 11.69% to 27.83%, and 6.29%
to 18.79%, respectively, with average values of 31.06%,
19.95%, 19.85%, and 12.68%.
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Fig. 13. Variation in exergy efficiency vs time.
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Fig. 15. Variation in contribution of solar energy to the
drying system vs time.

The variation of contribution of biomass fuel energy
(CBFE) to the dryer with drying time for various drying modes
is persented in Fig 16. The highest CBFE was observed in
MD4 (77.58%) due to the high total energy consumption in
the drying system. CBFE to the drying system in MD1, MD2,
MD3, and MD4 ranged from 41.77% to 67.33%, 41.56% to
78.80%, 58.44% to 78.40%, and 71.60% to 85.48%,

respectively, with average values of 48.89%, 64.14%,

69.00%, and 77.58%.
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Fig. 16. Variation in the contribution of biomass fuel energy
to the drying system with drying time.

The experimental results of RRT-GHSD performance are
presented in Table 2.

Table 2. Evaluation of the RRT-GHSD performance

Values

Parameters Unit

Mode Mode Mode Mode 4
Initial weight kg 90.56 91.49 89.20 89.94
Final weight kg 35.04 35.04 35.04 35.04
Initial MC % 69.08 | 69.40 | 68.81 | 68.87
(wb)
Final MC (wb) % 20 20 20 20
Initial MC (db) o/g 2234 | 2267 | 2.186 2212
Final MC (db) glg 0.251 0.251 0.251 0.251
Ave. drying air oC 57.64 | 5489 | 58.10 | 57.96
temperature
Drying time h 9.89 11.27 10.25 12
Ave. drying
rate (DR) kg/h 4.79 4.50 426 4.34
Ave. SMER kg/kWh 0.22 0.16 0.12 0.10
Ave. SEC kW h/kg 6.91 9.14 15.00 17.29
Ave. STEC kW h/kg 5.53 7.70 13.15 15.72
Ave. SEEC kW h/kg 1.37 1.43 1.85 1.57
Thermal
efficiency of % 39.16 27.63 21.04 16.76
the dryer
Ave. exergy % 63.11 | 5496 | 79.07 80.34
efficiency
Ave.
improvement w 141.75 | 204.85 52.95 38.37
potential
Ave. efficiency
of biomass % 55.36 55.29 54.94 41.03
furnace
Ave. solar kW 662 | 529 | 6.67 5.74
energy input
Ave. biomass
fuel energy kW 10.31 18.03 23.92 34.60
input

Different materials exhibit varying drying kinetics, and
their drying behavior is influenced by their specific
characteristics. Drying kinetics serve as a means to describe
this behavior, typically represented in the form of changes in
moisture ratio (MR) over time. These drying behaviors can be
effectively described through mathematical models, often
referred to as drying models. To establish a drying model, a
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process known as curve fitting is employed. This involves
fitting the MR data over time to various drying mathematical
models, followed by a non-linear regression analysis to
identify the most suitable and accurate drying model equation
based on experimental results. The accuracy of the model is
assessed using key indicators namely the coefficient of
determination (R?), mean bias error (MBE), and root mean-
square error (RMSE), where high R? and MBE values, along
with low RMSE values, indicate a high level of accuracy.

In this research, the drying behavior of fish in the RRT-
GHSD under different drying modes was fitted to three drying
models: the Newton model, Page model, and Henderson-Pabis
model. The table below (Table 3) provides the regression
constants and the values of R, MBE, and RMSE for these
drying models. Among the three mathematical models, the
Page model stands out as the most appropriate and accurate
choice for describing fish drying behavior. This conclusion is
based on its highest R? and MBE values and the lowest RMSE
values when compared to other models for each drying mode.

Table 3. Statistics from drying curve mathematical

modelling
Coefficients
Model | Mode R? MBE | RMSE
a k n
Newton 1 0.223 0.9946 | 0.00067 | 0.02600
2 0.171 0.9978 | 0.00023 0.01529
3 0.186 0.9981 | 0.00139 | 0.03729
4 0.169 0.9972 | 0.00034 | 0.01843
Henderson 1 11143 | 02354 0.9745 | 0.00241 0.04911
and Pabis
2 1.0184 | 0.1696 0.9970 | 0.00055 0.02344
3 1.0446 | 0.1816 0.9986 | 0.00171 0.04140
4 1.0373 | 0.1649 0.9971 | 0.00160 | 0.04010
Page 1 0.9942 | 02177 | 0.9877 | 0.00041 0.02028
2 0.9455 | 0.1928 | 0.9981 9.86E- 0.00993
05
3 0.9298 | 02178 | 0.9986 | 8.03E- 0.00896
05
4 0.9173 | 02024 | 09979 | O.81E- 0.00990
05

The accuracy of experimental Moisture Ratio (MR)
compared to MR predicted from the Page model in MDI,
MD2, MD3, and MD4 is illustrated in Fig 17. This data shows
that the model is appropriate for explaining fish drying
behavior. This Page model can be used to design a rotary rack-
type greenhouse solar dryer (RRT-GHSD) for drying tilapia
fish according to the required drying capacity.

Fig 18 illustrates the variation of Drying Rate (DR) with
Moisture Content (MC) of fish for different drying operation
modes. These drying curves are instrumental in identifying
distinct periods of fish drying rates. Notably, the drying curve
reveals that fish does not exhibit a constant drying rate. This

phenomenon is attributed to the absence of free water on the
surface of the fish at the beginning of the drying process.
During this stage, only a falling rate period is observed, and it
is influenced by the movement of water from within the
material to the surface. It is important to note that MC
significantly affects the drying rate, greater MC leading to a
greater rate of drying. From the drying curve, the regression
equations were obtained for different drying mode as follow:
for MD1: DR = 0.2644 + 6.398 (MC) and R? = 0.9296;
for MD2: DR = —0.4127 + 5.8104 (MC) and R? = 0.9533;
for MD3: DR = —0.6473 + 6.8621 (MC) and R? = 0.9769,
and for MD4: DR = -0.7202 +6.1279 (MC) and
R? = 0.9392. These equations of DR can be used to predict
drying times.

<
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2 0123456 7 8 910111213

= Drying time (h)
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A Exp, MD3 Page, MD3
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Fig. 17. Variation in MR of dried fish in MD1, MD2, MD3,
and MD4 and page model vs time.
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Fig. 18. Variation in DR with MC (db, g/g).

Figs 19 display the color of the fish samples both before
drying and after being dried using the RRT-GHSD. As evident
from the figure, the color of the fish after drying appears as a
bright yellow. This observation suggests that the dried goods
are of rather high quality.

(a). Before drying

b). After drying

Figs. 19. Color of fish before and after drying.
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The experimental results of drying tilapia fish using a
rotary rack-type greenhouse solar dryer (RRT-GHSD: MD1)
were compared with several types of dryers in references
shown in Table 4, and Table revealed that this dryer (RRT-
GHSD: MD1) is better than several types of dryers in the
references. This is because the performance of the dryer is

higher than that of several types of dryers in the references.
Also, the distribution of air temperature and final moisture
content of tilapia fish in the drying chamber was uniform.

Table 4. Experimental results of RRT-GHSD for tilapia fish drying in comparison with several dryers reported in the

references

Initial Time Distribution of
moisture (h) air
content temperature
(Yowb) in drying
chamber

No Dryer type Drying Final

products

drying

moisture
content in

chamber

ACR ES
(%) (%)

SMER SEC
(kg/kWh)

Energy
contribution
(%)

CSE CBFE

Efficiency Refs.
(kWh/kg) (%)

1 Static rack-type Not uniform

cabinet solar dryer

Ginger

Static rack-type
cabinet solar dryer

Copra

51.8

82

Not
uniform

Static rack-type
cabinet solar dryer

Green chili

8.4 db

Not uniform

Not
uniform

4 Static-type cabinet Banana

solar dryer

5 Static rack-type Not uniform

greenhouse solar dryer

Eugenia
caryophyllus

6 Static rack-type tunnel chili Not uniform

solar dryer

7 Static rack-type
greenhouse solar dryer

Wild ginger

Not uniform Not

8 Static rack-type Onion 86 5
cabinet solar dryer
equipped with air

recirculation system

uniform

90 70 22- B B B B B ]
41

9 Fluidized bed dryer 38.5db
equipped with air

recirculation system

Paddy

10 Static rack-type Red chili
cabinet  solar dryer
equipped with biomass
furnace with single-
stage heat exct

14.7 37 0.14 - 9 - [11]

11 Fluidized bed dryer
equipped with
biomass furnace with
single-stage heat

Paddy

12 Rotary rack-type Uniform
greenhouse solar dryer

(RRT-GHSD: MD1)

Tilapia fish 69 9.89

Uniform
(20% wb)

100 70 12- 42-67 0.22 6.9 39 63 Present
37 study

ACR: air recirculation ratio; CBFE: contibution of biomass fuel energy; CSE: contribution of solar energy; ES: energy savings;
SEC: specific energy consumption; SMER: specific moisture extraction rate; ngy : exergy efficiency for drying chamber; ng, :

thermal dryer efficiency.
4. Conclusion

A novel RRT-GHSD designed for drying fish was tested
and evaluated in this study. The experiments were conducted
in four distinct drying modes, denoted as MD1, MD2, MD3,
and MD4, and their performance was compared. In MD1 and
MD2, the RRT-GHSD was operated with 100% and 50%
recycling of exhaust air, respectively, and featured heat
recovery. For MD3 and MD4, the RRT-GHSD was operated
with and without heat recovery, respectively, without
recycling exhaust air.

The results of these experiments are provided below.

e MDI1, MD2, MD3 and MD4 reduced the MC of fish
from 2.234 g/g db (69.08% wb), 2.267 g/g db
(69.40% wb), 2.186 g/g db (68.81% wb) and 2.212
g/g db (68.87% wb), respectively to 0.251g/g db
(20% wb) in 9.89 h, 11.27 h, 10.25h and 12h,
respectively with a 0.45 kg/s mass flow rate, and
average temperatures of 57.6 °C, 54.9°C, 58.1 °C and
58.0°C, respectively.

e The total energy consumed for drying fish in MDI1
was the lowest (208.74 kW), followed by MD2
(299.9 kW), MD3 (352.9 kW), and MD4 (537.8 kW).

e The DR value was highest for MD1. The average
values of DR of fish for MD1, MD2, MD3 and MD4
were 4.79, 4.50, 4.26, and 4.34 kg/h, respectively.

e The SMER in MD1 was the highest (0.22 kg/kWh),
followed by those in MD2 (0.16 kg/kWh), MD3
(0.12 kg/kWh) and MD4 (0.10 kg/kWh).

e The SEC value in MD1 was the lowest (6.91
kWh/kg), followed by those in MD2 (9.14 kWh/kg),
MD3 (15.00 kWh/kg), and MD4 (17.29 kWh/kg).

e The thermal dryer efficiency of MDI1 was better
compared to other modes. Those for MD1, MD2,
MD3 and MD4 were 39.16%, 27.63%, 21.04% and
16.76%, respectively.

e The lowest exergy efficiency was obtained in MD2
(54.96%) due to low the drying air temperature (54.9
°C).

e The values of contribution of solar energy (CSE) to
drying system in MD1, MD2, MD3 and MD4 were
31.06, 19.95, 19.85 and 12.68%, respectively.

e The values of contribution of biomass fuel energy
(CBFE) to drying system in MD1, MD2, MD3 and
MD4 were 48.89, 64.14, 69.00 and 77.58%,
respectively.

e The values of biomass furnace efficiency in MDI1,
MD2, MD3 and MD4 were 55.36, 55.29, 54.94 and
41.03%, respectively.

e The experimental MR data displayed an excellent
relationship with the Page model.

11
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e  The results indicated that in performance, MD1 was
better than MD2, MD3 and MD4 because the

My ater> SMER, Nth and Npjcyyp values were higher
and the SEC value was lower.

Nomenclature
Acn solar greenhoure area (m?)
Ave average
C. air specific heat (Jkg=2°Cc~1)
Caa drying air specific heat (Jkg=*°Cc™1)
CEgr contribution of biomass fuel energy (%)

contribution of solar energy (%)
CVys caloric value for biomass fuel (kcal/kg)

Excpi exergy input into the greenhouse (J/s)
ExXgho exergy output for greenhouse (J/s)
H fg the water vaporization’s latent heat (kJ/kg)
I current (A)
It solar irradiance (W/m?)
1, mass flow rate of air (kg/s)
Hipg rate of consumption of biomass fuel (kg/s)
g, drying air mass flow rate (kg/s)
M gt moisture content of fish (db) at “t+At”
M abfrsat moisture content of fish (db) at “t”
MD mode
Mg mass of fish bone-dry (kg)
My ater drying rate (kg/min)
TT I mass of wet fish (kg)
Qroms heat energy input of biomass fuel (W)
Qpse solar energy input (W)
SEC specific consumption of energy (kWh/kg)
SMER specific moisture extraction rate (kg/kWh)
T temperature (°C)
T20&T21  dry bulk and wet bulk ambient temperature,
respectively (°C)
t time (min)
A% voltage (V)
Ways blower biomass furnace power input (W)
Wgdr dryer blower power input (W)
Whtts transmission system motor power input (W)
cos @ power factor
NEx exergy efficiency of greenhouse (%)
Neh thermal efficiency of dryer (%)
db dry basis
wb wet basis
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