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Technical Evaluation Pre-Dehydration Stage under Off-Solar Duration Equipped with Thermal
Backup and Cyclic Fan Operation
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Abstract: This work assesses off-solar duration (OSD) dehydration using three volumetric air flows (VAF) which operate under continued, long and short intermittency cycles.
VAF and fan continuity is proportional to total water removed of the product with a maximum capacity of 47.3%. However, it costs higher energy consumption, which only results
in maximum effective level of fan by 142.4%. Operating the fan under short intermittency at medium VAF achieves a higher effectivity up to 342.5%. The water diffusion of seaweed
is a complex and time-consuming process, making the designed operation favorable to enhance effective energy consumption. Employing thermal backup reaches equilibrium
moisture quickly under continuous cycle. However, it has the lowest energy effectiveness (only 6.9%), while setting the target to achieve critical moisture offers higher value at
22.7% using short-intermittency cycle. It shows OSD offers reliable results to reduce the midday cycle duration and ensure minimum losses rather than open dehydration.
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1 INTRODUCTION

Population escalated significantly, requiring tremendous
amount of food to sustain human life. The process is directed
more sustainably to ensure it gives little impact on the
environment. It comes as global goal to achieve responsible
consumption and production as part of SDGs. The sector is
accompanied by rapid development and technological
improvement to harvest more clean energy from renewable
sources [1-3]. Food processing has become more complex in
modern era to accommodate the high variation and global
trend, causing high energy consumption in this sector.
Specifically, one good example comes from the postharvest
handling of aquaculture product (seaweed). The harvested
product is handled for dehydration process to extend the
lifetime of product and facilitate the next production step.
However, dehydration is an extensive energy process due to
high latent heat of vaporization for water, approximately 40
kJ/mol [4]. From local perspective, the coastal region from
major country producers demands specific technical
consideration, which makes industrial-grade drying
equipment commonly not used for local farmers [5]. It results
in conventional drying by exposing the product directly to
solar radiation, which is easier, requires no additional
equipment, and takes no additional processing cost.

Direct dehydration during midday supports clean energy
utilization and meets the base criteria for sustainable
production. Nevertheless, it leads to different problems, such
as product degradation due to direct exposure to dirt.
Employing direct dehydration gives additional labor cost and
highly depends on solar power, followed by quality drops,
which reduces the value of the dried product. Consequently,
the process becomes economically unfavorable. Solving the
issue is performed using closed greenhouse dehydrator
(CGD). It remains harvest solar energy, which contributes in
energy mix, and simultaneously performs dehydration
process in closed room, reducing soiling factor significantly.
Labor costs potentially reduce while the product quality
increases, making this approach more economically feasible.

The difference in relative humidity and temperature (RH/T)
inside the CGD and the outdoor potentially causes natural
convection, allowing the air to circulate from outside [6]. For
higher rate, forced convection is generally used by forcing air
to circulate at designed conditions using fluid machine such
fan/blower [7]. The energy for operating the machines can be
supplied by various sources such wind and solar energy [8—
10]. Thus, the system operates primarily by using renewable
source to perform dehydration process.

The main technical problem for utilizing CGD is linked
specifically to poor dehydration rate compared to industrial-
grade dryers. It is highly associated with low solar intensity
per unit area [11], making further modification essential to
enhance the CGD capacity. Researcher performed several
modifications by equipping the system with solar heat
collector (SHC). The work [11] used evacuated tube-SHC,
which combined with heat energy material (HEM), allowing
the supplied air to reach higher temperature (100 °C) with
potential to reduce CO- and cost per mass flow (< 1 $/kg).
The reliability of the system is enhanced by employing latent
HEM to improve the storage capacity and thermodynamic
aspect [12-14]. In addition, the HEM was modified through
encapsulation to prevent leak, which remains shows desirable
performance for heating air up to 82 °C [15]. The ideal
combination of SHC-CGD promotes the system to operate
maximally and reduce the low dehydration rate. Suitable
modification of the combined system reached higher
extraction rate of water content with lower energy
consumption around 0.34 kg/kWh [16]. Many reports
demonstrate that the system (CGD with SHC and HEM) has
technical feasibility and better performance than non-
combined CGD. However, the process uses fan, which
consumes energy and requires additional attention regarding
the operation behavior of the unit.

Dehydration of the water content from the product
depends not only on heat supply but also on mass transfer.
The continued operation flow (COF) of the working fan
contributes to high specific energy consumption for the
process [17]. Thus, modification of the fan operation is done
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by adjusting its cycle. For example, M. Li et al. assessed the
intermittent operation (IOF) for infrared dryer to dehydrate
jujube, showing the proposed operation model potentially
improved the quality of the product [18]. The IOF operation
is applicable as well for heat pump dehydrator. Y. Hou et al.
conducted detail analysis of IOF operation on dehydration of
corn kernels, resulting in positive contribution on all IOF
setting compared to COF based on the dehydration rate with
maximum value of 19.5% [19]. The study [20] utilized solar-
electric technology for onion product and compared
COF/IOF operation. It showed a positive influence on the
efficiency of the process by using IOF at around 35.7%,
which also improved the economy annually. Technically,
operating the system with IOF offers positive improvement
for dehydration process. However, the trend cannot be
generalized since many factors involved in dehydration,
particularly water diffusivity and interaction, vary from one
product to another [21].

Adjusting the drying operation becomes mandatory to
maximize the product quality and amount of energy
consumed to achieve the target. COF causes continuous
dehydration and exposes the product to heat (for thermal
dehydration). Nevertheless, water diffusion requires time to
move from internal structure to the surface of product [22].
IOF provides additional relaxation time for the product when
the fan shuts off, allowing the product to cool down and
accelerating water diffusion to reach moisture equalization
[23]. Modification of intermittency cycle is also done for
osmotic dehydration and demonstrates various effects [24].
The work [25] gave specific examples for the dehydration of
olive using various scenarios (freezing, oven and infrared
drying), indicating a certain condition to achieve optimum
output for IOF, which depends on the method and processed
product. It represents the complexity of dehydration process,
which varies from case to case, affected by type of product
and chosen method, resulting in different dehydration
behavior and quality.

The previous research focused on improving the
operation of CGD, showing a serious effort to maximize the
applicability of the technology for dehydration process. The
efforts mainly focused on enhancing solar radiation input to
the system under on-solar duration. Nevertheless, weather is
unpredictable, and seasonal changes require additional
consideration for the sustainability and continuous
dehydration process [26]. Also, limited land available in
certain regions comes as another challenge, which makes the
processed product need to be arranged specifically, including
another technical issue such as shading, which limits the
effective daily radiation to CGD [27]. Another factor of the
processed product (seaweed) is that it has high moisture
content (MC) with strong water molecular force to the
structure, which demands a longer dehydration duration [28].
Thus, pre-dehydration can be offered to reduce the given
issue, which can be performed under off-solar duration
(OSD). It makes further work still required to assess the
operation of the system under OSD, offering additional
information to maximize the pre-dehydration stage with no
solar intensity condition, which is also applicable for
seasonal changes such as rain season. It is taken to support

and promote a better dehydration cycle under conditions with
no solar supply and solely depends on air transfer within the
system.

2 MATERIALS AND METHOD

We focused the assessment and evaluation for practical
application, hoping the findings is applicable for actual
implementation and deliver great impact for society. Thus,
the basic model of CGD was designed as even span model
considering its common model in the field, which has the
most optimum solar radiation input annually [29]. The model
schematic is presented in Fig. la, including the plan
dimension and arrangement of the system assembly. The wall
was covered with thin plastic (0.2 mm) UV-HDPE to meet
the criteria for on-solar duration at midday [30]. The load
(seaweed) was hung inside the CGD and positioned at the
center point between intake/exhaust lines. The frame was
made from hardwood, while the cladding was attached
evenly at the frame to ensure well air circulation from outside
to the dehydrator chamber. The system was equipped with
twin electric fan (DC) at the exhaust port to force air
circulation from the outside to pass the load inside the CGD.
The given concept is the most common model of basic
operation for CGD and highly relevant to typical actual
system. Thus, there is strong correlation between the
proposed model and the actual design, making the result from
this study applicable to the typical CGD system.

S Outlet

Figure 1 Schematic of the CGD (a) and exerimental evaluation (b)

The key parameter for the evaluation is defined
according to the mass of the product. It is the most essential
point for dehydration process. The initial weight of the load
was 0.5 kg (£ 4.2%), and it was weighed every hour during
the test. The water content (MC) was found at 85% (wet
base), showing the typical high MC of aquaculture product.
The effective energy is obtained based on the total removed
MC from the load. Fig. 1b shows the experimentation unit. It
was performed simultaneously for three different parameters.
The base variation for evaluation was intake volumetric air
flowrate (VAF, x 102 m’/s) which was set at 1.4 (LVAF),
2.2 (MVAF), and 3.1 (HVAF). The fan operation was
adjusted based on COF, I0F0.5 (IOF-I) and I0F0.25 (IOF-
IT). The subscript indicates the cycle schedule of the fan,
which was every 30 minutes (IOF-I) and every 15 minutes
(IOF-1II). For actual comparison, the load was also placed at
the outside to determine the baseline of OSD operation
without using CGD. The assessment was performed for 10
hours from 07 pm to 05 am (local time) and simultaneously
recorded for the RH/T of air inside the CGD and at the
ambient.
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Figure 2 Detail design of thermal box (TBX) (a), its photograph (b) and assembly of
system TBX-CGD (c)
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The next stage evaluation was conducted according to
the best VAF for the system and combined with thermal box
(TBX). The TBX is a device that stored thermal energy
which commonly absorbs excess heat from sun during
optimum solar duration [31-33]. Thus, CGD can be operated
by absorbing the stored heat for OSD operation from TBX
when its fully charged. The work employed CPHS as
material TBX which was made of sorbitol (75%) and
mannitol (25%). The polyols offer higher storage density and
can operate at elevated temperature, which is suitable for pre-
dehydration stage for CGD under OSD operation. Fig. 2a
shows the designed TBX for this work. In brief, the model
operates using thermal charger from electric power to heat
the M-TBX until it reach the designed working temperature.
ALS helps accelerate the charge stage by distributing heat
properly as the charge process is taken at the lower zone of
the assembly. The stored heat was distributed through the
body of TBX and the tip of ALS, which directly interacted
with the working air before entering CGD. Thus, compact
and robust TBX model is obtained, which can be easily
developed and implemented for OSD. Fig. 2b presents the
photograph of the TBX unit.

The system was evaluated with TBX based on the
scheme in Fig. 2c. The fully charged TBX (at 120 °C) was
discharged to the OSD through air based on the fan operating
scenario. The psychrometric profile for the air was measured
at four different regions. The gravimetric capacity of the load
was kept the same (0.5 kg). The process provided additional
indication of the impact of employing thermal backup based
on the designed operation condition for dehydration inside
the CGD. Thus, the work assessed two essential OSD
operation models, with and without thermal backup, which
makes clear interpretation from each operation can be
provided to justify the practical condition of CGD operation
under OSD.

3 RESULTS AND DISCUSSION

The cyclic operation pattern from the evaluation is
observed according to the change of air properties, in this
case RH. The pattern is observed since the data was taken
every 5 seconds. The obtained data is presented as an
arbitrary unit graph (Fig. 3) to maximize the observation of
cyclic patterns. The profile demonstrates a clear cyclic
pattern as well as the effect of VAF from the process. Under
LVAF operation (Fig. 3a), the RH changes inconsistently for
the IOF-I and IOF-II. The vast initial water content followed
by low VAF results in steep fluctuation of RH value due to
high absorption of water molecule by the air. COF shows
opposite profile from ambient, which signifies the continuous
air evacuation process. It was raining outside the building
during the evaluation, which caused the RH ambient to drop
dramatically. It is affected by the movement of moist air in
the atmosphere, causing the ambient humidity to decrease
[34]. The changing pattern for IOF operation demonstrates
delayed profile once the fan shuts off, causing the RH to
increase slightly before reaching the maximum point when
fan sets on.
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Figure 3 Variation of RH (%) at LVAF (a), MVAF (b) and HVAF (c)

The evaluation of MVAF was conducted on clear night
without rain outside the building. Interestingly, the delayed
RH profile becomes more apparent at the transition fan
operation for IOF-II (Fig. 3b). Higher VAF probably
improves the average evacuation rate of moist air, making a
higher RH gradient seen distinctly. However, adjusting
suitable VAF relative to the volume of CGD is important to
consider since the RH value becomes lower at the active
cycle (Fig. 3¢). Suitable cyclic pattern for MVAF indicates
steady operation on the exchange process between the air and
water removal from the product. The presence of resting time
causes various diffusion process throughout the structure
body of the product. Increasing the air velocity may result in
slower evaporation, as observed with insignificant RH
increment at the initial phase of HVAF operation (black
arrow Fig. 3¢). The cyclic pattern tends to occur after certain
period, showing the time as essential variable for evaporation
process of water content from the product. The arbitrary
graph allows for a better observation to analyze the impact of
each evaluated parameter of the assessment process.
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Figure 4 Variation of T (°C) at LVAF (a), MVAF (b) and HVAF (c)

Another psychrometric aspect of air (7, °C) is plotted in
Fig. 4. The profile has identical pattern where it tends to
decrease as the process continues throughout the night. It
implies that evaporative cooling [35] takes place inside the
dehydrator. It proves the water removal process from the
product to the air. The impact of cyclic process is observed
based on T indicator of the process, which is less observed
for LVAF operation (Fig. 4a). In contrast, operating the
system at MVAF allows to achieve of stationary temperature
between active-resting period (Fig. 4b). It causes low-
temperature decrement which observed insignificantly
between each period. The HVAF operation indicates partial
decrement on T at the transition active-resting period (Fig.
4c). It implies the zone experiences further evaporation under
free convection mode. It emphasizes there is strong factor
which comes from the processed product regarding the water
movement inside the cellular structure of product, resulting
in different evaporation behavior inside the CGD,
particularly under operating without thermal source such as
in OSD.

Fig. 5 summarizes the psychrometric value from the
evaluation. The presented scale clearly represents the
changes in psychrometric aspect (RH/T) throughout the
process under different fan operations and speeds. The
ambient RH is generally lower than inside the CGD, allowing
for possible evaporation process inside CGD under OSD
(Fig. 5a). It is justified based on the tendency of higher RH
value inside CGD demonstrating water liberation from
product to the working fluid, which causes the air becomes
more humid. One interesting result is shown for IOF-I
profile, which increases by 87.1% (LVAF) and triple times
for MVAF. It decreases once the system operates under
HVAF. Accordingly, intermittency operation and volumetric
speed strongly correlate with the changes in RH value.
Moreover, shorter cyclic with IOF-II causes the RH limit to
becomes lower than IOF-I and COF (only for HVAF). The
changes in RH are simultaneously followed by temperature
drop inside CGD (Fig. 5b). However, the temperature
variation for all process with different parameter demonstrate
identic value, ranging between 0.7 — 3.4 °C. The insignificant
temperature variation shows the technical limitation for

operating dehydration under OSD, which limits the
evaporation cooling rate based on the designed dimension
and VAF.
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Figure 5 Scaling the RH-T variation of the operation: a) RH map and b) T Map

The changes in RH/T inside CGD indicate the water
liberation from product, causing the product mass to decrease
along the process. The total mass loss is presented in Fig. 6a
and taken as key parameter to compare each evaluation
scenario. At this point, locating the product outside (defined
as OSD) still causes dehydration since there is air movement
due to wind (even though insignificantly), variation of RH
and 7 of the ambient air, and method to place the product
(hanging) which increases the contact area with air and
accelerate gravitational effect. Unfortunately, it results in
insignificant dehydration rate since the process occurs as free
convection without involving any thermal source. In contrast,
employing fan to accommodate force convection inside CGD
contributes to the higher total mass loss. It is also observed
that increasing the VAF and continue operation yield higher
total mass loss around 47.3%. The impact of changing the
intermittency is observed distinctly as the VAF increases,
indicating that evaporation can be accelerated as the average
mass transfer improves within the system.
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Figure 6 Total mass loss (a) and ratio useful energy from fan (b)

The primary goal for operating the system at OSD is pre-
dehydration stage, making the consumed energy the most
crucial factor to consider. Each process (Fig. 6b) shows
different results, which implies that additional points need to
be considered regarding the effectiveness of OSD operations.
The amount of liberated water from product under CGD
operation is subtracted by total water removal from OSD
(baseline). The net liberated water is multiplied by standard
latent heat of vaporization and compared by the energy
consumed by the component (fans). It is plotted as ratio of
energy fan contribution. As observed, it has positive value
(higher than 100%), which indicates that the total water
removed is higher than energy consumed by the fan.
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The LVAF requires suitable fan operating, resulting in
higher energy effectiveness for continuous cycle and shorter
intermittency. However, dehydration takes time for the water
molecule to diffuse throughout the product, making
continuity and increasing the fan speed not always
proportional in terms of effective energy consumption. It is
shown notably for the MVAF, where IOF-I (30 minutes
intermittency) and COF (continue) have identic ratio. In
contrast, [OF-II (15 minutes intermittency) allows the system
to achieve the highest effectiveness from the energy input to
operate fans. Increasing the operation speed (HVAF)
decreases the effective energy input since the fan consumes
more energy. The major finding of this work is that
operational parameters are essential for optimum OSD
operation and can be modified according to the system and
product conditions to achieve the highest effective energy
ratio throughout the process.
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Figure 7 Changing of temperature of the assembly TBX-CGD for a) COF, b) IOF-I,
and c) IOF-I

The system is tested by combining TBX as thermal
backup for CGD under speed MVAF. The observed RH/T
value for each location of the assembly (Fig. 2c¢) is presented
in Fig. 7. All zone shows indications for temperature
increment as a result of the addition TBX, where the value
becomes lower as the measurement farther from the heat
source. The effect of operation setting for the CGD changes
the temperature pattern. For example, COF shows consistent
temperature decrement from the pipe to the inside CGD (Fig.
7a). The temperature initially increases by 75.4% at the pipe
zone and steadily decreases to 7% at the exhaust region. The
TBX has a finite capacity, making the effective operation
only 400 minutes according to the plotted temperature.

Fig. 7b presents the cyclic pattern of IOF-I, allowing the
discharge stage to be extended until the final evaluation. It
achieves a higher increment on the temperature at 93.1%,
with the lowest point at 12.4%. A short delay region (brown
arrow) for the discharged heat indicates that TBX takes time
to perform heat exchange with air. It is probably
advantageous for dehydration to prevent the product from
overheating due to sudden high-temperature exposure.
Shorter-cyclic (IOF-II, Fig. 7c) shows a relatively similar

pattern with IOF-II. Even though the maximum increment is
lesser than IOF-II (only 76.3%), the exhaust zone
temperature maintained a higher value at 34.1 °C.
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Figure 8 Changing of RH of the assembly TBX-CGD for a) COF, b) IOF-I, and c)
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TBX transfers heat to the air, causing it to expand and
resulting in a lower RH. As the cycle continues and the heat
diminishes (brown circle Fig. 8a), the air contracts, leading
to a higher RH inside CGD. In contrast with T, RH changes
rapidly as the system operates, causing overlap phenomenon
and constantly changing the RH value relatively at
higher/lower conditions than the ambient. IOF-1 shows this
condition notably (brown rectangular Fig. 8b), while IOF-II
indicates a lower cyclic effect regarding the interlapping RH
value (Fig. 8c).
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The role of dehydration is presented as the decrement of
mass of the product. It is plotted in Fig. 9a for the system with
and without TBX for a clearer evaluation. The mass
decreases higher for COF and IOF-II, indicating the key role
of forced air transfer in performing dehydration at night-time.
Adding thermal backup, in this case TBX, accelerates the
evaporation, eventually increasing the mass loss to achieve
the equilibrium moisture. However, the presence of TBX is
not intended to perform direct drying to achieve equilibrium
moisture due to disproportional pair-to-pair gravimetry
capacity from the TBX and the load. For illustration, the
MTBX was 10 kg while the load was merely 0.5 kg. It is
totally imbalanced from a practical perspective since the
storage has more capacity than the designed load. The key
role of TBX is essential to achieve critical moisture, which
occurs at mass 60-70%. One undeniable proof is that all
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operations show the same duration to achieve critical
moisture, indicating that the TBX is more advantageous in
accelerating the initial dehydration phase. Moreover, the
temperature inside TBX remains higher at capacity of 15%
(according to minimum/maximum temperature deviation
inside the TBX) when it comes to the end of cycle of pre-
dehydration stage (Fig. 9b). It is favorable for TBX since it
reduces initial charge stage which typically requires more
energy under solid-sensible stage of the material inside TBX.

4 CONCLUSION

The work shows high feasibility and opportunity to
utilize OSD to perform pre-dehydration stage, which
probably increases the batch capacity per day and prevents
severe loss during low-intensity solar season. Technical
barrier such as low dehydration performance is solved by
adjusting the system to operate sufficiently, reducing the net
energy consumption while maintaining the reasonable total
water removed. Indeed, operating the fan at higher
evacuation rate with continuous active cycle results in the
maximum total dehydration. Unfortunately, this act has low
positive energy coefficient, which is merely 142.4%. Also,
operating the system with a relatively long cyclic setting
causes an extended tempering period, reducing the maximum
water removed from product. At this point, shorter cyclic
with suitable evacuation rate contributes to a positive
achievement in terms of effective energy ratio for operating
fan, which increased to 342.5%. The absence of heat input
for OSD is solved by using thermal backup, allowing the
system to reach the critical moisture faster. It is found that all
scenarios show identic duration for the product to reach
critical moisture level. Operating the backup heating energy
under suitable control allows the system to achieve
effectivity level of 22.7%. One critical finding shows that
forcing the system to achieve equilibrium moisture (dry) is
technically inefficient, reaching maximum point effectivity
level at 9.3%.

Overall, the finding reveals that OSD is applicable to
support the development and capacity of typical solar drying.
It is only achieved by adjusting the system to operate with
suitable cyclic duration and evacuation rate, even though the
MC of product is considerably high (above 80%). This initial
evaluation promotes OSD for optimizing the drying process,
making additional work advisable to achieve a higher
technology output. It is important to conduct continuous
cycle from effective solar duration and assess the entire
energy consumption of the process, including critical factors
involving the operation and feasibility, such as techno-
economy evaluation. We believe the finding from this work,
which can be further improved, offers a clear breakthrough
to encourage the development of clean food production,
supporting responsible consumption and enhancing the
affordable clean energy goal as part of community service
from researcher and industrialist.
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