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Optimized Shelf life and Quality of vegetables under a Zero Energy Cool Chamber


Abstract
The significant post-harvest deterioration of fresh produce in rural areas, which lacks cold chain infrastructure, a major obstacle to maximizing farmer profitability and ensuring food security. The quality retention of vegetables is intrinsically linked to rate of moisture loss, which is quantified by physiological weight loss. This rate is dramatically accelerated due to high temperatures during summer season. To address this challenge, a study was conducted utilizing the Zero Energy Cool Chamber (ZECC), a low-cost structure independent of non-renewable energy sources. The objective was to evaluate the comparative storage duration (in days) and quality retention of five diverse summer vegetable. Okra, Radish, Cauliflower, Spinach and Oyster mushroom stored in a ZECC and typical rural open basket practice. The on-farm trial demonstrated that the ZECC effectively moderated the storage environment during the summer month of April, achieving a temperature reduction of up to 5.800 °C (from 35.80 °C ambient to 30.050 °C internal) and raising relative humidity from 55.0% to 95.5%. This environmental control drastically reduced moisture loss. Okra stored in the ZECC for three days exhibited only 7.0% PLW, whereas the open basket comparator showed 23% PLW after the same period. For highly perishable Oyster Mushroom, the ZECC maintained marketable quality for two days with 9.75% PLW, significantly preventing the rapid desiccation and total spoilage (58% PLW) observed in ambient conditions after two days. The findings confirm that ZECC technology provides advantage in minimizing post-harvest losses, enhancing freshness, and extending the marketable life of diverse vegetables in constrained environments.	Comment by HEMA K: Add which	Comment by HEMA K: Add the	Comment by HEMA K: a	Comment by HEMA K: vegetables	Comment by HEMA K: modified the sentence
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Introduction
Vegetables are a cornerstone of the human diet, providing an affordable and abundant source of essential micronutrients, including vitamins and minerals. Beyond basic nutrition, the ample amount of dietary fibers they contain offers documented therapeutic benefits in mitigating risks associated with conditions such as heart disease, obesity, colon cancer, and diabetes. Consequently, minimizing post-harvest losses (PHL) is an essential national objective to ensure maximum utilization of agricultural output.  In India, vegetable PHL is a significant economic and logistical burden, estimated to range between 4.87% and 11.61% (NABCONS 2022). A primary cause of this extensive loss is the inadequate availability of suitable storage and processing facilities, particularly cold chain infrastructure, which is cost-prohibitive for most small and marginal farmers. This deficiency necessitates the development of decentralized, low-maintenance, and low-cost storage solutions suitable for adoption in rural areas.   	Comment by HEMA K: what is this? Not understanding	Comment by HEMA K: check font
	The Zero Energy Cool Chamber (ZECC) was pioneered by Roy and Khurdia (1983) at the Indian Agricultural Research Institute (IARI), Pusa, New Delhi, specifically to mitigate post-harvest deterioration and maintain product quality at the production site (Singh et al. 2010). The ZECC is structurally defined by its independence from electrical or mechanical energy, operating solely on the scientific principle of evaporative cooling.   
	Evaporative cooling works by utilizing the phase change of water from liquid to vapor. This transformation requires a large quantity of latent heat, which is removed from the surrounding environment. By maintaining a wet medium (such as saturated bricks and sand filler), the ZECC achieves simultaneous temperature reduction and humidity increase within the enclosed space. Previous research has established that this passive technique can reduce ambient temperature by 15−18% and elevate relative humidity to 90% or more, provided the ambient humidity is comparatively low (Jain 2007; Jha 2008; Jadhav et al. 2010).   
	The strategic importance of the ZECC transcends mere technical functionality. Because it requires zero external energy input and simple construction materials, it provides an immediate, resilient, and locally deployable infrastructure solution. This capability directly addresses the crucial economic vulnerability of smallholders who are currently forced into 'distressed selling' immediately following harvest due to the lack of adequate decentralized storage. By offering a buffer against rapid spoilage, the ZECC transforms post-harvest logistics, thereby strengthening rural agricultural value chains.   
	Prior validation of the ZECC’s effectiveness includes studies demonstrating that Okra stored inside the chamber exhibited lower Physiological Loss in Weight (PLW) compared to both ambient and frozen conditions (Mishra et al. 2020). Similarly, the cool chamber environment extended the usable life of highly sensitive Oyster Mushroom far beyond that achieved in open room storage (Kumari et al. 2018). The current on-farm study sought to expand this knowledge by evaluating the comparative shelf life and quality retention across a broad profile of locally cultivated summer vegetables under the specific high-stress environmental conditions of a field setting.   
Material and Methods
The study was implemented as an On-Farm Trial (OFT) conducted on farmers’ fields within the Saraiya Block. Three functional Zero Energy Cool Chamber (ZECC) units were constructed for the trial. The efficacy of the ZECC storage system was benchmarked against the standard local rural practice, which typically involves storing harvested produce in open baskets at ambient room temperature.   	Comment by HEMA K: at what temperature?
Sample Selection and Trial Duration
To ensure comprehensive data across varying degrees of perishability, five categories of locally grown summer vegetables were selected for the investigation: Okra (fruiting), Cauliflower (flowering/fruiting), Radish (root/tuber), Spinach (green leafy vegetable), and Oyster Mushroom (high-value, highly perishable fungi). All vegetables were procured from the local market in fresh condition immediately before the commencement of the trial. The experiment was conducted during the height of the summer season (April), with produce monitored continuously for up to six days.   
Quality Assessment Metrics
The effectiveness of the storage method was assessed using both environmental monitoring and direct quality measurements.
Microclimatic Assessment
Internal and external temperatures (0℃) and relative humidity (%) were measured at regular intervals, with critical comparative data recorded at the peak thermal period of the day (12:00 PM) in April to capture the maximum stress differential.   	Comment by HEMA K: corrected

Physiological Loss in Weight (PLW)
Physiological Loss in Weight (PLW) served as the primary quantitative indicator of freshness and storage efficacy. PLW reflects the irreversible loss of mass primarily due to moisture evaporation (transpiration) and metabolic consumption of stored carbohydrates (respiration). Minimizing PLW is paramount for extending shelf life (Data and Eronica 1987). PLW measurements determined the practical "well stored" duration for marketability.   	Comment by HEMA K: were	Comment by HEMA K: write procedure
Organoleptic (Sensory) Evaluation
Quality retention was also assessed through subjective sensory evaluation, focusing on easily perceived characteristics such as Overall Appearance (A) and Texture (T) (William and Tucker 1991). Evaluation was carried out by a panel of ten judges using a five-point hedonic scale: 1 (Very Poor), 2 (Poor), 3 (Fair), 4 (Good), and 5 (Excellent). Vegetables were automatically discarded after receiving a score of 1, and any score below 2 was considered unfit for commercial marketing.   
Results and Discussion
The application of the Zero Energy Cool Chamber demonstrated significant positive impacts across all parameters studied: microclimate control, physiological stability, and maintenance of sensory quality.
Modulation of Microclimatic Stressors by Evaporative Cooling
The environmental data collected during the summer trial period clearly established the ZECC’s ability to modify the storage environment (Table 1). At 12:00 PM, the ambient open basket temperature reached 35.850C, whereas the internal ZECC temperature was moderated to 30.050C, yielding a beneficial temperature differential (ΔT) of 5.80C.   
Table 1: Comparative Microclimatic Conditions in Zero Energy Cool Chamber (ZECC) versus Ambient Open Storage during Summer
	Storage System
	Temperature (0C)
	Relative Humidity (%)
	Temperature Differential (ΔT) (0C)
	Humidity Differential (ΔRH) (%)

	ZECC
	30.05
	95.5
	5.8
	40.5

	Open Basket (Ambient)
	35.85
	55.0
	-
	-


The most critical impact was observed in the chamber’s humidity control. While the open basket system exhibited a low relative humidity (RH) of 55.0%, the ZECC maintained a near-saturated atmosphere at 95.5% RH. This represents a humidity differential (ΔRH) of 40.5%.   
This simultaneous reduction in temperature and substantial elevation in RH fundamentally modifies the storage environment by minimizing the Vapor Pressure Deficit (VPD). The high VPD characteristic of hot, dry ambient summer air is the direct thermodynamic driver of rapid water transfer from the high moisture content produce to the low moisture environment, causing wilting and weight loss. By creating a cold, saturated air blanket around the produce, the ZECC effectively halts this mass transfer, thereby providing the foundation for reduced physiological loss in weight (PLW) and extended quality retention.   
Physiological Loss in Weight (PLW) Mitigation and Extended Retention
The quantitative data on PLW confirmed that the modulated microclimate within the ZECC significantly inhibited deterioration across all tested vegetable varieties (Table 2). The efficacy of the ZECC is directly demonstrated by the extension of the "well stored" period and the reduction in cumulative mass loss over comparable storage durations.   
Table 2: Influence of Storage Conditions on Marketable Storage Duration and Physiological Loss in Weight (PLW)
	Vegetable
	Ambient Duration (Days)
	Ambient PLW (%)
	ZECC Duration (Days)
	ZECC PLW (%)
	Ambient PLW at ZECC Duration (%)

	Okra
	2
	9.75
	3
	7.0
	23.0 (Day 3)

	Radish
	3
	10.0
	4
	6.6
	24.4 (Day 4)

	Spinach
	1
	9.5
	2
	10.0
	23.0 (Day 2)

	Cauliflower
	2
	7.5
	3
	5.0
	15.0 (Day 3)

	Mushroom
	<1
	30.0 (Day 1)
	2
	9.75
	58.0 (Day 2)


Okra, a widely consumed summer vegetable, maintained an acceptable PLW (7.0%) after three days in the ZECC, extending its shelf life by one day compared to the ambient system, which reached 9.75% PLW after only two days. If Okra was kept for three days at ambient, the PLW surged to 23%, confirming the substantial protective effect of the cool chamber. Similarly, Radish retained marketability for four days in the ZECC with 6.6% PLW, outperforming the ambient storage duration of three days (10.0% PLW).   
The greatest quantitative impact was realized for the highly perishable commodities. Oyster mushrooms are extremely sensitive to moisture loss. In the open basket, the mushroom exhibited a sharp 30% weight loss after the first day, and the loss reached a catastrophic 58% by the end of the second day, rendering it completely spoiled. Conversely, the ZECC extended the usable storage life of the mushroom to two days while maintaining PLW at only 9.75%.   
The observed variance in storage duration across different vegetables is consistent with established knowledge regarding inherent perishability and respiration rates (Singh et al. 2007b). Crops with high metabolic activity and moisture content, such as Spinach (extended from one day ambient to two days in ZECC) and Oyster Mushroom, naturally exhibit faster deterioration. However, the efficacy of the ZECC is most pronounced for these high-value, high-risk crops, where the chamber converts rapid, total loss into viable short-term storage.   
Sensory Quality Attributes and Marketability Extension
	The maintenance of sensory quality, evaluated based on overall appearance (A) and texture (T), is essential for commercial viability (Table 3). The scores confirmed the physiological stability observed in PLW data. The threshold for market fitness (score ≥2) clearly established the logistical benefit provided by the ZECC. Okra, Radish, and Cauliflower maintained commercially acceptable quality for two days in the ambient open basket system. In the ZECC, the marketable duration was successfully extended to three, four, and three days, respectively. This additional storage time is crucial for optimizing market logistics.   
	The preservation of texture is directly related to sustained turgidity, which is ensured by the near-saturated RH maintained within the cool chamber. On Day 2, Okra retained a "Good" quality score (4/4 for A/T) in the ZECC, while ambient Okra only retained a "Fair" score (3/3). Most strikingly, ambient Oyster Mushroom was assessed as being commercially unfit after the first day (scores of 2/2 on Day 1, then failing criteria by Day 2), whereas the ZECC ensured the mushroom remained marketable for two days, retaining a fair quality score (3/2 on Day 2).   
	The capability of the ZECC to reliably extend the marketable window by 1–2 days provides farmers with indispensable operational flexibility. By controlling the rate of deterioration, the technology reduces the need for forced, immediate sale at potentially suppressed prices, which often occurs during peak harvest periods. The resultant reduced spoilage and extended marketability contribute to higher returns, particularly for the most volatile crops, thereby increasing the overall benefit–cost ratio compared to ambient storage (Lata and Singh 2015). This technological leverage ensures better economic viability for vegetable growers.   
[bookmark: _Hlk212212745]Table 3: Sensory evaluation ( Overall appearance and Texture) of summer vegetables 
	End of Day
	Open basket system
	ZECC

	
	Okra
	Radish
	Cauli
flower
	Spinach
	Mush
room
	Okra
	Radish
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flower
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	Mush
room

	
	A
	T
	A
	T
	A
	T
	A
	T
	A
	T
	A
	T
	A
	T
	A
	T
	A
	T
	A
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	1
	3
	3
	4
	3
	4
	4
	2
	3
	2
	2
	5
	5
	5
	5
	5
	5
	4
	3
	4
	4

	2
	3
	3
	3
	3
	3
	4
	1
	1
	-
	-
	4
	4
	4
	5
	3
	4
	3
	2
	3
	2

	3
	2
	1
	3
	2
	2
	2
	-
	-
	-
	-
	4
	3
	4
	4
	3
	3
	1
	1
	1
	1

	4
	1
	-
	1
	1
	1
	1
	-
	-
	-
	-
	2
	2
	3
	2
	2
	2
	-
	-
	-
	-

	5
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	1
	1
	1
	1
	-
	-
	-
	-
	-
	-

	Mean
	1.8
	1.4
	2.2
	1.8
	2.0
	2.2
	0.6
	0.6
	0.2
	0.4
	
	
	
	
	
	
	
	
	
	


Note – after getting score 1 the vegetables were discarded.
           Vegetables scored less than 2 are not fit for marketing 
           A – stands for Overall appearance
          T – stands for texture
Economics of storage
	Storing vegetables in ZECC was found to be more profitable as reflected by the higher benefit–cost ratio compared to room temperature storage. The reduced spoilage, extended marketability and lower postharvest losses contribute to higher returns, particularly in highly perishable vegetables. Overall, ZECC is a low-cost and efficient technology to enhance shelf life and maintain quality of vegetables, especially in regions where refrigeration facilities are limited. It is evident that while the storage response varies among crops, ZECC provides a significant advantage over room temperature storage in minimizing weight loss, preserving freshness, and ensuring better economic viability for vegetable growers. The finding was in consonance of Lata & Singh 2015.

Conclusion
The comparative assessment of storage conditions demonstrates conclusively that the Zero Energy Cool Chamber provides a highly effective, decentralized microclimate control strategy against the rapid post-harvest deterioration caused by high temperatures and low humidity during the summer season. By successfully deploying the principle of evaporative cooling, the ZECC achieves a substantial moderation of storage stressors, characterized by a 5.80C temperature drop and a 40.5% increase in relative humidity. This environmental control yields tangible benefits, resulting in a marked reduction in Physiological Loss in Weight and the superior maintenance of sensory quality. The marketable shelf life of diverse summer produce was extended by 1 to 2 days across all tested categories, with the most significant relative benefits realized for highly perishable, high-value commodities such as Oyster Mushroom. Given its low capital cost, zero reliance on grid electricity, minimal maintenance requirements, and proven efficacy in mitigating losses and preserving freshness, the ZECC is strongly recommended as an efficient and sustainable technological intervention. It represents a vital solution for enhancing food supply chain resilience and improving economic profitability for vegetable growers in regions lacking access to conventional refrigeration facilities.   
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