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Abstract 

This study examined the postharvest storage potentials of a solar-powered cool storage and an 
off-grid, metal-in-wall evaporative coolant. Temperature drop and relative humidity (RH) 
increase were used to analyze the performance of cooling systems. Tomato (United Trading 
Company (UTC) variety), orange (Dan Benue variety) and carrot (Orange Chantenay) were 
obtained from the international fruits market in Dutse, Jigawa State, Nigeria. The items were 
sorted and stored in three different storage conditions: room temperature (RT), solar-powered 
cold storage, and metal-in-wall evaporative cooling systems. Mass loss, color, hardness, total 
soluble solids and titratable acids, carotenoids, vitamin C, and rate of nutrient degradation were 
among the quality indicators tested. The study shows that the solar-powered cold storage 
outperformed all other storage methods across the evaluated parameters; it preserved fruit 
firmness, significantly reduced the rate of color change, and minimized mass and nutrient losses, 
outperforming the metal-in-wall evaporative cooling system. For instance, tomato mass losses 
observed in 24 days were 42.66, 63.79, and 85.45 percent in the solar-powered cold storage, 
evaporative coolant, and ambient storage, respectively. Economic advantages of the above 
technologies, however, require careful consideration of investment costs and longer-term 
durability and benefits. 

 

Keywords: Cold storage, evaporative coolant, vegetables and fruits, quality preservation, 
postharvest loss   
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1. INTRODUCTION 

Vitamins, minerals, and fiber can be found abundantly in fruits and vegetables. Eating fruits and 

vegetables aids in the prevention of a range of ailments (Yeum and Russell, 2002; Yogesh et al., 2015; 

Ariahu et al., 2021). Antioxidant-rich fruits and vegetables, in particular, can help prevent health 

conditions like cancer and cardiovascular/coronary heart disorders. However, fruits and vegetables are 

often regarded as perishable crops; if not stored quickly after harvest, they can decay rapidly, especially 

under high temperatures (Taye and Olorunisola, 2011; Ndukwu, 2011; William et al., 2015; Adhikari and 

G.C., 2021; Prashna et al., 2022). Postharvest losses of perishable crops have been estimated to be as high 

as 30–40 percent in developing countries (Atanda et al., 2011; William et al., 2015). Nigerian fruit and 

vegetable growers typically do not have access to cold storage facilities, making it impossible to preserve 

excess produce. Also, cold storage technologies for fish and meat are not suited for the preservation of 

fruits and vegetables due to its excessively low temperature that can induce chilling injury (Ndirika and 

Asota, 1994; Gross et al., 2002; Olosunde et al., 2009; William et al., 2015).  

In this paper, we evaluate the effectiveness of two cold storage technologies for fruits and vegetables. The 

first is a metal-in-wall evaporative coolant developed by the Nigerian Stored Products Research Institute 

(NSPRI). The cooling operation of this technology is achieved by evaporating water in riverbed sands, 

which are filled between an exterior brick wall and an inner metal wall. A water system is integrated into 

the system to facilitate the rewetting of sand, ensuring continuous evaporation. Similar to most existing 

evaporative cooling systems, condensation remains a major challenge, as it reduces efficiency and 

promotes reabsorption of water molecules by the stored fruits, thereby increasing microbial spoilage 

activity. In the improved design, absorbents are used to fill in holes at side walls to reduce condensation 

effects normally in the night. This modification successfully addressed the condensation issue without 

compromising the system’s efficiency.  

The second technology is a solar-powered cold storage designed by Cold Hub Ltd., in collaboration with 

the International Food Policy Research Institute (IFPRI). This system incorporates a direct current (DC) 
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air conditioning unit powered by solar energy, maintaining temperatures between 1016°C and a relative 

humidity of 82 percent, which are optimal conditions for fruit and vegetable storage.  

Both innovations were introduced as postharvest management strategies for produce in northern Nigeria 

as alternatives to grid-based refrigeration systems, which are impractical in rural areas of Nigeria and 

other low- and middle-income countries due to unreliable electricity supply. The objectives of this study 

are to (1) comparatively evaluate these storage systems against the status quo of storage at ambient 

temperature based on various quality metrics of the stored fruits and (2) to provide recommendations for 

their appropriate application. 

2. MATERIALS AND METHODS  

Sample Preparation  

Tomato (United Trading Company (UTC) variety), orange (Dan Benue variety), and carrot (Orange 

Chantenay) were obtained from the international fruits and vegetable market in Dutse, Jigawa State, 

Nigeria. The produce were sorted, washed, and graded prior to storage. Selection was based on uniform 

color and firmness, which were measured before storage. For each type of produce, ten samples were 

selected and tagged for non-destructive testing (physical properties) during storage, while one hundred 

samples were designated for destructive testing (chemical properties). The ten labeled samples were 

periodically assessed for physical attributes, including weight loss, color change, and firmness. 

Additionally, three samples from each type of produce were taken for chemical analyses, including 

carotene, lycopene, vitamin C, total soluble solids, and titratable acidity. Measurements were conducted 

every four days, corresponding to days 0, 4, 8, 12, 16, 20, and 24. 

Indicators 

The study examined several variables, including temperature, relative humidity, cooling efficiency of the 

evaporative cooler, physical qualities (mass loss, color, and firmness), chemical qualities (total soluble 
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solids, titratable acidity, vitamin C, and carotenoids), and the kinetic shelf life of the stored fruits and 

vegetables, to determine how they were influenced by different storage conditions. 

Temperature and Relative Humidity 

For all storage conditions, both temperature and relative humidity were monitored. Measurements were 

obtained using a data logger (Tzone TempU03 Multi-use USB Temp & RH Data Logger), with readings 

recorded every two hours between 6:00 a.m. and 6:00 p.m. over a 24–day period. 

Cooling efficiency 

The cooling efficiency of the evaporative cooling systems, a key parameter for evaluating their 

performance, was calculated as a ratio of temperature differences using the equation: 

Cooling efficiency = 
100×

−
−

wbdb

cdb

TT
TT

………………………………………………….. (1) 

where Tdb is the dry bulb temperature of ambient conditions, Tc is the dry bulb temperature of the cooled 

air, and Twb is the wet bulb temperature. 

Mass loss 

The samples were weighed individually using a calibrated weight scale immediately after harvest and at 

the end of each storage period. For each sample, the initial and final masses were recorded, and the 

difference between them was taken as the total mass loss during storage. The percentage mass loss at the 

end of each storage interval was calculated using the equation:  

Mass loss = 
100

1

21 ×
−
m

mm

………………………………………………………….. (2) 

where m1 was the mass measured immediately after harvest and before storage, and m2 was the mass 

measured after storage according to days spent inside the various cooling systems. 
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Color Determination 

The color of each sample was measured following the method described by López-Camelo and Gómez 

(2004), using a Lander Color Meter (Model CM200S, Serial No. N974978). Each sample was scanned at 

three different points, and readings were obtained from the chromameter. The recorded color coordinates 

included L*, a*, and b* values. 

Firmness 

Firmness was assessed using a durometer (Model 3345, Buckingham, United Kingdom). Measurements 

were taken along the equatorial region of each tomato, orange, and carrot and at a right angle to the first 

measurement point. The average impact force (N) from the two tested locations was recorded. 

total soluble solids  

The total soluble solids (TSS) content of each fruit sample was determined using a digital hand-held Brix 

refractometer with a measurement range of 0–90 percent Brix. Sample preparation followed the procedure 

outlined by Tigist et al. (2013), in which fruits were blended and filtered through cloth to obtain clear 

juice. A two to three drop aliquot of juice was then placed on the refractometer for TSS measurement, and 

results were recorded in Brix. 

Titratable Acidity  

Titratable acidity (TA) was determined by mixing 10 mL of juice with 50 mL of distilled water, followed 

by the addition of three drops of phenolphthalein indicator. The mixture was titrated with 0.1N NaOH 

until a color change from clear to pale pink was observed. The percentage acidity was then calculated 

using Equation (5) described by Pinheiro et al. (2009). 

Percentage acidity = )(10
100)(

mljuice
acidfactormlNaOHTire ××

……………………………………… (3) 
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Extraction and Measurement of Vitamin C Content 

Samples were washed with clean water and dried on absorbent paper before being crushed and thoroughly 

homogenized. A 5 g portion of the homogenate was mixed with 25 mL of extracting solution, 

homogenized for one minute, sonicated in an ultrasonic bath for 15 minutes, and centrifuged at 12,000 × 

g for 20 minutes at 4°C. The supernatant was collected, and 1 mL was diluted with mobile phase to a final 

volume of 6 mL, filtered through a 0.45 μm Millipore membrane, and injected into a high-performance 

liquid chromatography (HPLC) system for ascorbic acid (AA) quantification. For total ascorbic acid 

(TAA) determination, 1 mL of the supernatant was combined with 0.2 mL of dithiothreitol (DTT) 

solution (5 mg L − 1 DTT prepared in 2.58 M potassium phosphate dibasic). The mixture was kept in the 

dark at room temperature for approximately two hours before being diluted with mobile phase to a final 

volume of 6 mL, filtered through a 0.45 μm Millipore membrane, and analyzed by the HPLC system. 

Samples were protected from light and processed in an ice bath to minimize oxidative losses. 

Dehydroascorbic acid (DHA) content was calculated as the difference between TAA and AA values. 

Determination of Carotenoids (Carotene and Lycopene) 

Carotenoids were extracted using a hexane/acetone/ethanol mixture (50:25:25 v/v/v). A 3 g portion of 

homogenized fruit was placed in a light-protected vessel and mixed with 100 mL of extraction solvent. 

The mixture was magnetically agitated for 30 minutes, after which 15 mL of water was added. The upper 

layer was collected into a round-bottom flask, and a 10 mL aliquot was evaporated to dryness to increase 

concentration and improve compatibility with the mobile phase. The residue was diluted to 4 mL, filtered 

through a 0.45 μm membrane, and 100 μL was injected into the HPLC system for analysis. 

Rate of Nutrient Degradation 

The degradation of carotene, lycopene, and vitamin C during storage was modeled using first-order 

kinetics, as supported by previous studies (Aurélie et al., 2010; Thakur et al., 2017; Song et al., 2017; 
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Przybysz et al., 2018; Liu et al., 2019; Ariahu et al., 2021). The degradation rates of vitamin C in oranges, 

lycopene in tomatoes, and beta-carotene in carrots under different storage conditions were determined 

through linear regression analysis. The first-order kinetic model is expressed as (Awagu et al., 2017; 

Camila et al., 2017; Ariahu et al., 2021): 

First order model (n = 1) 

ktQInQIn −= )()( 0 …………………………………………………………………………. (4a) 

▲In(Q) = kt………………………………………………………………………………........ (4b) 

where Q is the amount of nutrient degraded at time (t), Q0 is the amount of the nutrient at the starting 

period, and k is the rate constant (rate of degradation). 

Experimental design 

A completely randomized design in a 3 × 3 (produce × storage methods) factorial experiment was used to 

evaluate quality degradation. The nine treatments were applied to three replicates on each day of the 

experiment. .  

Statistical Analysis 

Analysis of variance (ANOVA) was conducted to assess whether means differed across treatments using 

the SPSS statistical package. Quality degradation kinetics were determined by fitting the experimental 

data into the first-order kinetic equation to determine the rate of degradation of vitamin C in oranges, 

lycopene in tomatoes, and beta-carotene in carrots as a result of storage conditions. 

3. RESULTS AND DISCUSSION  

Temperature and Relative Humidity Variation 

Temperature differences among the three storage systems were highly significant (p < 0.001) throughout 

the trial period. Likewise, relative humidity (RH) differed significantly (p < 0.05) across the storage 
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settings, and this trend persisted over time. During ambient storage, temperatures ranged from 19.29 to 

29.19°C, while RH varied between 48.67 percent and 65.44 percent. In the evaporative cooling system 

(ECS), temperatures ranged from 17.24 to 19.84°C, with RH between 69.84 percent and 83.91 percent. 

The solar-powered cold storage maintained temperatures between 10.45 and 13.23°C and RH between 

81.12 percent and 90.23 percent (Fig. 1 and Fig. 2). These findings align with Azene et al. (2014), who 

reported ECS temperature ranges of 17–26°C and RH ranges of 43–98 percent. Similarly, Jahun et al. 

(2014) observed RH increases ranging from 51 percent to 93 percent. Throughout the evaluation, the 

solar-powered cold storage consistently exhibited lower temperatures and higher RH than both ambient 

storage and the metal-in-wall ECS. The ECS also achieved lower temperatures and higher RH than 

ambient storage. Lower temperatures combined with higher RH are optimal for storing fruits and 

vegetables, as they reduce moisture loss and extend shelf life (Tilahun, 2010). Kenghe et al. (2015) noted 

that most fruits and vegetables require RH between 80 percent and 90 percent; thus, the 81.12–90.23 

percent RH observed in the solar-powered cold storage makes it ideal for preserving postharvest quality 

and minimizing weight loss. Although the ECS effectively reduced temperature and increased RH, its 

average temperature of 18.52°C may not be suitable for certain crops—such as lettuce, red ripe tomatoes, 

cucumbers, and cabbage—which, according to FAO (2016), require 0–12°C during storage. Nevertheless, 

the metal-in-wall ECS offers clear advantages for smallholder farmers without access to advanced 

refrigeration, as it provides better conditions than room-temperature storage. This makes it suitable for 

crops such as pumpkins, mature green tomatoes, peas, beans, carrots, and turnips, which can be 

maintained in better condition than under traditional storage methods.  

Cooling Efficiency 

The reduction in temperature and the corresponding increase in relative humidity were used to determine 

the cooling efficiency of the ECS, with results presented in Table 1. Cooling efficiency ranged from 31.79 

percent to 86.96 percent over the monitoring period. At 6:00 a.m., the efficiency was 31.79 percent and 

gradually increased to 48.35, 57.05, 86.96, and 79.82 percent at 8:00 a.m., 10:00 a.m., 12:00 p.m., and 
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2:00 p.m., respectively. A decline in efficiency was recorded from 4:00 p.m. to 8:00 p.m. It was observed 

that higher ambient temperatures enhanced the cooling efficiency of the ECS. This finding aligns with 

Prashna et al. (2022), who reported that increased solar intensity during the day accelerates evaporation, 

thereby improving cooling performance. Helmy et al. (2013) also noted that peak cooling efficiency 

typically occurs around 2:00 p.m., coinciding with the highest dry bulb temperatures. The decline in 

cooling efficiency from 58.78 percent at 4:00 p.m. to 48.30 percent at 8:00 p.m. is consistent with Seweh 

et al. (2016), who attributed evening efficiency reductions to decreased ambient temperatures and reduced 

solar intensity—observations that were also true in this study. 

Mass Loss 

The effects of storage conditions and duration on mass loss are illustrated in Figures 3 (tomatoes), 4 

(carrots), and 5 (oranges). Storage conditions had a significant impact (p < 0.05) on mass loss for all 

tomatoes, carrots and oranges. In the solar-powered cold storage, mass losses were 42.66 percent for 

tomatoes, 8.33 percent for carrots and 18.93 percent for oranges over 24 days. In the ECS, mass losses 

increased to 63.79, 37.50 and 45.26 percent for tomatoes, carrots and oranges, respectively. The highest 

mass losses were recorded under ambient storage: 85.45 percent (tomatoes), 68.67 percent (carrots) and 

73.40 percent (oranges). Across all storage conditions, mass loss was greatest in carrots, followed by 

oranges, with tomatoes showing the least loss. These differences are likely driven by variations in storage 

temperature and RH. The solar-powered cold storage, being more insulated from the external 

environment, maintained stable temperature and humidity levels, thereby minimizing mass loss more 

effectively than the ECS. Previous studies (Liu, 2014; Nkolisa et al., 2018) have linked postharvest mass 

loss to respiration and transpiration rates. Low RH in storage environments accelerates water loss from 

moisture-saturated fruits, leading to mass reduction (Arah et al., 2015; Nkolisa et al., 2018). This water 

loss results in wilting and shriveling, reducing both market value and consumer acceptability (Znidarcic 

and Pozrl, 2006; Nkolisa et al., 2018). Present findings confirm earlier reports by Mogaji and Fapetu 

(2011) and Nkolisa et al. (2018), which showed that ECS storage can significantly reduce mass loss 
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compared to ambient conditions. Similar trends were noted by Godana et al. (2015), who observed the 

highest mass loss in tomatoes stored under ambient conditions. Differences in mass loss between 

fruit/vegetable types may also be attributed to their biological and structural characteristics. For instance, 

higher mass loss observed in carrots could be due to their larger capillaries, which facilitate greater 

moisture loss to the surrounding environment. Variations in fruit/vegetable structure, genetic makeup, and 

maturation stage (Boyette et al., 1994; Nkolisa et al., 2018) may further explain these discrepancies. 

Color 

Color is a key quality attribute in fruits and vegetables, influencing consumer perception, maturity 

evaluation, marketability, and purchase decisions (Ahmed et al., 2012; Nkolisa et al., 2018; Brandt et al., 

2006). In this study, the color parameters (L*, a*, and b*) of tomatoes, carrots, and oranges changed 

significantly (p < 0.05) under all three storage conditions throughout the experiment. The L* value, which 

measures lightness, decreased over time for all fruits stored in the solar-powered cold storage, metal-in-

wall ECS, and ambient storage (Table 2). For tomatoes, L* ranged from 16.48 to 26.44 in the solar-

powered cold storage, from 9.47 to 38.56 in the ECS, and from 2.56 to 39.23 in ambient storage. For 

carrots, these ranges were between 15.22 and 33.52, 11.48 and 36.59, and 2.32 and 36.18, respectively; 

oranges ranged from 22.02to 38.93, 9.77 to 42.09, and 0.11 to 39.93, respectively. The most rapid decline 

in L* occurred under ambient storage, followed by the ECS, and the smallest decline occurred in the 

solar-powered cold storage. These differences are attributed to higher temperatures accelerating color 

degradation, consistent with the findings of Kassim (2013) and Nkolisa et al. (2018). The a* value 

represents the red–green color spectrum and shows the most notable changes. For tomatoes, a* ranged 

from 47.09 to 57.92 in the solar-powered cold storage, 46.50 to 80.02 in the ECS, and 41.54 to 88.44 in 

ambient storage. For carrots, values ranged from 19.72 to 28.23, 18.66 to 45.19, and 19.66 to 58.89, 

respectively. For oranges, a* values ranged between –16.32 and –18.34 in the solar-powered cold storage, 

–15.10 and +80.02 in the ECS, and –16.23 and +42.13 in ambient storage. Positive a* values in tomatoes 

and carrots indicated ripening (red coloration), while negative values in oranges reflected their green hue 
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at harvest. Oranges stored in the solar-powered cold storage retained negative a* values throughout 

storage, while those in the ECS and ambient storage showed positive shifts as ripening progressed. The 

faster increase in a* under ambient conditions suggests accelerated ripening due to higher temperatures, 

in agreement with Pinheiro et al. (2009) and Nkolisa et al. (2018). 

The b* value, which measures the blue–yellow spectrum, followed a similar pattern across storage 

conditions. For tomatoes, b* ranged from 3.80 to 13.11 in the solar-powered cold storage, 3.29 to 23.22 in 

the ECS, and 3.62 to 32.63 in ambient storage. For carrots, values ranged from 13.38 to 22.24, 14.28 to 

36.44, and 15.33 to 29.78, respectively; for oranges, 38.36 to 39.45, 42.38 to 56.82, and 40.27 to 51.88, 

respectively. Higher b* values indicate increased yellowing (Nkolisa et al., 2018), with the greatest 

yellowing observed in oranges stored under ambient conditions. Overall, the results demonstrate that 

lower temperatures, such as in the solar-powered cold storage, slow changes in color components, thereby 

delaying ripening and preserving visual quality. The ECS also delayed color changes compared to 

ambient storage, although less effectively than the solar-powered cold storage. These findings align with 

earlier reports (Lopez-Camelo & Gomez, 2004; Takahashi et al., 2013; Nkolisa et al., 2018) that 

temperature strongly influences color development and ripening rates. 

Firmness 

Table 3 presents the results of the effects of storage conditions on firmness, total soluble solids (TSS), and 

titratable acidity (TA) of the preserved fruits. The interaction between storage condition and storage 

duration was significant (p < 0.05), indicating that softening of fruits and vegetables was influenced by 

the storage environment. For tomatoes, firmness ranged from 0.109 to 0.379, 0.055 to 0.363, and 0.001 to 

0.384 N in the solar-powered cold storage, metal-in-wall evaporative cooling system, and ambient 

storage, respectively. For carrots, firmness ranged from 0.049 to 0.754, 0.069 to 0.768, and 0.001 to 0.753 

N, while oranges ranged from 0.306 to 0.683, 0.091 to 0.632, and 0.001 to 0.664 N across the same 

storage conditions. No noticeable changes in firmness were observed for any fruit type stored in the solar-

powered cold storage during the first eight days. However, a highly significant difference (p < 0.001) was 
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observed between fruits stored at ambient conditions and fruits stored in the ECS compared to the solar-

powered cold storage. Overall, firmness declined across all fruit types during storage, with the most 

pronounced reduction occurring under ambient conditions likely due to higher temperatures compared to 

the ECS. Type of produce significantly influenced the rate of firmness loss, with carrots showing the 

greatest reduction, followed by tomatoes and oranges. These findings are consistent with Brashlyanova et 

al. (2014) and Nkolisa et al. (2018), who reported that firmness is influenced by both storage temperature 

and produce type. Similar conclusions were drawn by Cantwell et al. (2009) and Nkolisa et al. (2018), 

who found that temperature affects firmness in grape tomatoes, and by Sualeh et al. (2016), who observed 

that lower storage temperatures slow metabolic activity, thereby preserving firmness. Collectively, these 

findings confirm that firmness is regulated by storage temperature, which in turn affects the ripening rate 

of stored produce. The metal-in-wall ECS maintained firmness better than ambient storage, thereby 

extending shelf life and preserving quality. This suggests that ECS technology is a viable and affordable 

storage solution for farmers and marketers in northern Nigeria who currently lack adequate storage 

facilities. 

Total Soluble Solids 

A significant interaction (p < 0.05) was observed between storage condition, type of produce, and 

postharvest storage duration. For tomatoes, total soluble solids (TSS) ranged from 5.74 to 6.82, 5.74 to 

8.77, and 5.74 to 9.55 in the solar-powered cold storage, metal-in-wall ECS, and ambient storage, 

respectively. For carrots, the ranges were between 8.32 and 8.92, 8.32 and 9.23, and 8.32 and 11.17, while 

for oranges they were 9.54 to 9.95, 9.54 to 11.43, and 9.54 to 13.42 across the same storage conditions. 

An upward TSS trend was observed in all storage conditions, though the rate varied with storage 

environment. No significant differences were detected among those fruits and vegetables stored in the 

solar-powered cold storage, suggesting that the lower temperatures delayed ripening. In contrast, fruits 

and vegetables stored at ambient conditions exhibited the highest TSS increase, consistent with 

accelerated ripening at higher temperatures compared to the ECS. This rise in TSS may be attributed to 
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the hydrolysis of pectin, starch, hemicellulose, and other polysaccharides into soluble sugars (Baloch & 

Bibi, 2012; Vinha et al., 2013; Nkolisa et al., 2018). Produce type also influenced TSS trends, with 

oranges showing a greater increase than tomatoes or carrots. This may be due to oranges being stored at 

the mature-green stage and, as climacteric fruits, continuing to ripen in storage, unlike tomatoes, which 

were stored fully ripe. Previous studies (Tigist et al., 2013; Nkolisa et al., 2018) similarly reported that 

TSS is dependent on the type of fruit or vegetable and is strongly linked to storage temperature. 

Total Titratable Acidity 

The interaction between produce type and storage condition significantly affected (p < 0.05) total 

titratable acidity (TA). For tomatoes, total TA ranged from 0.55 to 0.81, 0.398 to 0.81, and 0.13 to 0.81 in 

the solar-powered cold storage, ECS, and ambient storage, respectively. For carrots, these ranges were 

0.12 to 0.29, 0.09 to 0.29, and 0.06 to 0.29, and for oranges, 0.61 to 0.89, 0.47 to 0.89, and 0.41 to 0.89. 

A downward trend in total TA was observed across all storage conditions, with the fastest decrease 

occurring under ambient storage, followed by the ECS; solar-powered cold storage showed the slowest 

decline. This reduction is likely related to higher respiration rates under warmer conditions, which 

accelerate ripening and lead to the utilization of organic acids as respiration substrates. These findings 

align with earlier reports (Isack & Monica, 2013; Nkolisa et al., 2018) identifying acidity as a maturity 

indicator, decreasing as fruits and vegetables ripen. Similar observations were reported by Tigist et al. 

(2013), Duma et al. (2017), and Pinheiro et al. (2009), noting that citric acid depletion during tomato 

ripening is linked to respiration. Messina et al. (2012) documented comparable trends in climacteric 

fruits, while Tilahun et al. (2017) attributed the drop to conversion of organic acids into sugars. Variations 

in total TA can also be influenced by differences in the weights of fruits and vegetables (Tigist et al., 

2013). 

Overall, the cooler conditions of the ECS slowed ripening in climacteric fruits, extending shelf life and 

making it a viable short-term storage option for smallholder farmers. 
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Changes in Nutritional Quality of Stored Fruits and Vegetables 

The trends in lycopene (tomatoes), carotene (carrots), and vitamin C (oranges) content over the storage 

period are shown in Figure 6. All three nutrients declined steadily across all storage conditions, 

confirming that while nutrient degradation in stored produce cannot be fully prevented, it can be reduced 

through improved storage conditions. Degradation was slowest in the solar-powered cold storage, 

followed by the metal-in-wall ECS, with the fastest losses occurring under ambient conditions. This 

indicates that the metal-in-wall ECS is a viable alternative for nutrient preservation in areas without 

access to electricity or solar-powered cold storage. Similar findings have been reported by Camila et al. 

(2017), Burdurlu et al. (2006), Derossi et al. (2010), Kamaldeen et al. (2020), and Ariahu et al. (2021), 

who highlighted that nutrient degradation is strongly influenced by storage method and produce type. 

Nutrient Degradation Kinetics 

The rate constants for lycopene, carotene, and vitamin C degradation are presented in Table 4. Regression 

coefficients (R² and adjusted R² values) ranged from 0.915 to 0.992, indicating that first-order kinetics 

adequately described the degradation patterns of all three nutrients Degradation rates were strongly 

influenced by temperature and relative humidity. In the solar-powered cold storage (average temperature 

= 11.84°C, RH = 89.67 percent), rate constants were lowest at 0.007 (lycopene), 0.041 (carotene), and 

0.304 (vitamin C). In the metal-in-wall ECS (18.54°C, RH = 76.88 percent), the respective values 

increased to 0.018, 0.062, and 0.311. The highest rates occurred under ambient conditions (24.24°C, RH 

= 57.01 percent) at 0.049, 0.106, and 0.317. Since higher rate constants indicate faster degradation, these 

results confirm that nutrient losses occur most rapidly under ambient conditions. Conversely, the solar-

powered cold storage’s lower degradation rates highlight its suitability for nutrient preservation and shelf-

life extension. Previous studies have shown that storage temperatures between 5–12°C and RH between 

80–95 percent can slow respiration and senescence, minimize moisture loss, prevent shriveling, and 

maintain micronutrient content (Arebu, 2021; Kailash & Kshitij, 2022; Yohannes, 2024). 
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4. CONCLUSIONS 

The study demonstrates that the solar-powered cold storage outperformed all other storage methods 

across the evaluated parameters. The system effectively preserved fruit and vegetable firmness, 

significantly reduced the rate of color change, and minimized mass and nutrient losses, outperforming the 

metal-in-wall evaporative cooling system. Nevertheless, the metal-in-wall evaporative cooling system 

also proved effective, maintaining lower temperatures and higher relative humidity levels than ambient 

storage conditions. Importantly, it provided a substantial improvement over ambient storage in prolonging 

shelf life and retaining the quality of stored fruits, particularly tomatoes. For improved evaporative 

cooling system efficiency, future studies should investigate an underground design, in which the system is 

partially or fully submerged. This configuration could reduce exposure to fluctuating ambient conditions 

and enhance cooling performance  
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Figure 1. Effect of storage conditions on the temperature gradient 

 

Source: Laboratory experiment data. 
 
Figure 2. Effect of storage conditions on the relative humidity 

 
 
Source: Laboratory experiment data. 
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Figure 3. Effects of storage conditions on percentage mass loss of stored tomatoes 

 

Source: Laboratory experiment data. 
 

Figure 4. Effects of storage conditions on percentage mass loss of the stored carrots 

 

Source: Laboratory experiment data. 
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Figure 5. Effects of storage conditions on percentage mass loss of stored oranges 

 

Source: Laboratory experiment data. 
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Figure 6. Nutrients degradation kinetics of stored fruits and vegetables as affected by the storage conditions 

  

 

 
 
Source: Laboratory experiment data. 
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Table 1. Cooling efficiency of the metal-in-wall evaporative cooling system 

Time Ambient air 
T (oC) 

Ambient 
air RH (%) 

Evaporative 
coolant T (oC) 

Solar-
powered cold 

storage T 
(oC) 

Temp. (wet bulb) Cooling efficiency 
ECS 

6:00 am 19.29 65.44 17.24 13.23 15.05 31.79 
8:00 am 20.05 56.82 18.33 11.55 14.64 48.35 
10:00 am 23.82 53.66 19.20 10.65 16.93 57.05 
12:00 pm 29.19 48.17 19.84 10.45 21.33 86.96 
14:00 pm 28.41 49.31 19.21 10.48 20.98 79.82 
16:00 pm 26.20 54.89 18.47 10.45 19.80 58.78 
18:00 pm 19.53 63.12 17.34 10.48 14.98 50.13 
20:00 pm 19.41 65.18 17.30 10.45 15.13 49.30 

 
Source: Laboratory experiment data. 
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Table 2. Effect of storage conditions on color components of the stored fruits and vegetables 

 
Fruits 

 
days 

Color components 
L* 

  
a* 

  
b* 

  

Solar-powered 
Cold Storage 

ECS Room Temps Solar-
powered 
Cold 
Storage 

ECS Room 
Temps 

Solar-
powered 
Cold 
Storage 

ECS Room 
Temps 

Tomatoes 0 23.42 38.56 39.23 47.09 46.50 41.54 3.80 3.29 3.62 
 

4 26.44 32.67 22.65 49.68 58.74 53.37 3.94 4.67 8.07 
 

8 21.97 21.07 16.11 51.82 64.66 64.61 9.34 10.57 12.53 
 

12 18.41 18.55 10.35 56.54 77.81 78.07 10.72 17.25 27.25 
 

16 17.43 15.07 5.01 56.67 51.50 81.52 12.45 22.92 30.89 
 

20 16.48 10.13 4.14 57.86 79.72 86.19 12.03 21.69 31.17 
 

24 16.77 9.47 2.56 57.92 80.02 88.44 13.11 23.22 32.63 

Carrots  0 33.52 36.59 36.18 19.72 18.66 19.66 13.38 14.23 15.33 
 

4 30.20 23.48 23.81 20.72 24.31 30.34 15.96 17.44 16.41 
 

8 26.28 21.87 12.29 21.62 30.23 38.25 17.64 17.48 16.46 
 

12 25.81 18.42 8.43 26.90 34.32 44.18 19.78 27.57 16.87 
 

16 19.64 13.22 3.27 26.15 44.77 54.79 19.00 31.54 22.59 
 

20 14.10 12.22 2.32 27.54 44.67 58.66 21.12 37.25 29.17 
 

24 15.22 11.48 0.93 28.23 45.19 58.89 22.24 36.44 29.78 

Orange 0 38.93 42.09 39.93 -16.32 -15.10 -16.23 38.36 42.38 40.27 
 

4 36.13 37.45 21.15 -16.48 -16.66 -19.56 38.62 45.11 45.16 
 

8 31.13 21.05 11.53 -16.68 -23.30 -33.37 36.41 48.48 43.48 
 

12 29.13 10.91 6.11 -17.93 22.75 39.75 38.50 45.68 45.68 
 

16 23.38 13.57 3.71 -17.07 24.25 39.21 39.94 49.71 45.71 
 

20 22.54 10.59 0.19 -18.02 26.48 41.82 39.85 56.11 51.11 
 

24 22.02 9.77 0.11 -18.34 27.01 42.13 39.45 56.82 51.88 

Source: Laboratory experiment data. 
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Table 3. Effects of storage conditions on firmness, total soluble solids, and titratable acidity of the stored fruits 
and vegetables 

Fruits  Storage  Period (days) Firmness  TTA TSS 
Tomato Solar-powered cold 

storage 
0 0.379 0.81 5.74 

  
4 0.366 0.78 5.43   
8 0.351 0.77 6.06   
12 0.298 0.78 6.44   
16 0.244 0.68 6.61   
20 0.169 0.63 6.82   
24 0.109 0.55 6.82  

Evaporative cooling 
system 

0 0.363 0.81 5.74 
  

4 0.301 0.766 5.94   
8 0.273 0.722 6.22   
12 0.109 0.601 7.68   
16 0.082 0.557 8.02   
20 0.056 0.502 8.33   
24 0.055 0.398 8.77  

Ambient storage 0 0.384 0.81 5.74   
4 0.276 0.72 5.88   
8 0.149 0.67 6.45   
12 0.056 0.57 8.34   
16 0.015 0.42 9.22   
20 0.001 0.35 9.53   
24 0.001 0.13 9.55 

Carrot Solar-powered cold 
storage 

0 0.754 0.29 8.32 
  

4 0.621 0.26 8.45   
8 0.487 0.26 8.53   
12 0.369 0.23 8.67   
16 0.237 0.2 8.71   
20 0.091 0.16 8.84   
24 0.049 0.12 8.92  

Evaporative cooling 
system 

0 0.768 0.29 8.32 
  

4 0.532 0.236 8.82   
8 0.261 0.201 9.17   
12 0.096 0.176 9.29   
16 0.084 0.155 9.45   
20 0.071 0.11 9.55   
24 0.069 0.091 9.23  

Ambient storage 0 0.753 0.29 8.32   
4 0.171 0.23 9.07   
8 0.001 0.18 9.41   
12 0.001 0.14 9.73   
16 0.001 0.11 10.02   
20 0.001 0.06 10.47   
24 0.001 0.06 11.17 

Orange Solar-powered cold 
storage 

0 0.683 0.89 9.54 
  

4 0.642 0.86 9.61   
8 0.640 0.83 9.67   
12 0.564 0.78 9.74   
16 0.533 0.73 9.76   
20 0.49 0.68 9.84   
24 0.306 0.61 9.95  

Evaporative cooling 
system 

0 0.632 0.89 9.54 
  

4 0.591 0.822 9.77   
8 0.383 0.761 10.12 
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Source: Laboratory experiment data. 

Fruits  Storage  Period (days) Firmness  TTA TSS   
12 0.166 0.712 10.46   
16 0.104 0.682 10.69   
20 0.094 0.533 11.23   
24 0.091 0.477 11.43  

Ambient storage 0 0.664 0.89 9.54   
4 0.535 0.81 9.83   
8 0.001 0.68 10.59   
12 0.001 0.62 11.37   
16 0.001 0.55 12.17   
20 0.001 0.47 12.61   
24 0.001 0.41 13.42 
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Table 4 Rate of nutrients degradation of the stored fruits 

Fruits Storage R R2 Rate constant  

Tomatoes (Lycopene) Solar-powered 
cold storage 

0.957 0.915 0.007a 

 

Evaporative 
cooling system 

0.988 0.977 0.041b 

 

Ambient 0.983 0.975 0.304c 

Carrots (carotene) Solar-powered 
cold storage 

0.944 0.931 0.018a 

 

Evaporative 
cooling system 

988 0.976 0.062b 

 

Ambient 0.983 0.966 0.311c 

Oranges (vitamin C) Solar-powered 
cold storage 

0.98 0.962 0.049a 

 

Evaporative 
cooling system 

0.992 0.985 0.106b 

 

Ambient 0.984 0.969 0.417bc 
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