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Abstract: This study aimed to design and develop an IoT-based smart monitoring bin to extend the shelf life and maintain 
the postharvest quality of pineapples. The system featured temperature, humidity, oxygen, and carbon dioxide sensors, 
with a thermoelectric cooling setup maintained at 14°C. Its performance was evaluated based on cooling time, efficiency, 
and energy consumption. Pineapples were stored under smart bin and ambient conditions was assessed on days 7, 11, 
and 15 for visual quality, internal browning, firmness, total soluble solids, pH, and weight loss. Results showed that the 
smart bin has potential to preserved quality for up to 11 days, with slower CO₂ buildup and 6.92 kWh/day energy use. 
The system shows promising for small-scale postharvest use. Future improvements may include integrating renewable 
energy and automated gas exhaust systems to enhance sustainability. 
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1. INTRODUCTION  
Pineapple (Ananas comosus) is a globally significant 
tropical fruit, valued for its sweet flavor and rich 
nutritional profile, including essential vitamins and 
antioxidants [1], [2]. Major producers like Costa Rica, 
the Philippines, and Thailand contribute significantly to 
the global supply, with the Philippines yielding about 2.7 
million metric tons annually [3], [4]. In the Philippines, 
regions such as Bukidnon and South Cotabato serve as 
key production centers [5]. Despite its economic impact, 
pineapple production faces substantial post-harvest 
losses up to 30%, mainly due to inadequate storage and 
handling methods [6].  
With growing demand for improved food preservation, 
modern solutions like coatings, modified atmosphere 
packaging (MAP), and cold storage are being explored. 
However, limitations remain, such as reduced visual 
appeal and changes in texture or color [7], [8], [9]. In 
response, this study aims to design and develop an IoT-
based smart monitoring bin tailored for pineapples, 
enabling real-time tracking of storage parameters like 
temperature, humidity, and gas composition (oxygen and 
carbon dioxide). This innovation seeks to address gaps in 
existing post-harvest methods, especially those not 
adapted to local Philippine conditions or pineapple-
specific needs [10]. While IoT systems exist for crops 
like mangoes and tomatoes [11], [12], few are dedicated 
to pineapples. By integrating context-specific features, 
this study contributes a solution for extending shelf life 
and maintaining fruit quality. 
 
2. MATERIALS AND METHODS 
 
2.1 Sample Preparation  
For the sample preparation, twenty (20) uniform 
pineapples of the same size, weight, and variety were 
selected to ensure consistency in the experiment. These 
pineapples were divided into four groups (T0 to T3), with 
each group containing five (5) pineapples per chamber in 
smart bin and to the ambient. The storage and monitoring 
phase involved two experimental groups, the Smart Bin 
Group (T1–T3) and the Conventional Storage Group 

(T0). Pineapples in the Smart Bin Group were stored 
inside the IoT-based smart bin, where temperature, 
humidity, and gas levels (oxygen and carbon dioxide) 
were monitored in real time using IoT sensors. 
Meanwhile, the Conventional Storage Group was kept 
under ambient room conditions with no external control 
over environmental factors. Regarding smart bin storage 
duration, pineapples were removed in stages to evaluate 
the effect of storage time on quality and shelf life. 
Chamber one (1) was removed after 7 days, chamber two 
(2) after 11 days, and chamber three (3) after 15 days. 
 
2.2 Design considerations for the development of the 

Smart Monitoring Bin 
The subsequent factors were considered during the 
creation of the Smart Monitoring Bin:  
1. Capable of storing pineapple (Ananas comosus);  
2. Cylindrical shape for better airflow;  
3. Compact and attractive device size;  
4. Uniform cooling effect throughout the chamber;  
5. Operable by a single-phase (220 V) power source; and  
6. Ability to store products for a few days and weeks. 
 
2.3 Calculations for Smart Bin 
 
2.3.1 Calculation of cooling capacity 
The capacity of the cooling chamber was calculated using 
Eq. (1):  

V =𝜋×𝑟2×𝐻 
where, 𝜋 = 3.14, r = radius (m), and H = height (m).  
The following formula expresses the total product 
holding capacity of the device:  

T𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ℎ𝑜𝑙𝑑𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝜌 ×𝑉 
where, V = chamber volume (m3), ρ = product bulk 

density (kg/m3). 
 
2.3.2 Heat transmitted by the Smart Bin 
Equation (3) was used according to Arora [13] for the 
calculation of transmitted heat:  

qt = (𝐴)(𝑈)(𝑇𝑜𝑢𝑡 −𝑇𝑖𝑛) 
where 𝑞𝑡 represents the rate at which heat is transmitted 
(W), A is the total surface area for heat transfer (m2), U 
denotes the overall heat transfer coefficient (W/m2-K), 
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           Fig. 1. Design of the IoT-based Smart Bin.                Fig. 2. IoT-based Smart Monitoring Bin. 
  
and 𝑇𝑜𝑢𝑡 and 𝑇𝑖𝑛 are the temperatures outside and inside 
the storage chamber, respectively. 
 
2.3.3 Product load   
The amount of heat needed to keep the product above its 
freezing point was  
calculated according to Arora [13] using the following 
Eq. (4).  

q𝑝𝑎 = (𝑚)(𝑐)(𝛥𝑇) 
where 𝑞𝑝𝑎 is the amount of heat above the freezing point 
(kJ), m is the mass of the product (kg), c is the specific 
heat capacity at the given state (kJ/kg-K), and ΔT is the 

temperature change of the product (k). Similarly, the heat 
released by the product when it cools from its normal 
temperature to the final device temperature is determined 
by using Eq. (5).  

q𝑝𝑏 = (𝑚)(𝑐)(𝛥𝑇) 
where 𝑞𝑝𝑏 is the heat quantity released (kJ). 
 
2.3.4 Total cooling load 
The overall cooling load is the sum of all individual 
loads, Eq. (6):  

q𝑇𝐶𝐿 = 𝑞𝑡 +𝑞𝑝𝑎 +𝑞𝑝𝑏 
where 𝑞𝑇𝐶𝐿 represents the total cooling load (kJ). The 
total cooling load (𝑄𝑇𝐶𝐿) in watts was determined using 
Eq. (7):  

Q𝑇𝐶𝐿 =  q𝑇𝐶𝐿 (𝑘𝐽) 
              𝑇𝑖𝑚𝑒 𝑡𝑎𝑘𝑒𝑛 (𝑠) 

 
2.3.5 Factors of safety  
A 10% safety factor was incorporated into the design of 
the smart bin. This factor was incorporated into the 
overall cooling load as shown in Eq. 8.  

S𝑎𝑓𝑒𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 = 10% 𝑜𝑓𝑄𝑇𝐶𝐿 
 
2.4 Development of the Smart Monitoring Bin  
The size of the smart monitoring bin and each chamber 
was planned and finalized based on the number and size 
of pineapples to be stored. These measurements were 
made to make sure the space inside each chamber could 
hold the expected number of pineapples. After this, a 
detailed engineering drawing (DED) was created to guide 
the building process (Figure 1). Two plastic drums, each 
with a volume of 0.3084 cubic meters (m3), were bought 
and used as the main body of the bin, the researchers used 
the plastic drum as the medium of the smart bin because 
the storage plastic drums do not contaminate the content 

and can safeguard food products [14]. The top parts of 
both drums were cut off, and these cut parts were used to 
help join the drums together. Bolts were used to connect 
and hold the drums in place tightly. Each chamber was 
separated using marine wood that was 1-inch-thick and 
had a round edge (circumference) of 72 inches. These 
wooden dividers were attached to the inside wall of the 
bin using wooden screws and rivets. To make the dividers 
stronger and more stable, L-shaped metal brackets were 
placed underneath. Small doors were also made for each 
chamber, each measuring 14 inches long and 30 inches 
wide. Insulation foam was added inside the bin to help 
keep the temperature steady and protect the pineapples 
better. After that, wires were cut to the right length so that 
the sensors, power supply, and control box could be 
connected properly. Sensors were placed in each 
chamber to measure the conditions inside. The cooling 
parts were then assembled by attaching the Peltier 
modules to the water blocks and heat sinks using thermal 
paste. This cooling setup was then placed inside the bin. 
A coiled copper tube and a straight copper tube were also 
made and placed inside the chamber to help control the 
temperature. With all these parts combined shown in 
Figure 2, the smart bin could keep the conditions for 
storing pineapples.  
 
2.5 Operating Procedure of the Smart Monitoring 

Bin  
The smart bin system operated through a continuous 
cycle of data acquisition, transmission, and real-time 
monitoring, as illustrated in Figure 3. The process began 
with the initialization of the ESP32 microcontroller. 
Upon startup, the ESP32 connected to a designated Wi-
Fi network and then established a link to the ThingSpeak 
platform. This connection enabled the wireless 
transmission of data and remote access. Once connected, 
the system started collecting data from the sensors placed 
inside the chamber. These sensors measured important 
parameters such as temperature, humidity, and gas levels 
(carbon dioxide and oxygen). The collected data was then 
transmitted to the ThingSpeak platform, which served as 
the main hub for data monitoring and visualisation. This 
setup allowed users to remotely observe the internal 
environment of the smart bin at any time. The actual 
wiring and configuration of the electronic components 
used in the system are shown in Figure 4.

60 in. 

20 in. 

14 in. 

30 in. 

⌀ 72 in. 
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Fig. 3. Algorithm Flowchart of the System. 

Fig. 4. Circuit Connection Diagram of the Smart 
Monitoring Bin 

 
2.6 Quality Parameters and Shelf Life  
 
2.6.1 Percent Weight Loss (PWL) 
Weight loss is a critical parameter for assessing 
postharvest quality of fruits like pineapple. Excessive 
weight loss leads to shriveling, reduced juiciness, and a 
decrease in overall consumer acceptability. Studies have 
shown that monitoring weight loss helps in determining 
optimal storage conditions to extend shelf 
life. Pineapples in the smart bin were calculated to 
determine the effect of smart bin storage parameters on 
the commodity. The calculation for percent weight loss 
was determined using the approach described by Coelho 
et al. (2021). Weight loss was measured by determining 
the weight of each sample before and after storage days. 
Then, using Equation 9, the percent weight loss is 
calculated.  

P𝑊𝐿 (%) = (𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 −𝑊𝑓𝑖𝑛𝑎𝑙) 𝑥 100 
            𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 

 
2.6.2 Visual Quality Rating (VQR) 
The VQR was assessed to gauge the fruit's visual appeal 
during storage. The visual quality of each fruit was 
scored using a 9-point hedonic scale developed by 
Acedo’s method, where 9 represents excellent visual 
condition and 1 indicates severe deterioration [15]. 
 
Table 1. A rating standard developed for visual quality 
rating. 

VQR Description 
9 Excellent, field fresh, or no defect 
7 Good, defects minor 
5 Fair, defects minor, the limit of 

marketability 
3 Poor, defects are serious, the limit of 

edibility 

1 Non-edible under usual conditions 
 
2.6.3 Internal Browning Index (IBI) 
The IBI was used as an indicator to assess the pineapple 
quality in the smart bin when it is stored for longer days 
under a lower temperature. IBI provides a standardized 
way to quantify the extent of internal browning, which 
can be important for quality control, research studies on 
storage conditions, and comparisons [16]. 
 
Table 2. A basic Internal Browning Index table 

Browning 
Level Description Index 

Value 
0 No visible browning 0 
1 Trace browning, only a 

few small spots 
1-2 

2 Mild browning, scattered 
small areas 

3-5 

3 Moderate browning, 
noticeable browning 
throughout the flesh 

6-8 

4 Severe browning, large 
areas of brown 
discoloration 

9-10 

 
2.6.4 Total Soluble Solids (TSS) 
TSS, primarily composed of sugars, is a key determinant 
of pineapple sweetness and overall taste 
quality. Monitoring TSS levels after storage is important 
as it indicates the fruit's maturity and sweetness [17]. 
Changes in TSS can also reflect the conversion of 
starches to sugars during ripening. Research by Ali 
highlights the importance of TSS as a quality parameter 
in pineapple [18].  Pineapple fruits from the smart bin 
storage conditions were sliced into small pieces. The TSS 
content was determined using a Digital Brix and Sucrose 
Refractometer (Biobase Digital Refractometer, China). 
The measurement was obtained by placing one droplet of 
juice onto the prism of the instrument. The values were 
recorded as °Brix throughout the storage period. 
 
2.6.5 pH 
The pH level is an important indicator of fruit acidity, 
which contributes to the overall flavor profile of 
pineapple.  It also plays a role in influencing microbial 
stability and enzymatic activity during storage. 
Maintaining optimal pH levels helps preserve fruit 
quality and prevent spoilage.  Pineapple fruits from each 
treatment were sliced into small pieces. The sliced 
samples were then squeezed, and the juice was placed in 
a beaker with a 10 ml volume. The pH level of the sample 
juice was determined using a pH pen, with the instrument 
calibrated using distilled water each time a different 
treatment was analyzed [19]. 
 
2.6.6 Firmness 
Firmness is a textural attribute that affects the eating 
quality and consumer acceptance of pineapple.  It reflects 
the structural integrity of the fruit tissue and changes 
during ripening and storage due to cell wall degradation 
[20], [21]. Measuring firmness helps in assessing the 
phase of ripeness and predicting shelf life.  The firmness 
of pineapple samples from both the conventional storage 
and smart bin treatments was measured using a digital 
fruit penetrometer, specifically the Lutron Precision Fruit 
Sclerometer, Model FR-5120. The force required for 

1304



penetration was systematically measured by placing the 
probe at two opposing points on the equatorial zone of 
each fruit. The recorded measurements for each sample 
were documented and expressed in Newton (N). This 
method allowed for a precise assessment of pineapple 
firmness, enabling a comparative evaluation of samples 
stored under conventional storage and smart bin 
conditions. 
 
2.6.7 Respiration Rate 
Respiration rate is a measure of the metabolic activity of 
the fruit, indicating the rate at which it consumes oxygen 
and produces carbon dioxide.  It is a critical parameter for 
determining storage requirements, as higher respiration 
rates lead to faster deterioration and shorter shelf life 
[22], [23]. To evaluate the respiration activity of 
pineapples, researchers assessed the respiration rate of 
pineapples stored in an IoT-based Smart Bin over 
different storage durations (7, 11, and 15 days). The 
oxygen and CO2 levels inside the storage chamber were 
monitored using scd41 CO2 sensor and i2 oxygen sensor. 
Respiration rates were quantified by measuring the 
change in CO₂ concentration inside the storage chamber. 

The calculation was based on the ideal gas conversion 
and expressed in mg CO₂/kg·h using the following 
Equation 10: 

𝑅R = ∆𝐶𝑂2× 1.96× 𝑉      𝑥 60 
                                            𝑀×∆𝑡  
where ∆𝐶𝑂2 is the increase in CO₂ concentration (ppm), 

V is the chamber volume in m3, M is the total fruit mass, 
and ∆𝑡 is the time interval. 
 
2.7 Performance Evaluation of the Smart Bin  
 
2.7.1 Cooling Profile 
The cooling time of the smart bin device was determined 
by recording the duration required for the internal 
temperature of the smart bin to decrease from the dry 
bulb temperature of the cooling chamber to the target 
storage temperature of 14°C.  
 
2.7.2 Cooling Efficiency 
The cooling efficiency of the smart bin was calculated 
according to Harris as given in Eq. (11) [24]. This 
efficiency helped determine the effectiveness of the 
thermoelectric cooling system in maintaining optimal 
conditions for pineapple storage. 

𝐸 = 𝑇1(𝑑𝑏)−𝑇2(𝑑𝑏) 
      T1(𝑑𝑏) − 𝑇2(𝑤𝑏) 

Where 𝑇1(𝑑𝑏) is the dry bulb in outdoor (ambient) 
temperature (°C), 𝑇2(𝑑𝑏) is the dry bulb temperature of 
the cooling chamber (°C), and 𝑇2(𝑤𝑏) is the wet-bulb  
temperature of the cooling chamber (°C). 
 
2.7.3 Assessment of Energy Consumption 
To assess the energy consumption of the smart bin, a 
calculation procedure was followed. Each electrical 
component, including the microcontrollers (ESP32), 
temperature and humidity sensors (BME680), I2C 
oxygen sensors (DFRobot), CO2 sensors (MQ135), real-
time clock modules, and the thermoelectric cooling 
system (TEC1-12706 Peltier modules) was evaluated 
based on its voltage and current requirements based on 
their specifications. The TEC1-12706 Peltier modules, 
with an average power consumption of 36 W per unit, 
were the primary contributors to energy usage, operating 
alongside a 12V DC auxiliary fan (Starking brand) and a 

60W micro diaphragm pump. Energy drawn from each 
component was calculated using the Equation 12, 

E = 𝑉× 𝐼× 𝑝𝑓× t 
1000 

where V is the supply voltage, I is the current, pf is the 
power factor (1), and t is the operating time in hours. 
Cumulative energy consumption was then computed by  
summing the power used by all active components across 
the storage duration. 
 
2.8 Statistical Analysis  
The quality parameters of pineapple were analyzed using 
the Statistical Tool for Agricultural Research (STAR) 
computer software, employing analysis of variance 
(ANOVA). This allowed for the identification of sources 
of variation, which included storage days. To distinguish 
treatment means at p≤ 0.05, LSD was applied, and the 

coefficient of variation was derived from the ratio of 
standard deviation to mean. The STAR software is 
provided by the International Rice Research Institute for 
free, which supported these analyses, and Microsoft 
Excel was used for the correlation analysis. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Development of an IoT-based smart monitoring 

bin  
The smart monitoring bin obtained temperature of 14°C 
using four thermoelectric (Peltier) modules paired with 
water-cooling blocks, heat sinks, and coiled copper 
tubing. A micro diaphragm pump circulated coolant in a 
closed-loop system. Despite brief fluctuations during 
chamber access, the temperature quickly stabilized to 
14 ± 0.5 °C. Sensor accuracy was validated against a 

digital thermal gun (±1–2 °C), confirming reliable and 

consistent readings. The IoT-based system enabled real-
time monitoring of temperature, humidity, and gas levels 
(O₂ and CO₂). In no-load tests, gas levels remained stable, 
while load tests with pineapples showed expected 
respiration patterns decreasing oxygen and increasing 
carbon dioxide validating sensor responsiveness. All 
sensors were factory-calibrated before use. Data were 
collected and visualized via the ThingSpeak dashboard, 
enabling continuous remote monitoring. Minor 
disruptions occurred due to brief power outages and 
temporary ThingSpeak downtime, slightly affecting data 
logging. 
 
3.2 Quality Parameters  
 
3.2.1 Percent Weight Loss 

Fig. 5. Percent Weight Loss in different storage 
durations. 

 
Weight loss increased with temperature and storage 
duration, reflecting metabolic activity driven by 
respiration and transpiration. Pineapples at ambient 
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temperature (T0) showed the highest weight loss (8.04%) 
due to elevated moisture loss [25]. Cold storage at 14°C 
minimized weight loss, with T1 (7 days) recording the 
lowest (2.86%), aligning with [26], who noted that low 
temperatures suppress enzymatic and respiratory activity. 
As storage duration extended (Figure 5), weight loss rose 
to 4.76% at T2 (11 days) and 6.68% at T3 (15 days), 
consistent with [27], who reported that cold storage slows 
but does not stop deterioration. This confirms that lower 
temperatures and shorter storage durations are key to 
reducing postharvest losses in pineapples. 
 
3.2.2 Visual Quality Rating 
In (Figure 6) VQR was significantly influenced by 
storage temperature and duration (P > 0.005). Pineapples 
stored at 14°C for 7 days (T1) had the highest VQR of 
8.20 (“excellent”) with minimal defects, supporting [18] 
who showed that cold storage preserves visual quality by 
slowing color and texture changes. At 11 days (T2), VQR 
decreased slightly to 7.80 (“good”), reflecting minor 

discoloration as noted by [28], who reported that spoilage 
delays weaken over time due to respiration and microbes. 
After 15 days (T3), VQR dropped to 5.00 (“fair”), 

showing visible softening and surface damage, consistent 
with [29] who found extended cold storage can cause 
chilling injury and reduce appearance. The ambient 
control (T0) scored lowest at 3.80 (“poor”) due to 

accelerated enzymatic degradation and moisture loss at 
higher temperatures, as described by [30]. Visual 
evidence (Figure 7) confirms T1’s vibrant, defect-free 
appearance versus T0’s browning and shriveling. 

Fig. 6. VQR in different storage durations. 

Fig. 7. Visual comparison of pineapple samples under 
different storage treatments: T0 (ambient), both Day 0 

and Day 4; T1 (14°C for 7 days); T2 (14°C for 11 days); 
T3 (14°C for 15 days), respectively. 

 
3.2.3 Internal Browning Index 
Figure 8 shows that the internal browning index (IBI) 
increased significantly with storage duration at 14°C, 
from 1.80 at 7 days (T1) to 3.40 at 11 days (T2) and 6.80 
at 15 days (T3), indicating worsening internal browning 
over time. Visual evidence (Figure 9) supports this, with 
T1 displaying uniform flesh and T3 showing severe 
discoloration. These results align with [31], who found 
that prolonged cold storage induces chilling injury in 
pineapples, while [32] emphasized that such symptoms 
intensify despite controlled temperatures. Although the 
IoT-based smart bin maintained a stable 14°C 

environment, it could not fully prevent internal 
degradation during extended storage, consistent with [33] 
and [34], who linked chilling injury to membrane 
disruption and enzymatic browning.  

Fig. 8. Chilling injury in different storage durations. 
 
Thus, while storage up to 11 days’ preserves quality, 
longer storage increases browning risk and reduces 
marketability, highlighting the need to optimize 
temperature and storage time to maintain fruit quality. 

Fig. 9. Internal appearance of pineapple samples under 
different storage durations at 14°C: increasing browning 
is evident from T1 (7 days) to T3 (15 days), supporting 

the IBI measurements. 
 
3.2.4 TSS 
Total Soluble Solids (TSS), indicating fruit sweetness, 
were significantly influenced by storage temperature and 
duration (Figure 10). The ambient control (T0) had the 
lowest TSS at 13.30°Brix due to higher respiration 
reducing sugars, while cold storage at 14°C increased 
TSS to 15.64°Brix (7 days, T1) and peaked at 16.24°Brix 
(11 days, T2), reflecting improved sugar retention 
consistent with [35] and [36]. However, TSS declined to 
14.40°Brix at 15 days (T3), suggesting that extended cold 
storage induces metabolic stress and sugar degradation, 
as reported by [29] and [37]. This decline likely results 
from chilling injury impairing carbohydrate metabolism 
and cell integrity [38]. These findings underscore that 
cold storage up to 11 days effectively preserves pineapple 
sweetness, but prolonged storage risks quality 
deterioration. 

Fig. 10. TSS in different storage durations. 
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3.2.5 pH 
Pineapple pH increased significantly across treatments 
(P > 0.005), from 2.83 at ambient temperature (T0) to 
3.83 after 15 days at 14°C (T3), indicating a decline in 
acidity due to metabolic consumption of organic acids 
during storage [39], [40]. This aligns with the natural 
ripening process, where acids are metabolized into sugars 
or other compounds [38]. While moderate pH elevation 
improves flavor by reducing sourness, excessive 
increase, as seen in T3, can suggest overripening and 
possible quality deterioration [41]. 

Fig. 11. pH Level in different storage durations. 
 
3.2.6 Firmness 
Fruit firmness was significantly affected by storage 
temperature and time (P > 0.005). The lowest firmness 
(1.54 N) was observed at ambient temperature (T0), 
attributed to accelerated enzymatic breakdown at higher 
temperatures [42]. Cold storage at 14°C preserved texture 
best at 7 days (T1: 8.28 N) but declined over time to 6.98 
N (T2) and 4.96 N (T3), reflecting ongoing softening due 
to enzymatic activity [43], [44]. This confirms that while 
cold storage delays softening, it cannot prevent 
senescence beyond a certain period [1]. 

Fig. 12. Firmness in different storage durations. 
 
3.2.7 Respiration Rate 
Respiration rates, derived from CO₂ changes, increased 

over time, from negligible levels at Day 7 (0 mg 
CO₂/kg·h) to 3.00 mg CO₂/kg·h at Day 11 and 7.81 mg 
CO₂/kg·h at Day 15, confirming ongoing metabolic 
activity. CO₂ buildup and O₂ depletion inside the bin 

reflected active respiration, though cold storage 
effectively slowed the process [27], [45]. These results 
emphasize the importance of temperature control in 
reducing respiration intensity and delaying senescence 
[23], with the smart bin maintaining favorable gas 
conditions throughout. 
 
3.2.8 Shelf Life 
Pineapples stored at 14°C showed optimal shelf life up to 
11 days, with the acceptable overall quality observed. 
VQR remained high through Day 11 (7.8) but dropped by 
Day 15 (5.0), while IBI increased from 1.8 to 6.8, 
indicating onset of chilling injury [37]. Firmness and TSS 
peaked at Day 7, with reduced weight loss (2.86%) 
compared to ambient (8.04%), confirming the cold 

environment preserved moisture and sweetness [38]. The 
data suggest 11 days is the practical limit for maintaining 
market quality under these conditions. 

Fig. 13. Pineapple Quality Measurements at Different 
Storage Intervals. 

 
3.3 Performance Evaluation of the Smart 

Monitoring Bin 
 
3.3.1 Cooling profile of the smart monitoring bin 
The smart bin cooled from ambient (26°C) to the target 
14°C within 25 minutes when empty and in 45 minutes 
when loaded with pineapples. The slower cooling in 
loaded conditions was due to the high thermal mass and 
specific heat of pineapples (3.68 kJ/kg°C), which 
absorbed and retained more heat [46]. The Peltier-based 
system stabilized at 14°C, consistent with its ΔT 

limitations, confirming its suitability for postharvest 
storage of pineapple. Quick temperature reduction helped 
suppress enzymatic and microbial activity [47]. 

Fig. 14. Cooling time. 

Fig. 15. Temperature profile. 
 
3.3.2 Cooling efficiency (CE) of the bin 
During no-load tests, the chamber reached 14°C in 25 
minutes and 80% RH in 50 minutes, while under load, it 
achieved the same temperature in 45 minutes and RH in 
60 minutes. The delay under load conditions is attributed 
to increased thermal load and slower convective heat 
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transfer, validating the influence of fruit mass and surface 
area on cooling efficiency (Fourier's Law, Newton’s 

Law). These results confirm the bin’s capacity to 

establish and maintain an optimal low-temperature, high-
humidity environment for pineapple storage. 
 
3.3.3 Assessment of Energy Consumption 
The smart bin’s energy demand was dominated by the 

thermoelectric cooling system, consuming about 284.04 
W per hour. The monitoring components consumed only 
4.125 W, confirming minimal impact from the sensors. 
Total energy usage reached 48.41 kWh for 7 days, 76.07 
kWh for 11 days, and 103.73 kWh for 15 days. Despite 
the relatively high energy cost of thermoelectric systems, 
the smart bin maintained storage parameters, supporting 
its potential in extending pineapple shelf life. 
 

 
4. CONCLUSION   
This study demonstrated that the IoT-based smart bin has 
a potential to extended the shelf life and preserved the 
quality of pineapples in 14°C temperature using a 
thermoelectric cooling system. It slowed physiological 
processes, reducing weight loss and maintaining firmness 
and appearance for up to 11 days. Real-time monitoring 
of temperature, humidity, oxygen, and CO₂ confirmed 

optimal storage conditions. While cooling components 
consumed most of the energy (up to 284W/hr), the 
monitoring system required minimal power, proving IoT 
integration is feasible without significant energy cost. 
However, quality declined in 15 days, making further 
storage less beneficial. Overall, the smart bin is an 
energy-efficient postharvest solution for 11 days’ 
pineapple storage. 
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