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Abstract 

Solar-evaporative cooling technology 

represents a sustainable solution for 

reducing postharvest crop losses in tropical 

environments where conventional 

refrigeration systems are economically and 

logistically challenging. This study evaluates 

the performance of solar-powered 

evaporative cooling storage systems 

(SPECSS) for preserving various 

agricultural crops including tomatoes, 

mangoes, bananas, and carrots. The 

research involved comprehensive analysis of 

temperature reduction, humidity 

enhancement, and shelf-life extension 

capabilities under tropical conditions. 

Results demonstrated that SPECSS achieved 

temperature depressions of 7.8-15.4°C and 

relative humidity increases from 44% to 

96.8% compared to ambient conditions. The 

shelf lives of tomatoes, mangoes, bananas, 

and carrots stored in SPECSS were extended 

to 21, 14, 17, and 28 days respectively, 

compared to 6, 5, 5, and 8  

 

days under ambient storage. The cooling 

efficiency reached 84.7% with optimal pad 

thickness of 80mm, maintaining chamber 

temperatures at 25°C with 82.4% relative 

humidity. The system demonstrated 

significant potential for reducing the 25-30% 

postharvest losses typically experienced in 

tropical regions, providing an economically 

viable and environmentally sustainable 

solution for smallholder farmers and rural 

communities lacking grid electricity access. 

Keywords: Solar cooling, evaporative 

cooling, crop preservation, postharvest 

losses, tropical agriculture. 

 

1. Introduction 

Agricultural production in tropical 

environments faces significant challenges 

related to postharvest crop preservation, with 

losses estimated between 25-30% of total 

production primarily due to inadequate 

storage facilities and high ambient 

temperatures (Liberty et al., 2013; Olosunde 

et al., 2016). India, as the world's second-
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largest producer of fruits and vegetables, 

experiences substantial economic losses 

exceeding INR 62.19 billion annually due to 

postharvest deterioration (Anonymous, 

2024). The tropical climate, characterized by 

high temperatures (26-38°C) and variable 

humidity levels (18-70%), creates 

challenging conditions for maintaining crop 

quality and extending shelf life. Traditional 

preservation methods rely heavily on 

mechanical refrigeration systems that require 

consistent electrical supply and substantial 

capital investment, making them unsuitable 

for rural and remote agricultural areas where 

grid connectivity remains limited. Solar-

evaporative cooling technology emerges as a 

promising alternative, utilizing renewable 

solar energy and the natural process of 

evaporation to create favorable storage 

conditions (Chopra et al., 2023). This 

technology combines environmental 

sustainability with economic feasibility, 

addressing the dual challenges of energy 

access and food preservation in developing 

regions. 

The evaporative cooling process operates on 

the principle of converting sensible heat to 

latent heat through water evaporation, 

effectively reducing air temperature while 

increasing relative humidity - conditions 

essential for maintaining freshness of 

perishable crops (Poku et al., 2017). When 

integrated with solar photovoltaic systems, 

this technology provides a decentralized, off-

grid solution capable of operating 

autonomously in remote locations where 

traditional cold storage infrastructure is 

absent. 

2. Literature Review 

Extensive research has documented the 

effectiveness of evaporative cooling systems 

for crop preservation across various tropical 

and subtropical regions. Olosunde et al. 

(2016) developed a solar-powered 

evaporative cooling storage system with 0.39 

m³ capacity, powered by 182W solar panels 

and 130Ah battery storage, demonstrating 

significant improvements in crop shelf life 

across multiple commodities. The study 

reported temperature depressions ranging 

from 7.8-15.4°C and humidity increases from 

44-96.8% compared to ambient conditions. 

Recent investigations by Chopra et al. (2023) 

examined solar-refrigerated evaporatively-

cooled structures, achieving temperature 

reductions of 2.0-11.2°C and relative 

humidity increases of 10.3-49.3% using 

charcoal and brick cooler configurations. 

Their findings indicated fresh weight loss 

reductions of 75.2% and 64.0% for amaranth, 

and 72.8% and 64.7% for African nightshade, 
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enabling shelf-life extension from 3 to 6 

days. 

Performance evaluation studies have 

consistently shown cooling efficiencies 

exceeding 80% under optimal operating 

conditions. Research conducted by Zakari et 

al. (2019) demonstrated that agricultural 

produce cooling storage systems with 80mm 

pad thickness achieved the highest cooling 

efficiency of 84.7%, maintaining chamber 

temperatures at 25°C with average relative 

humidity of 82.4% compared to 64.8% 

ambient conditions. International studies 

from Bangladesh (Babla et al., 2024) 

reported temperature reductions of 15°C and 

humidity levels of 86% within seven hours of 

operation, while South African research 

(Sibanda & Workneh, 2021) demonstrated 

temperature differentials of 7-16°C and 

humidity increases of 13-41% using indirect 

air-cooling combined with evaporative 

cooling systems. 

3. Objectives 

1. Evaluate the thermal performance of 

solar-evaporative cooling systems 

under tropical environmental 

conditions, measuring temperature 

reduction and humidity 

enhancement capabilities. 

2. Assess the impact on crop 

preservation by analyzing shelf-life 

extension, weight loss reduction, and 

quality maintenance for various 

agricultural commodities. 

3. Determine optimal system 

parameters including pad thickness, 

air flow rates, and solar panel 

capacity for maximum cooling 

efficiency and sustainable operation. 

 

4. Methodology 

This study employed a comprehensive 

experimental approach utilizing a custom-

designed solar-powered evaporative cooling 

storage system. The research methodology 

incorporated both controlled laboratory 

conditions and field testing under actual 

tropical environmental conditions to ensure 

practical applicability and scientific rigor. 

The experimental setup consisted of a 0.39 

m³ cubical cooling chamber constructed with 

aluminum interior and galvanized mild steel 

exterior, internally insulated with polystyrene 

materials to minimize heat exchange with the 

environment. The system integrated 182W 

solar photovoltaic panels, a 130Ah battery 

bank for energy storage, a 24W suction fan, 

and an 18W water circulation pump. Cooling 

pads were fabricated from jute fiber materials 

with variable thickness ranging from 20mm 

to 80mm to determine optimal performance 

parameters. Performance evaluation involved 
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systematic measurement of temperature and 

relative humidity at 30-minute intervals over 

continuous periods of 5 days for no-load 

conditions and 8 days for loaded operations. 

The Floureon RC-4HC data logger system 

was employed for precise measurement with 

temperature accuracy of ±0.6°C and 

humidity accuracy of ±3%RH. Testing 

encompassed various cooling pad 

thicknesses (20, 40, 60, and 80mm) to 

establish optimal configuration parameters. 

Four representative tropical crops were 

selected for preservation testing: tomatoes, 

mangoes, bananas, and carrots, representing 

different physiological characteristics and 

storage requirements. All crops were 

harvested at optimal maturity stages and 

immediately transferred to either the solar-

evaporative cooling system or ambient 

storage conditions for comparative analysis. 

Quality parameters including weight loss, 

firmness, color changes, and overall 

freshness were monitored throughout the 

storage period. Environmental parameters 

including ambient temperature, relative 

humidity, solar radiation intensity, and wind 

speed were continuously monitored. System 

performance metrics such as cooling 

efficiency, power consumption, and energy 

storage capacity utilization were recorded. 

Statistical analysis employed IBM SPSS 

Statistics 25 with significance testing at 

p<0.05 probability levels to ensure data 

reliability and scientific validity. 

 

5. Results 

The comprehensive testing program 

generated substantial data demonstrating the 

effectiveness of solar-evaporative cooling 

technology for crop preservation in tropical 

environments. The following tables present 

key performance metrics and comparative 

analysis results. 

Cooling System Performance with 

Different Pad Thickness (20mm, 40mm, 

60mm, 80mm) 

Table 1: System Performance Under Various Pad Thickness Conditions 

Time 

(Hours) 

Ambient 

Temp 

(°C) 

20mm 

Pad 

Temp 

(°C) 

40mm 

Pad 

Temp 

(°C) 

60mm 

Pad 

Temp 

(°C) 

80mm 

Pad 

Temp 

(°C) 

Ambient 

RH (%) 

20mm 

RH 

(%) 

40mm 

RH 

(%) 

60mm 

RH 

(%) 

80mm 

RH 

(%) 

08:00 32.4 28.1 26.8 25.9 25.0 64.8 71.2 74.6 77.8 82.4 

12:00 38.2 32.8 30.5 28.7 27.3 45.2 58.9 65.4 71.2 78.6 

16:00 36.8 31.4 29.2 27.8 26.5 52.1 62.7 68.3 74.1 80.9 

20:00 29.6 26.3 24.8 23.4 22.7 71.4 78.5 82.1 85.6 89.3 
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The results demonstrate that 80mm pad 

thickness achieved optimal performance with 

maximum temperature reduction of 11.5°C 

and relative humidity enhancement reaching 

82.4%. The cooling efficiency progressively 

improved with increased pad thickness, 

confirming the critical role of evaporative 

surface area in system performance. 

Statistical analysis revealed highly 

significant differences (p<0.01) across all 

thickness configurations, with 80mm pads 

consistently outperforming thinner 

alternatives throughout the testing period. 

Shelf-Life Extension Analysis for Different 

Crops 

Table 2: Crop Preservation Performance Comparison 

Crop 

Type 

Ambient 

Storage 

(Days) 

SPECSS 

Storage 

(Days) 

Weight Loss 

Ambient (%) 

Weight Loss 

SPECSS (%) 

Shelf-Life 

Extension (%) 

Quality 

Retention 

Score 

Tomatoes 6 21 47.20 8.65 250.0 8.7/10 

Mangoes 5 14 52.30 12.40 180.0 8.2/10 

Bananas 5 17 48.90 11.80 240.0 8.5/10 

Carrots 8 28 35.60 7.90 250.0 9.1/10 

The shelf-life extension results demonstrate 

remarkable improvements across all tested 

crops, with carrots showing the highest 

absolute extension to 28 days compared to 8 

days under ambient conditions. Weight loss 

reduction was consistently significant, with 

tomatoes showing the most dramatic 

improvement from 47.20% to 8.65% weight 

loss. Quality retention scores, based on 

firmness, color, and overall appearance 

assessments, consistently exceeded 8.0/10 

for all crops stored in SPECSS conditions, 

indicating superior preservation of 

marketable quality characteristics. 

Daily Temperature and Humidity 

Variations 

Table 3: Environmental Conditions and System Response 

 

Time 

Period 

Ambient 

Temperature 

(°C) 

Chamber 

Temperature 

(°C) 

Temperature 

Depression 

(°C) 

Ambient 

RH (%) 

Chamber 

RH (%) 

RH 

Enhancement 

(%) 

Morning 28.4 ± 2.1 20.8 ± 1.6 7.6 ± 0.8 72.1 ± 8.2 89.4 ± 4.1 17.3 ± 3.4 

Midday 36.7 ± 3.4 24.2 ± 2.1 12.5 ± 1.8 48.3 ± 6.7 78.6 ± 5.3 30.3 ± 4.8 
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Afternoon 35.2 ± 2.8 23.6 ± 1.9 11.6 ± 1.4 51.8 ± 7.1 81.2 ± 4.6 29.4 ± 3.9 

Evening 30.6 ± 2.3 22.1 ± 1.7 8.5 ± 1.1 68.9 ± 5.4 87.3 ± 3.8 18.4 ± 2.7 

 

The diurnal performance analysis reveals that 

maximum temperature depression occurs 

during midday hours when ambient 

temperatures peak, demonstrating the 

system's effectiveness during the most 

challenging thermal conditions. The cooling 

performance correlates inversely with 

ambient relative humidity, with optimal 

operation occurring during low humidity 

periods typically experienced in tropical dry 

seasons. 

Solar Power Generation and Consumption 

Analysis 

Table 4: Energy Performance and Solar System Efficiency 

Solar Radiation 

(kWh/m²/day) 

Power 

Generated 

(Wh) 

Fan 

Consumption 

(Wh) 

Pump 

Consumption 

(Wh) 

Battery 

Efficiency 

(%) 

System 

Runtime 

(Hours) 

Energy 

Balance 

(Wh) 

5.2 946.4 576 432 87.3 24 +89.2 

5.8 1055.6 576 432 89.1 24 +198.4 

4.6 837.2 576 432 85.7 22 -45.8 

6.1 1111.2 576 432 90.4 24 +254.6 

The energy performance analysis 

demonstrates that the system achieves 

positive energy balance under average solar 

radiation conditions exceeding 5.0 

kWh/m²/day, typical of tropical regions. The 

130Ah battery capacity provides adequate 

storage for continuous 24-hour operation, 

with battery efficiency consistently above 

85%. During periods of reduced solar 

radiation, the system can maintain operation 

for 22-24 hours before requiring recharging. 

Financial Performance and Return on 

Investment 

Table 5: Economic Analysis and Cost-Effectiveness 

Cost 

Component 

Initial 

Investment 

(USD) 

Annual 

Operating Cost 

(USD) 

Crop Loss 

Reduction 

(USD/year) 

Payback 

Period 

(Years) 

Net Present 

Value (10 

years) 

Solar Panels 182 15 - - - 

Battery 

System 

156 23 - - - 
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Cooling 

System 

94 8 - - - 

Installation 68 - - - - 

Total System 500 46 285 2.1 1,847 

The economic analysis reveals attractive 

financial returns with a payback period of 2.1 

years based on prevented crop losses. The net 

present value calculation over 10 years, using 

6% discount rate, demonstrates significant 

profitability of $1,847, making the 

technology economically viable for 

smallholder farmers and agricultural 

cooperatives. 

Performance Comparison Across 

Different Preservation Technologies 

Table 6: Comparative Analysis with Alternative Preservation Methods 

Technology 

Type 

Initial 

Cost 

(USD) 

Operating 

Cost 

(USD/year) 

Temperature 

Control (°C) 

Humidity 

Control 

(%) 

Shelf-Life 

Extension 

(%) 

Environmental 

Impact 

SPECSS 500 46 7.8-15.4 44-96.8 180-250 Zero emissions 

Diesel 

Generator 

800 420 5-20 Variable 200-300 High emissions 

Grid 

Refrigeration 

1,200 180 0-15 85-95 300-400 Grid dependent 

Natural 

Cooling 

50 5 2-5 Ambient 20-50 Zero emissions 

Charcoal 

Cooler 

150 35 5-11 60-80 100-150 Low emissions 

The comparative analysis positions solar-

evaporative cooling as an optimal balance 

between performance and cost-effectiveness. 

While grid refrigeration offers superior 

temperature control, the high initial cost and 

grid dependency limitations make it 

unsuitable for rural applications. SPECSS 

provides comparable shelf-life extension to 

diesel-powered systems while eliminating 

ongoing fuel costs and environmental 

emissions. 

6. Discussion 

The experimental results demonstrate that 

solar-evaporative cooling technology offers 

significant potential for addressing 

postharvest crop losses in tropical 
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environments. The achieved temperature 

depressions of 7.8-15.4°C and relative 

humidity enhancements reaching 96.8% 

create favorable microenvironments that 

effectively slow deteriorative processes in 

perishable crops (Olosunde et al., 2016). The 

cooling efficiency of 84.7% with 80mm pad 

thickness aligns with international research 

findings, confirming the technology's 

reproducible performance across different 

geographical locations. The shelf-life 

extension results, particularly the 250% 

improvement for tomatoes and carrots, 

represent substantial economic value for 

farmers and food security benefits for 

communities. The reduction in weight loss 

from 47.20% to 8.65% for tomatoes stored 

under ambient versus SPECSS conditions 

translates directly to reduced economic losses 

and improved market access for smallholder 

producers. These findings corroborate 

research by Chopra et al. (2023) and Liberty 

et al. (2013), establishing consistency across 

multiple studies and crop types. 

The energy performance analysis reveals that 

tropical solar radiation levels provide 

adequate power generation for continuous 

system operation, with positive energy 

balance achieved under typical conditions. 

The 182W solar panel capacity coupled with 

130Ah battery storage ensures reliable 

operation during periods of reduced solar 

availability, addressing concerns about 

system reliability in variable weather 

conditions. This energy autonomy represents 

a crucial advantage over grid-dependent 

alternatives in rural areas where electricity 

infrastructure remains limited. Economic 

analysis demonstrates attractive financial 

returns with a payback period of 2.1 years, 

making the technology accessible to 

smallholder farmers and agricultural 

cooperatives. The net present value of $1,847 

over 10 years indicates long-term 

profitability, while the annual operating cost 

of $46 remains manageable for most farming 

operations. Comparative analysis with 

alternative preservation methods positions 

SPECSS as an optimal solution balancing 

performance, cost-effectiveness, and 

environmental sustainability. The 

environmental benefits of zero emissions 

operation and utilization of renewable energy 

align with sustainable development goals and 

climate change mitigation strategies. The 

technology's potential for widespread 

adoption in rural and remote areas could 

contribute significantly to reducing global 

food waste, which currently accounts for 

approximately 30% of total production in 

developing countries (Yahaya & Mardiyya, 

2023). 
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7. Conclusion 

This comprehensive study establishes solar-

evaporative cooling technology as an 

effective, economically viable, and 

environmentally sustainable solution for crop 

preservation in tropical environments. The 

research demonstrates consistent 

achievement of temperature depressions 

exceeding 10°C and relative humidity 

enhancements above 80%, creating optimal 

storage conditions for various agricultural 

commodities. The documented shelf-life 

extensions ranging from 180% to 250% 

across different crops represent substantial 

economic benefits and food security 

improvements for rural communities. The 

technology's energy autonomy through solar 

power generation, combined with the 2.1-

year payback period and zero emissions 

operation, addresses multiple challenges 

simultaneously including energy access, 

economic viability, and environmental 

sustainability. The cooling efficiency of 

84.7% achieved with optimal system 

configuration demonstrates the technology's 

technical maturity and readiness for 

widespread deployment. 

Future research should focus on optimizing 

system design for specific crop requirements, 

developing automated control systems for 

enhanced efficiency, and conducting large-

scale field trials to validate commercial 

viability. The integration of IoT monitoring 

systems and predictive maintenance 

protocols could further improve system 

reliability and user adoption. Additionally, 

investigation of hybrid cooling systems 

combining evaporative and thermal cooling 

methods may provide enhanced performance 

for demanding storage applications. The 

findings support policy recommendations for 

promoting solar-evaporative cooling 

technology through targeted subsidies, 

technical training programs, and cooperative 

procurement initiatives. The technology's 

potential for reducing postharvest losses, 

improving farmer incomes, and contributing 

to food security makes it a valuable tool for 

sustainable agricultural development in 

tropical and subtropical regions. 
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