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 The operation of the solar-powered dehydrator (SPD) works only in daytime as the system 

relies on solar radiation. It causes certain technical barriers, especially for drying high 

water content food products. To overcome the challenge, a heat storage apparatus (HSA) 

is integrated to enhance the operation at nighttime. In this work, we propose a novel 

concept for integrated HSA-SPD. The HSA employs a multicell arrangement and works in 

a passive-active system. The proposed model is installed as a separate component, which 

allows the HSA can be detached during the daytime. Experimental tests are performed by 

adjusting the discharging period of HSA for two different SPD models: greenhouse (GH) 

and drying cabinet (DC). The finding shows the nighttime dehydration without using SPD 

evaporates around 11.6% water content of the products for 10 hours of operation, while 

GH and DC indicate a higher rate around 16.4% and 21.3%, respectively. Discharging the 

HSA at the initial dehydration stages leads to a lower evaporation rate with total water 

removal only 20.7% (GH) and 28.9% (DC), compared to discharging at the second 

dehydration that leads to a higher water removal up to 26.1% (GH) and 33.8% (DC). It 

shows detachable HSA offers flexible operation to maximize dehydration rate for SPD in 

nighttime operation. 
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1. INTRODUCTION 

 

Transition in the energy sector becomes mandatory as the 

global population and demand for energy increase 

tremendously. Various options are introduced to address the 

challenge, including the attention of power plant sectors [1], 

enhancing the clean hydrogen process [2], and system energy 

optimization [3]. Specific attention is focused on thermal 

processing in the food sector, which accounts for large energy 

consumption. It is affected by the requirement to process the 

food in a certain quality and preservation to improve the 

storage ability of the produced food. For example, the drying 

process for seaweed allows for improving the quality of the 

final product, leading to a higher selling price and improving 

the quality of the seaweed farmer. Unfortunately, the drying 

process is generally performed using a conventional approach, 

which reduces the final quality of the product due to dirt 

exposure and an uncontrolled drying process [4]. Technology 

intervention is introduced to minimize the issue, particularly 

for using solar-powered drying (SPD), which has minimal 

impact on the environment and decreases energy consumption.  

A positive trend is shown for the development of SPD 

technology, particularly for using the greenhouse concept. It 

accelerates the drying process, reduces the soiling risk, and 

produces a higher quality of dried product. Modification for 

the system is relatively simple, including the possibility to 

combine the system with renewable electric sources like wind 

turbines and photovoltaic [5-7]. It reduces the total drying 

duration and allows a higher ratio to harvest renewable energy 

for the drying process. From the industrial perspective, the 

system is combined with a biomass burner by extracting heat 

from waste combustion. Therefore, adding more energy to the 

system becomes a crucial aspect to optimize the SPD 

technology. 

The key function for drying bioproducts is the dehydration 

process. It involves heat and mass transfer, especially for a 

closed dryer unit. Sharma et al. [8] assessed the operation of 

indirect drying, which was equipped with an air heater, 

indicating a better heat utilization for the proposed model 

around 67%. Singh and Gaur [9] focused on the sustainability 

assessment for hybrid SPD technology, demonstrating that the 

combined system with energy addition from external solar 

utilization leads to faster drying, removing 84.6% of water 

content from the product within 10 hours. Selimefendigil et al. 

[10] utilized a passive method for accelerating the drying. The 

system was equipped with graphene nanoplatelets for the paint 

decoration within the SPD system, resulting in a double 

increment of the exergy efficiency compared to the basic SPD 

system. Despite the improvement, the system still requires 

modification to ensure its operation during nighttime without 

the intervention of solar radiation. At this point, the heat 

storage apparatus (HSA) becomes a reliable option to obtain 

continuous operation of the SPD system. 

The excess solar energy in the daytime is possible to be 

stored in the HSA. It is achieved by heating the material within 

the system, which generally uses a solid-liquid transition 
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material [11-14]. The system is developed extensively, 

including the modification of the storage material [15-17], 

optimization for the heat exchanger within the system [18], 

and system integration [19-21]. The apparatus is combined for 

the SPD system, indicating a suitable drying performance. 

Rouzegar et al. [22] developed a hybrid SPD with air-charged 

HSA, showing that the drying capability improved by around 

74.06%. Mirzaee et al. [23] evaluated the location of HSA 

within the SPD system, indicating that certain influence on the 

drying efficiency can be influenced by the location of the 

HSA, while a positive outcome remains achieved for the 

system equipped with HSA. Numerical assessment was 

performed by Lad et al. [24], focusing on the combined tube 

collector with HSA, showing that the combined system is 

preferable to reduce the total drying time of the processed 

product.  

The integration for SPD-HSA comes in various approaches. 

Chaatouf et al. integrated the system by placing the storage 

material within a container tube, which was designed 

according regenerator concept, indicating the drying duration 

decreased about 33.3% [25]. A straightforward method is 

employed by combining the HSA and the air heater. The 

proposed method indicated that the power quality and storage 

efficiency were affected by the type of storage material, while 

the general result indicated a better temperature outlet of the 

integrated air heater with HSA [26]. Numerical optimization 

was performed for the given model. It showed that the tilt 

angle of the collector affects the maximum solar absorption 

and a higher mass flow rate [27]. Integrating the HSA with an 

air heater results in a simple configuration since the working 

fluid is air, which can be directly used for supplying hot 

temperature to the drying chamber [28]. However, direct 

operation has a significant drawback regarding the flexibility 

of the operation and the temperature limitation of the HSA 

since it relies on the surface temperature of the air heater. 

Integrating the HSA unit with the air heater reduces the 

technical storage capability. It is affected by the temperature 

limitation of HSA, reducing the maximum working 

temperature of the SPD. Thus, employing direct operation for 

the HSA is preferable to achieve a higher temperature limit. It 

also improves the operational aspect since the HSA can be 

charged by a direct PV system [29] or grid-powered electricity 

[30]. Previous studies generally focus on the development of 

the HSA system, which is integrated by a solar air heater, 

while the operation of the SPD model is analyzed for direct 

operation during daytime. Further assessment can be taken by 

evaluating the operation of the integrated SPD-HSA system 

under nighttime operation.  

The nighttime drying becomes a new trend as a part of 

optimization to maximize the drying capacity and reduce the 

potential of post-harvest loss. Therefore, the goal of this work 

is to boost the drying process by using detachable HSA. The 

HSA allows for multi-stage heat release that is expected to 

improve the nighttime dehydration process. The evaluation is 

designed to understand the role of HSA for nighttime 

operation, including the effect of the volumetric drying 

chamber on the typical SPD model. The case-by-case 

assessment is expected to provide a detailed analysis to 

improve the capability of the optimal drying process in the 

absence of solar radiation, reducing the potential of post-

harvest loss and improving the production capacity in a 

sustainable way for drying food products. 

 

2. MATERIALS AND METHODS 

 

Figure 1(a) shows the dimensions of the SPD for the 

experimental test. There were two SPD models that were 

evaluated simultaneously: Greenhouse (GH) and drying 

cabinet (DC). The developed model was aimed at 

understanding the effect of the volumetric ratio for drying. 

Each model has an identical area considering its function for 

daytime drying, where the variation was taken on the height of 

each model with a ratio of 1:2. The cladding was made of thin 

(200 μm) polyethylene plastic. The HSA was designed as a 

novel model of clustered latent heat storage (CLHS) using 

stabilized-palmitic acid as storage material was located within 

the drying chamber that operates under a passive-active 

scenario. The detailed performance of the CLHS and 

properties of the storage material can be read from our 

previous work [31-33]. 

 

 
(a) Detailed dimensions of SPD 

 

 
(b) Arrangement of the components of the SPD 

 

Figure 1. Apparatus of the SPD unit 

 

Figure 2(a) shows the photograph of the seaweed 

(Eucheuma spinosum/E.Sp) as received from the local market. 

The wet version (Figure 2(a)) has a high-water content, which 

can be seen clearly in the water absorption by the paper towel 

(red arrow). There is a significant change in the dried version, 

which is generally smaller and has a shrinkage characteristic. 

The water content for each version was measured using a 

moisture analyzer (Mettler Toledo). The measurement was 

taken at different regions (Figure 2(b)) to accommodate the 

variation of water content within the body of the sample. The 

summary of moisture content is plotted in Figure 2(b).  

The experiment was performed simultaneously for the two 

models (GH and DC). At first, the HSA was charged until 

reaching 90℃ (upper limit of HSA). The fully charged HSA 

was moved to the inside area of the dehydrator according to 
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the designed time. There were three exhaust fans (brushless 

motor fan) with an average power consumption of 2.4 Watts. 

The drying load (wet seaweed) was 1,000 grams (± 20 grams). 

There were five different cases from this work (Table 1). There 

were two versions for locating the HSA inside the dehydrator. 

The first version was located in the HSA after one hour of 

operation (20:00), which was considered the initial 

dehydration stage of the product. The second version was 

00:00 (five hours after the operation), which was considered 

the second dehydration stage. 

 

 
(a) Photograph of wet and dry seaweed  

 

 
(b) Sampling and water content of the seaweed  

 

Figure 2. Characteristic of dehydration load (seaweed)  

 

Table 1. Detailed case assessment of integrated SPD-HSA 

 
Case 

Number 
DC GH Information 

Case 1 ✓ ✓ 

HSA (a) means the 

stored heat was 

discharged at 20:00 

HSA (b) means the 

stored heat was 

discharged at 00:00 

Case 2 
✓ + HSA 

(a) 
✓ 

Case 3 ✓ 
✓ + HSA 

(a) 

Case 4 
✓ + HSA 

(b) 
✓ 

Case 5 ✓ 
✓ + HSA 

(b) 

 

One critical factor for nighttime assessment is the heat 

storage utilization (HSU) factor. It indicates the effective 

energy consumption of dehydration at nighttime. The total 

energy input is accounted for by charging the HSA, which was 

obtained as the total electrical input [34] from the charge, and 

the total energy to operate the suction fan. The useful energy 

to dehydrate the product is proportional to the latent heat of 

vaporization of water and total water removal from the product 

during the dehydration [35]. Thus, specific HSU can be 

obtained to indicate the effectiveness of the dehydration 

process at night. 

 

 

3. RESULTS AND DISCUSSION 

 

The experiment was performed for the designed case (Table 

1). The temperature (T) and relative humidity (RH) were 

measured as critical parameters of the drying process. In 

addition, the mass of the product was measured to obtain the 

total water removal from the process. Figure 3(a) shows the 

measured RH/T for case one. The humidity for the dryer 

(Figure 3(a)) shows a higher value compared to the ambient. 

As it result, the temperature inside the unit becomes lower as 

the water evaporates from the product (Figure 3(a)). Focusing 

on the dryer type, it seems the DC type has a higher humidity 

which followed by a lower temperature, compared to the GH 

type. It confirms the effect of volume within the drying unit. It 

contributes to a higher degree of evaporation rate, resulting in 

a better dryness level of the product (Figure 3(b)). In addition, 

the open drying (OD) has the lowest value since it relies on 

natural convection without intervention from solar radiation, 

making the drying rate at nighttime is extremely slow. 

 

 
(a) RH/T profile 

 

 
(b) Dryness level 

 

Figure 3. Operational characteristics from the evaluation of 

case 1  

 

The operation of HSA contributes positively to the 

nighttime drying. The humidity drops significantly at the 

initial discharge, causing the lowest humidity can be achieved 

at 49.4% (Figure 4(a)). It is affected by the increment in 

temperature inside the dryer (Figure 4(a)), resulting in dryer 

air being distributed to the product. It allows the dryer to 

achieve a higher evaporation rate (Figure 4(b)) in the effective 

discharge stage. The evaporation goes rapidly, confirming that 

the liberation of water content becomes more effective. 

However, the maximum duration for the HSA was only 4 
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hours, making the evaporation become lower once the stored 

energy is fully discharged. 

 

 
(a) RH/T profile 

 

 
(b) Dryness level 

 

Figure 4. Operational characteristics from the evaluation of 

case 2 

 

 
(a) RH/T profile 

 

 
(b) Dryness level 

 

Figure 5. Operational characteristics from the evaluation of 

case 3 

In the case of the GH type, the integration HSA for 

nighttime drying indicates a positive contribution. 

Unfortunately, the value is relatively lower in terms of the final 

dryness level. The decrement in RH level for GH type, along 

with discharge stage for the HSA (Figure 5(a)), shows the 

lowest value (50.1%). The highest temperature (Figure 5(a)) is 

close to the DC type in the second case. However, the 

increment of water removal for the GH type is 12.6%, much 

lower than the DC type. As a result, the final dryness level for 

the GH type with HSA is relatively similar to the DC type 

without HSA (Figure 5(b)). 

The integrated system with HSA shows a notable 

improvement in the final dryness level. Despite the variation 

between GH and DC, each model demonstrates a higher final 

dryness level compared to the non-integrated system. There is 

one identical phenomenon that can be observed according to 

the dryness curve. The highest evaporation occurs 

simultaneously with the heat liberation from HSA and initial 

water content removal from the product. Since the HSA has a 

limited discharge duration, it is worth modifying the discharge 

stage after the product passes the initial failing rate. Thus, we 

performed two additional cases where the HSA was 

discharged after five hours drying operation (approximately at 

00:00 LT). 

 

 
(a) RH/T profile 

 

 
(b) Dryness level 

 

Figure 6. Operational characteristics from the evaluation of 

case 4 

 

The HSA was discharged at 00:00, and as observed in 

Figure 6(a), the corresponding humidity and temperature 

change at the given region. The humidity drops to around 

20.7%, which is higher compared to the second case. The same 

condition is also observed for the temperature, which is able 

to increase by about 7.3℃. It is advantageous since the 

weather conditions in this time period are insufficient, making 

1872



 

the discharged heat effective to improve the evaporation 

process. It can be seen during the initial evaporation rate with 

an average of 4%/hour (Figure 6(b)). As the heat is discharged 

after passing the first falling rate, the water inside the seaweed 

pulls out to the surface. The supplied heat at this moment 

accelerates the evaporation, resulting in a higher final dryness 

level of the product (72.5%). 

The optimum performance of nighttime drying using HSA 

is also achieved for the GH configuration. As observed in 

Figure 7(a), the temperature and humidity level changes as the 

heat is discharged from the HSA. It results in a significant 

improvement for the final dryness level (Figure 7(b)) 

compared to the direct operation at the initial drying process 

(Figure 5(b)). Unfortunately, the maximum dryness level for 

the GH configuration remains lower than DC. It confirms the 

role of effective volumetric ratio, making the designed drying 

chamber important to ensure a high evaporation rate. Despite 

that, all model confirms the positive impact of the usage of 

HSA for nighttime drying. It allows the effective drying 

process can be performed in the nighttime, resulting in an 

effective continuous drying operation which significantly 

reduces the drying duration and eventually increases the total 

drying load per day. 

 

 
(a) RH/T profile 

 

 
(b) Dryness level 

 

Figure 7. Operational characteristics from the evaluation of 

case 5 

 

Further discussion is focused on the operational curve of the 

HSA and overall performance for each case. The temperature 

profile for the HSA is presented in Figure 8. The charge 

process using direct heating allows the charging rate can be 

controlled effectively (200 Watts in this work) to ensure the 

heat can be distributed effectively throughout the entire body 

of solid-liquid transition material (SLTM). It can be observed 

that the HSM experiences a solid-liquid transition between 

54–62℃ (green box Figure 8), which is indicated by a lower 

temperature increment in this region. The next step is the 

SLTM entering the liquid zone, which starts around 70℃ (blue 

arrow). It is indicated by a rapid temperature increment after 

passing the solid-liquid transition.  

 

 
 

Figure 8. Temperature profile of HSA 

 

 
(a) Model DC 

 

 
(b) Model GH 

 

Figure 9. Comparison of heat storage utilization for the 

dehydration process 

 

The shape-stable effect from the polymer makes the phase 

change favorable, resulting in a stable melting/freezing 

process to maximize the heat interaction inside the HSA. The 

rapid temperature drops at the discharge zone (red arrow in 
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Figure 8) demonstrate that most of the stored energy at the 

liquid sensible zone is discharged rapidly to the system. After 

that, the SLTM enters the solidification region (blue box, 

Figure 8), indicated by a slow temperature decrease. It 

contributes to the liquid-solid transition at a relatively identical 

temperature with the melting transition, showing the SLTM 

has superior performance with minor supercooling effect [36]. 

The HSU value is plotted in Figure 9. The optimum size 

configuration using a smaller unit dehydrator under the same 

working operation for the DC model (Figure 9(a)) gives the 

highest HSU value of 38%. This means that 38% of the intake 

energy for charging the HSA and operating the dehydrator can 

be used to dehydrate the processed product. Increasing the 

dehydrator volume for the GH model decreases the HSU 

factor, obtaining the maximal value at 24.8% (Figure 9(b)). 

The presented case shows the significant contribution of the 

proposed model to perform the dehydration process at a higher 

value using separated HSA, in which the charging process and 

discharge time can be adjusted according to the requirements 

and characteristics of the processed product. It also 

emphasizes that a controllable operation can achieve higher 

water removal by setting a suitable discharge operation 

according to the dehydration characteristic of the product. 
 

 

4. CONCLUSION AND FUTURE OUTLOOK 
 

Improving the nighttime dehydration process of food 

products using a solar-powered dehydrator (SPD) is achieved 

by integrating the system with a heat storage apparatus (HSA). 

The maximum water removal is obtained by 21.3% using the 

drying cabinet model (DC) for SPD. The HSA is separated 

from the SPD assembly, making the configuration possible for 

adjustment to achieve a higher dehydration rate. For example, 

operating the HSA at the initial dehydration stage only results 

in 28.9% of water removal using the same SPD. The water 

removal can be maximized by detaching the HSA from SPD 

and operating it at the second dehydration stage. As a result, 

the maximum water removal improves to 33.8%. From an 

energy perspective, the operation of HSA at the second 

dehydration stage also reaches the highest heat storage 

utilization (HSU) by 38%. Therefore, flexible operation with 

a detachable HSA for SPD significantly boosts the 

dehydration process and potentially maximizes the energy 

utilization for drying. 

The proposed integration may bring positive benefits as the 

system is able to operate at nighttime, potentially shortening 

the total duration of the drying process and preventing product 

deterioration due to the absence of heat at night. However, the 

present work is limited by operating the HSA with a specific 

type of material and identical weather conditions. Thus, we 

suggest the following topics for future improvement: 

• Evaluation of the long-term stability of HSA material and 

potential modification to improve the total storage 

capacity, as well as system control. 

• Evaluation under different weather conditions, particularly 

for full cycle operation (day and night), to evaluate the 

effectiveness of the process and obtain detailed practical 

applicability for the drying process, including the 

evaluation using different food products or drying loads. 

• Detailed techno-economic assessment for the system to 

address the potential of commercialization for the 

proposed model. 

Addressing the aforementioned topics consequently leads to 

a higher technology level and real-world system for the 

possible implementation of integrated HSA-SPD to support 

the transition in renewable thermal energy systems and 

sustainable food processing. 
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