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Abstract
Post-harvest losses remain a principal problem in agriculture, resulting in serious economic and food security issues. Sustainable post-harvest handling and value addition measures can provide efficient means of reducing losses, improving product shelf life, and increasing farmers' incomes. This review discusses some principal sustainable practices in harvesting, handling, storage, transport, processing, and packaging of agricultural produce. Focus is given to environmentally friendly, affordable, and scalable technologies that minimize waste and impart economic value to primary products. Policy interventions, capacity building, and market linkages required for encouraging adoption among smallholder farmers are also covered in the paper. Finally, sustainable post-harvest and value addition strategies are critical for ensuring food security, minimizing environmental footprint, and encouraging inclusive agricultural development.
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Introduction
Agriculture, which is the mainstay of livelihood in rural areas, is hit by post-harvest loss that varies from 20–40% in horticulture (Muthukumar and Selvakumar, 2013). The loss is eroding food security and income. Post-harvest management and value addition are not only sustainable options for minimizing wastage but also increase income, provide employment, and make food available throughout the year (Sallah, 2017). Sustainable methods, technologies, and innovations to mitigate post-harvest loss and maximize utilization of farm products through value addition are discussed in this paper.
Horticulture industry holds great scope for the productive utilization of wastelands through planned and systematic interventions (Lalpekhlua et al., 2024). As compared to traditional food crops, horticultural crops typically require less water, provide more job opportunities, and are more environmentally sustainable (Tadesse et al., 2024). Nutritionally, fruits and vegetables have great potential for value addition, both to their market acceptability and to foreign exchange returns (Osei-Kwarteng & Ogwu, 2024); (Bappah & Adejoh, 2024). Therefore, horticultural produce is not just critical to food and nutrition but also as critical commercial products with growing global market opportunities (Adewoyin, 2023).
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Figure-1. Post-Harvest chain for grains 
(Source, https://biologyreader.com/post-harvest-loss.html)
In spite of significant advancements in farm production over the past few decades, post-harvest losses are still extremely high, especially in developing nations such as India (Kiaya, 2014). Approximately 30–40% of the fruit and vegetables, which are perishable products, are lost each year because of inefficiencies in post-harvest handling mechanisms (Rajapaksha et al., 2015). These losses happen in different phases harvesting, handling, storage, processing, and marketing—and primarily because of weak infrastructure, limited technical know-how, poor-quality packaging materials, and the unavailability of cold chain logistics (Kumar & Kalita, 2017). This does not only lead to food loss but also has high economic implications for farmers as well as for the overall economy (Ishangulyyev, 2019).
Value addition is a revolutionary method of increasing the economic value of raw farm produce. This can be done through a number of activities like minimal processing (e.g., slicing, drying, or freezing), sophisticated processing (e.g., production of jams, pickles, or juices), as well as enhanced packaging, branding, and marketing techniques (Sharma, 2014). By value addition, farmers and rural entrepreneurs can access premium and niche markets, increase product shelf life, lower perishability, and avail higher profit margins (Singh et al., 2025). Additionally, it promotes agro-based industries' growth, promotes rural entrepreneurship, and creates employment opportunities, especially for women and youth in rural communities (Bolanle et al., 2022).
Vegetables form the basis of human nutrition, being a dense source of vital vitamins, minerals, dietary fiber, and bioactive compounds (Septembre-Malaterre et al., 2018). Leafy greens such as palak and spinach are examples of vegetables that are highly perishable as they have high water content, which makes them susceptible to quick spoilage post-harvest.
In India, post-harvest losses are high, ranging from 14–36% for fruits and 10–25% for vegetables (Muthukumar and Selvakumar, 2013). The losses are largely due to ineffective cold chain facilities and poor storage systems. These inefficiencies not only lower economic margins for farmers and other members of the supply chain but also enhance food insecurity and wastage of precious natural resources.
To overcome these issues, post-harvest handling and storage technology advancements are important. Technologies like enhanced harvesting equipment, efficient temperature control systems, and smart packaging technologies are important in maintaining the quality of vegetables, reducing post-harvest losses, and providing a reliable supply of fresh produce to fulfill the nutritional requirements of an increasing global population (Bisht & Singh, 2024). These technological advancements also improve sustainability by minimizing waste and maximizing the efficiency of the supply chain. Due to their high nutritional quality and the existence of health-promoting bioactive compounds, vegetables continue to be an essential part of a healthy and balanced diet (Makule et al., 2022).
Technological innovations in post-harvest technologies present great potential for solutions to the longstanding problems of spoilage and quality degradation in vegetables. There have been a number of recent developments of significance. Precision harvesting equipment is made to cause as little physical damage as possible and ensure that produce is harvested at the right moment, thus ensuring its initial quality and marketability to the fullest (Hayat et al., 2023). Cold chain technologies such as refrigerated transportation systems and controlled atmosphere storage are important in ensuring the freshness of produce and substantially increasing its shelf life (Deep et al., 2024). Furthermore, intelligent packaging technologies comprising antimicrobial coatings, ethylene absorbers, and real-time monitoring sensors of quality parameters assist in lowering spoilage and improving the useability of vegetables during storage and distribution (Han et al., 2021).
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Figure. 2. Pictorial representation of post-harvest loss of crops at various stages from producers to consumers
(Source, Lalpekhlua et al., 2024)
2. Post-Harvest Losses in Agriculture: An Overview
Post-harvest losses in agriculture are a key constraint in the agri-food value chain, having direct consequences for food security, rural livelihoods, and national economic growth (Kumar, & Choubey, 2021). These losses take place at various stages starting from harvesting, ongoing through handling, storage, transportation, processing, and marketing and lead to a large quantity of agricultural produce not being consumed (Binge et al., 2023).
Post-harvest losses in vegetables and fruits have been estimated to be between 20% and 40% in India, owing mainly to inefficient transportation systems, inadequate storage facilities, and improper handling (Anand & Barua, 2022). Not only do these losses decrease the quantity of nutritious food available for consumers, but they also cause enormous economic losses for farmers and the country's economy (Negi & Anand, 2017). Adopting efficient post-harvest handling practices like harvesting at the right time, first-level grading in the field, gunny bag replacement with plastic crates, and establishing cold chain facilities can help significantly decrease such losses (Boxall et al., 2022). Extension approaches focusing on training and capacity development in these methods will enable farmers to adopt better practices and ensure food safety and alleviate the pressure on natural resources by making better use of the produce (Arowosegbe et al., 2024).


















Source, (Palumbo et al., 2022) 
Fig 3: Causes of postharvest losses along the supply chain. (Bourne, 1977).
They can be grouped into two types under broad categories:
Quantitative Losses: These are the quantitative loss in physical weight or volume of agricultural produce resulting from spillage, spoilage, pests, or shrinkage during storage and handling (Prusky, 2011).
Qualitative Losses: These are losses resulting in a decrease in intrinsic value of produce, such as nutritional quality, visual appearance, texture, flavor, and market price. Deterioration in quality can be brought about by microbial decay, pest infestation, exposure to environmental conditions, and mechanical damage (Singh, et al., 2021).
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Figure-4. Post-Harvest loss type
(Source, https://biologyreader.com/post-harvest-loss.html)
Table 1: Post-Harvest Technologies Influencing Shelf Life of Horticultural Commodities

	S.No.
	Post-Harvest Technology
	Key Practices/Details

	1
	Harvesting Techniques
	Timely and proper harvesting (right maturity stage)
Use of sharp tools to avoid mechanical injury Gentle handling to avoid bruises/cuts

	

2
	

Pre-Cooling & Cooling Methods
	Pre-cooling (immediate field heat removal) Hydro-cooling
Forced-air cooling Vacuum cooling Ice cooling
Cold storage

	3
	Curing
	Used for onion, garlic, sweet potato
Drying of outer layers to prevent microbial infection and moisture loss

	4
	Washing and Cleaning
	Removal of soil, debris, and microbes
Use of sanitizers (chlorinated or ozonated water)

	5
	Grading and Sorting
	Based on size, shape, color, and maturity
Reduces losses and improves market value

	
6
	
Packaging Technology
	Protects produce during handling/transport Modified Atmosphere Packaging (MAP)
Controlled Atmosphere Packaging (CAP) Use of trays, polybags

	7
	Waxing and Edible Coatings
	Reduces respiration and water loss
Slows down ripening and microbial spoilage

	8
	Storage Techniques
	Cold storage (0°C to 10°C crop-specific) Controlled atmosphere storage
Zero Energy Cool Chamber (ZECC)

	9
	Ripening Chambers
	Use of ethylene gas/generators
Avoids use of harmful ripening agents like calcium carbide

	10
	Radiation Treatment
	Gamma irradiation for microbial and insect control
Delays ripening and sprouting

	11
	Plant Growth Regulators (PGRs)
	1-Methylcyclopropene (1-MCP): delays ripening
Gibberellic acid (GA₃): extends grape shelf life

	12
	Biotechnology & Nanotech
	Bio-coatings, nano-packaging, bio-preservatives
Enhances shelf life and produce safety

	13
	Transportation Management
	Use of refrigerated vans, cushioned packaging, crates
Minimizing transit time

	14
	Processing & Value Addition
	Conversion into jams, pickles, juices, dehydrated products
Increases shelf life and market opportunities


(Source, Yogita, et al., 2024)
Major Post-Harvest Loss Causes:
1. Incorrect Harvesting Time and Methods
Premature or delayed harvesting both negatively impact quality and shelf life. For instance, immature fruit or vegetables can lack proper development of flavor and nutritional content, while overripe ones become softer and more vulnerable to damage, spoilage, and microbial infection. Moreover, improper tooling or careless hand harvesting mostly involves mechanical injuries, which accelerate deterioration (Kiaya, 2014).
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Figure-5. Causes of Post-harvest losses 
https://biologyreader.com/post-harvest-loss.html
2. Inadequate Handling and Transportation Infrastructure
Post-harvest handling practices in most rural communities are still primitive, with rough handling, ungraded packing of produce, and absence of protective packaging (Osei-Kwarteng et al., 2024). Refrigeration and cushioning are lacking in most transport vehicles, resulting in damage caused by vibration, heat, and moisture (Al-Dairi et al., 2022). This is especially disastrous in the case of perishables such as fresh fruits, vegetables, milk, meat, and seafood, which need a cold chain of uninterrupted temperatures to ensure quality and shelf life (Pedro,et al., 2023).
Table 2. Classification of some fruits and vegetables according to principal causes of postharvest losses and poor quality and in order of importance
	Group
	Examples
	Principal causes of postharvest losses and poor quality (in order of importance)

	Root vegetables
	Carrots
	Mechanical injuries

	
	Beets
	Improper curing

	
	Onions
	Sprouting and rooting

	
	Garlic
	Water loss (shriveling)

	
	Potato
	Decay

	
	Sweet Potato
	Chilling injury (subtropical and tropical root crops)

	Leafy vegetables
	Lettuce
	Water loss (wilting)

	
	Chard
	Loss of green color (yellowing)

	
	Spinach
	Mechanical injuries

	
	Cabbage
	Relatively high respiration rates

	
	Green onions
	Decay

	Flower vegetables
	Artichokes
	Mechanical injuries

	
	Broccoli
	Yellowing and other discolorations

	
	Cauliflower
	Abscission of florets

	
	
	Decay

	Immature-fruit vegetables
	Cucumbers
	Over-maturity at harvest

	
	Squash
	Water loss (shriveling)

	
	Eggplant
	Bruising and other mechanical injuries

	
	Peppers
	Chilling injury

	
	Okra
	Decay

	
	Snap beans
	

	Mature-fruit vegetables and fruits
	Tomato
	Bruising

	
	Melons
	Over-ripeness and excessive softening at harvest

	
	Citrus
	Water loss

	
	Bananas
	Chilling injury (chilling sensitive fruits)

	
	Mangoes
	Compositional changes

	
	Apples
	Decay

	
	Grapes
	

	
	Stone fruits
	


(Source, Kitinoja, and Kader, 2002)
3. Deficient Storage Facilities
A significant percentage of post-harvest losses in India is due to non-scientific or poor storage systems (Negi, and Anand, 2017). The conventional storage buildings subject grains to rodents, fungi, pests, and moisture. In horticultural value chains, the limited availability of cold storage and controlled-atmosphere facilities leads to quick spoilage of perishable commodities (Bisht, and  Singh, 2024). Even where cold storage is available, limited access, high prices, and unstable electricity supply render them underutilized in rural regions (Garcia, et al., 2024).
4. Ineffective Processing and Packaging Technologies
Hand or unstandardized processing methods cause loss in grading, cleaning, drying, or milling (Jafari, 2021). Poor post-harvest equipment and insufficient cleanliness during food handling usually create contamination and loss of nutrients (Osei-Kwarteng, and  Ogwu, 2024). Similarly, employing substandard or wrong packaging material leads to mechanical breakage and compromised shelf life while in movement and display (Brown et al., 2011).
5. Deficiency in Awareness, Training, and Extension Services
Farmers and rural actors generally do not possess adequate knowledge and skills in scientific harvesting, safe handling, hygienic processing, and up-to-date storage practices (Muroyiwa, et al., 2020). Insufficient training and poor extension systems are responsible for persistent use of traditional methods (Belay, 2003). Improved agricultural extension systems are necessary to promote adoption of better post-harvest technologies.
Scale and Economic Impact
Worldwide, according to the Food and Agriculture Organization (FAO), an estimated 1.3 billion tonnes of food goes to waste or is lost every year roughly a third of the entire food production (FAO. (2021). For the Indian scenario, post-harvest losses are of a staggering magnitude, with ICAR-CIPHET estimates indicating annual financial losses in excess of ₹92,000 crore (ICAR. (2020). Post-harvest loss is highly variable by commodity:
Table-3. Different food category and their Post-Harvest loss
	Food Category
	Estimated Post-Harvest Loss (%)

	Fruits and Vegetables
	15–30%

	Cereals and Pulses
	5–10%

	Milk and Dairy Products
	10–15%

	Fish and Meat
	10–20%



These losses are converted into lower farmer income, restricted marketable surplus, and ineffective utilization of inputs such as water, fertilizer, labor, and land, which were used to produce the lost food.
Environmental and Social Consequences
The environmental impact of post-harvest loss is staggering. Food waste equals wasted natural resources, such as freshwater, fossil fuels, and soil nutrients (Heydari, 2024). It also produces greenhouse gas emissions, especially when organic waste is decomposed in landfills, producing methane a powerful climate pollutant (Sánchez, et al., 2015).
On the social side, food losses cut down the availability and accessibility of cheap nutrition, especially for vulnerable and poor households. In addition, they limit the expansion of agro-processing industries and employment creation, predominantly in rural communities where value addition opportunities would otherwise thrive (Dube et al., 2018). It is not only a technical necessity but also a socio-economic and environmental imperative to tackle these losses.
3. Sustainable Post-Harvest Practices
Reducing post-harvest losses sustainably is a multi-faceted task that must encompass economic viability, environmental stewardship, and social inclusiveness (Mditshwa et al., 2023). Sustainable post-harvest management not only improves food availability but also helps to achieve climate resilience, rural jobs, and circular economy objectives (Osei-Kwarteng et al., 2024). The ensuing sub-sections outline major sustainable practices and technologies:
3.1 Improved Harvesting Techniques
Timely and efficient harvesting is the very first vital step towards reducing post-harvest losses.Application of Maturity Indexes and Equipment:
The correct stage of maturity for harvesting is vital for the optimum quality and shelf life (Prasad, et al., 2018). Application of scientific maturity indexes like days after flowering, firmness, skin color, and sugar content permits precise timing of harvesting (Kumar, et al., 2023). Tools such as refractometers, penetrometers, and ripeness testers are useful in standardizing the harvesting process.
Mechanical Harvesting to Minimize Physical Damage
Hand harvesting tends to create uneven cuts and physical damage to produce (Afsah‐Hejri, et al., 2022). Mechanized harvesting equipment, including hand-held harvesters, fruit-picking scissors, and commodity-specific harvesters, reduce mechanical damage, decrease dependence on labor, and enhance harvest efficiency, particularly in large-scale farming systems (Al-Dairi et al., 2022).
3.2 Environmentally Friendly Storage Solutions
Storage is also critical to the quality and safety of produce. Environmental-friendly storage systems are designed to store commodities without causing environmental degradation.
Zero-Energy Cool Chambers (ZECC)
ZECCs are inexpensive, non-refrigerated storage facilities based on the evaporative cooling principle. They provide a low temperature and high humidity, which is suitable for the storage of fruits and vegetables without electricity hence especially ideal for smallholder farmers (Jarman, et al., 2023).
A Zero Energy Cool Chamber (ZECC) has also been designed as an affordable, non-electric storage system, that is especially useful for marginal and small farmers. The system includes a brick wall cooler and storage bins made of new materials, that can operate without any electricity. The brick wall section is built with bricks mixed with watered-down sand and zeolite, which allows for a natural evaporative cooling process, allowing the chamber to have low internal temperatures and high relative humidity. These are the conditions necessary for prolonging the shelf life of perishable commodities (Makule, et al., 2022).
To further improve the efficiency of ZECC, storage containers with antibacterial coatings have been employed to minimize microbial spoilage. For example, silver ion-coated containers have exhibited encouraging performance in reducing post-harvest losses. Heat treatments have also been investigated as another method for reducing decay (Islam, and Morimoto, 2012).
In spite of the significance of correct storage, farmers in rural locations usually experience various difficulties, such as poor transportation facilities, insecure energy sources, and inadequate post-harvest infrastructure investment. These limitations, along with the low prices prevailing in markets at harvest times, compel many farmers to dispose of their crops to local middlemen or traders at much lower prices. Most of the time, they cannot even recover the cultivation cost, thus propagating the high levels of poverty among farmers (Makule et al., 2022).
With these challenges, there is an urgent need for low-cost and decentralized storage devices like the ZECC, which can be adopted at the farm level without using electricity. The ZECC was first designed and developed by the Indian Agricultural Research Institute (IARI), New Delhi, for on-farm rural storage. It is based entirely on evaporative cooling principles and is made from locally available materials like bricks, sand, bamboo, rice straw, vetiver grass, and jute cloth (Mishra et al., 2020)
The structure is typically built above ground and consists of a double-walled brick design with the interspace filled with riverbed sand. The chamber is covered with a jute cloth or vetiver grass mat supported by a bamboo frame, and a thatched shed is erected overhead to protect it from direct sunlight and rain (Kumar et al., 2018).
This paper provides a feasibility analysis of the ZECC as a short-term storage facility for fruits and vegetables considering the socioeconomic conditions of India's small and marginal farmers. The implementation of such technologies can be instrumental in curbing post-harvest losses, enhancing farm revenues, and ensuring food security in rural areas.
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Figure-6. Image of ZECC
Hermetic Bags and Metal Silos for Grains
Hermetic storage consists of sealed containers that provide an oxygen-poor environment, preventing the development of insects and fungi. These bags and silos minimize grain losses without the application of chemical fumigants (Chigoverah et al., 2016).
Hermetic bags and metal silos are both grain storage solutions that are airtight, preventing moisture damage, infestations by pests, and spoilage (Coffi et al., 2016). Hermetic bags are plastic bags that have low air and moisture permeability, and metal silos are large, airtight metal containers. Both solutions create an environment where oxygen decreases and carbon dioxide increases, which suppresses the development of insects and fungi (Okolo et al., 2017).
Modified Atmosphere Storage (MAS)
MAS consists of modifying the gas composition (e.g., lowering oxygen and raising carbon dioxide) surrounding the stored produce to retard respiration and spoilage. It is particularly beneficial for high-value horticultural crops (Izumi, et al., 2016).
Modified Atmosphere Storage (MAS) is a storage method for the purpose of prolonging shelf life of unstable and semi-perishable foods by modifying the atmosphere gases present around the food (Mahajan et al., 2014). This is usually done through decreasing the proportion of oxygen and adding carbon dioxide and nitrogen concentrations in the storing environment or pack. By altering the gaseous environment, MAS successfully retards the rates of respiration, microbial growth, and enzymatic decomposition processes, thus ensuring the quality, safety, and freshness of the stored fruit and vegetables for an extended duration (Vakkalanka et al., 2012).
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Figure-7. Image of post-harvest storage
Table 4. List of different vegetable and their benefits used under MA/CA storage method
	Vegetable
	 Temperature	
	
	MA/CA	
	Benefit

	
	(°C)
	% O2
	% CO2
	

	Artichokes
	0-5
	2-3
	2-3
	Good

	Asparagus
	0-5
	15-20
	5-10
	Excellent

	Beans
	5-10
	2-3
	4-7
	Fair

	Beets
	0-5
	2-5
	2-5
	Fair

	Broccoli
	0-3
	1-2
	5-10
	Excellent

	Brussels sprouts
	0-5
	1-2
	5-7
	Good

	Cabbage
	0-5
	2-3
	5-7
	Excellent

	Cantaloupes
	3-7
	3-5
	10-15
	Good

	Carrots
	0-5
	3-5
	2-5
	Fair

	Cauliflower
	0-2
	2-3
	2-5
	Fair

	Celery
	0-5
	1-1
	0-5
	Good

	Corn, sweet
	0-5
	2-4
	5-10
	Good

	Cucumbers
	8-12
	3-5
	0-2
	Fair

	Honeydews
	10-12
	3-5
	0-2
	Fair

	Leeks
	0-5
	1-2
	3-5
	Good

	Lettuce
	0-5
	1-3
	0-3
	Good

	Mushroom
	0-3
	Air
	10-15
	Fair

	Okra
	8-12
	3-5
	0-2
	Fair

	Onions, dry
	0-5
	1-2
	0-5
	Good

	Onions, green
	0-5
	1-2
	10-20
	Fair

	Peppers, bell
	8-12
	3-5
	0-2
	Fair

	Peppers, chili
	8-12
	3-5
	0-3
	Fair

	Potatoes
	4-10
	2-3
	2-5
	Fair

	Radish
	0-5
	5-Jan
	2-3
	Fair

	Spinach
	0-5
	18-21
	10-20
	Good

	Tomato
	15-20
	5-Mar
	0-3
	Good


(Source, Kitinoja & Kader 2002)
Biodegradable Packaging Materials
The use of biodegradable packaging materials is a significant step towards sustainable agri-food systems. Substitution of traditional plastic packaging with environment-friendly alternatives like starch-based films, jute bags, banana leaves, palm leaf containers, and biodegradable trays cuts down the environmental impact of food packaging by a great extent (Thulasisingh et al., 2022). These materials not only are compostable and non-toxic but also ensure food safety and freshness during handling and storage. Their application is in line with international environmental agreements and policies for the mitigation of plastic pollution, particularly in food and agriculture. They also enable circular economy patterns through the utilization of agricultural by-products and renewable materials in packaging (Sani, et al., 2021).
3.3 Cold Chain Development
The establishment of an effective cold chain facility is crucial in ensuring the quality and shelf life of perishable products like fruit, vegetables, milk, meat, and flowers (Akram et al., 2023). It helps keep the products within the safe range of temperatures from production to consumption through the supply chain, hence decreasing food loss and wastage (Yahia et al., 2009).
Solar-Powered Cold Storage Units
Solar-powered cold storage systems are a viable and environmentally friendly solution for conventional refrigeration in distant or power-scarce areas (Garcia et al., 2024). The systems use solar energy to ensure continuous cooling, maintaining constant storage temperatures even in grid-disconnected areas. They reduce their dependence on fossil fuels, which translates into lower operating costs as well as reduced greenhouse gas emissions. They are therefore suitable for small-scale farmers and cooperatives operating under sustainable conditions (Takeshima et al., 2023)
Pre-Cooling and Refrigerated Transport
Pre-cooling soon after harvesting is an important process in the cold chain operation. It serves to quickly strip field heat from produce, reducing respiration rates, enzymatic activity, and microbial growth, all of which contribute to spoilage (Thompson, 2004). This is then followed by transportation in refrigerated vans or reefer trucks, which provide the right temperature and humidity levels during transport. Such temperature-controlled logistics greatly increase the shelf life of perishable products and help products arrive at markets or processing units in the best possible condition (Behdani, et al., 2019).
Pack Houses at Farm Level
The development of pack houses at or close to farm sites provides immense value to the supply chain. These pack houses are provided with necessary post-harvest operations like cleaning, washing, sorting, grading, packaging, pre-cooling, and short-term cold storage (Kitinoja, and Kader, 1995).. By facilitating hygienic handling and reducing physical damage, farm-level pack houses enhance the overall quality and marketability of produce. They are central to the fulfillment of export standards and linking small farmers to premium and international markets, as well as reducing post-harvest losses.
3.4 Sustainable Drying Methods
Drying is among the best post-harvest methods to improve the shelf life and microbial load reduction of agricultural crops (Alp, and Bulantekin, 2021). It is one of the important methods for cereals, pulses, spices, and medicinal plants preservation by reducing the moisture level to safe values, thus inhibiting spoilage and ensuring quality during storage and transportation (Dhulipalla, et al., 2023).
Solar Dryers (Direct and Indirect Types)
Solar drying methods make use of renewable solar energy to dry agricultural produce in an environmentally friendly and economically sustainable way. In direct solar dryers, the product is exposed to an enclosed chamber with transparent lids, where sunlight directly heats and dries the product (Pirasteh et al., 2014). This method, though, can expose the produce to possible contamination from dust, insects, and UV light. As opposed to the above systems, indirect solar dryers employ a solar collector to warm the air, which is thereafter circulated through a drying chamber, hence reducing the risk of contamination as well as nutrient loss. They are more efficient than open-sun drying, providing greater protection, higher drying rates, and enhanced product quality (Lamidi, et al., 2019).
Hybrid Dryers (Solar + Biomass/Electricity)
Hybrid drying systems integrate solar energy with backup sources like biomass, electricity, or gas, allowing continuous drying even on cloudy days or under the cover of darkness (Bari, and  Fuad, 2023). The dual-source configuration provides increased reliability and predictability of the drying process, particularly in areas with fluctuating weather conditions or high humidity rates. Hybrid dryers provide consistent drying temperatures, lower drying time, and less post-harvest losses. They are especially useful for small and medium-sized farmers looking for energy-saving and environmentally friendly drying methods without affecting product quality (Obiero,2022).
Reduction of Aflatoxin and Microbial Contamination
Correct drying prevents the development of aflatoxin-forming fungi such as Aspergillus flavus. Regulated drying to the right level of moisture is important for food safety and export regulation (Dorner, 2004). Sustainable post-harvest technologies, apart from reducing losses, also present the possibility of entrepreneurship, job creation, and rural poverty reduction (Olakiumide, 2021). Large-scale adoption will need support from policy, capacity building, and public-private collaboration to provide access and affordability to marginal and small farmers.
Table 5 . Recommended temperature and relative humidity for fruits and vegetables and the approximate storage life under these conditions
	Crop
	Temperature (°C)
	Relative humidity (%)
	Storage life (days)

	Artichoke
	0
	95–100
	14–21

	Asparagus
	0–2
	95–100
	14–21

	Bean (dry)
	4–10
	40–50
	180–300

	Beet (bunched)
	0
	98–100
	10–14

	Beet (topped)
	0
	98–100
	120–180

	Broad beans
	0–2
	90–98
	7–14

	Broccoli
	0
	95–100
	14–21

	Cabbage
	0
	98–100
	150–180

	Cactus leaves
	2–4
	90–95
	14–21

	Cantaloupe (half slip)
	2–5
	95
	15

	Cantaloupe (full slip)
	0–2
	95
	5–14

	Carrot (bunched)
	0
	95–100
	14

	Carrot (topped)
	0
	98–100
	210–270

	Cassava
	0–5
	85–96
	30–60

	Cauliflower
	0
	95–98
	21–28

	Celery
	0
	98–100
	30–90

	Chicory
	0
	95–100
	14–21

	Chinese cabbage
	0
	95–100
	60–90

	Chives
	0
	95–100
	14–21

	Cucumber
	10–13
	95
	10–14

	Eggplant
	8–12
	90–95
	7

	Garlic
	0
	65–70
	180–210

	Ginger
	13
	65
	180

	Green onions
	0
	95–100
	21–28

	Horse radish
	−1 to 0
	98–100
	300–360

	Jerusalem artichoke
	−0.5 to 0
	90–95
	120–150

	Kohlrabi
	0
	98–100
	60–90


(Source, El-Ramady, 2015)
4. Value Addition in Agriculture
Value addition is the process of adding economic value and consumer acceptability to agricultural commodities by improving their quality, shelf life, functionality, and competitiveness in the market. It is a key intervention to enhance farmer incomes, minimize post-harvest losses, enhance agri-entrepreneurship, and satisfy evolving consumer demands for convenience, nutrition, and variety (Al Hinai et al., 2022)
4.1 Methods of Value Addition
Value addition is classified according to the degree of processing and complexity involved:
Primary Processing
These are simple operations such as cleaning, sorting, grading, and packaging that enhance the look and safety of raw fruits and vegetables. It gets commodities ready for improved market presentation without changing their intrinsic structure. For instance, grading mangoes or packing onions in mesh bags (Yildiz, 2017).
Secondary Processing:
Involves processing raw materials to intermediate or semi-finished products using methods such as milling, juicing, pulping, fermenting, or cooking (Gnitsevych, and  Yudina, 2024). Examples are jam making, pickling, fruit pulps, tomato puree, flour, or spice powder making. This not only increases shelf life but also nutritional diversification (Mini et al., 2021). Refers to high-tech conversion of farm products into ready-to-consume or ready-to-cook items, including dehydrated foods, frozen foods, instant food mixes, or bottled drinks (Temgire, et al., 2021). These foods meet urban and export markets and are a value-added part of the food processing business.
4.2 Sustainable Value Addition Practices
Value addition sustainability guarantees that the process not only increases economic value but also complies with environmental and social standards. Major sustainable practices are:
Organic Processing and Use of Natural Preservatives
The application of chemical-free processes and natural preservatives such as vinegar, salt, lemon juice, and essential oils improves food safety and attracts health-conscious consumers (Obahiagbon et al., 2024). Organic-certified processing conforms to international standards for eco-friendly and health-enhancing food systems.
Minimal Processing Techniques
Processes such as vacuum packing, pulping, cold pressing, and flash pasteurization minimize food alteration and help preserve nutritional content, flavor, and freshness (Singh, et al., 2023). The methods take less energy and keep the product natural in properties, appealing to high-end markets.
Waste Valorization:
Optimization of by-products and food waste is one of the fundamental features of sustainable value addition (Socas-Rodríguez et al., 2021). As an example, fruit peels can be transformed into pectin, spent grains into animal feed, and vegetable residues into compost or biochar (Kumar, et al., 2020). This not only lightens the environmental load but also facilitates a circular economy in agriculture.
5. Institutional and Government Support
In appreciation of the need to reduce post-harvest losses and increase value addition in the agricultural sector, the Government of India and institutions have introduced several schemes and policies. These schemes aim at improving infrastructure, capacity building, entrepreneurship promotion, and effective market linkages to facilitate sustainable and inclusive development of the agri-food value chain.
Pradhan Mantri Kisan SAMPADA Yojana (PMKSY):
Initiated by the Ministry of Food Processing Industries (MoFPI), PMKSY is a holistic scheme that aims to bring post-harvest management into the modern era and minimize agricultural losses. PMKSY offers financial support for the establishment of food processing units, cold chains, agro-processing clusters, and backward-forward linkages. Through infrastructure development and technology adoption, PMKSY seeks to enhance farmers' income, ensure food security, and enhance exports via value-added agri-products.
National Horticulture Board (NHB)
The NHB, functioning under the Ministry of Agriculture and Farmers Welfare, has an important role in the post-harvest handling of horticultural crops. It gives technical support and financial assistance for setting up cold storage units, pack houses, pre-cooling plants, grading houses, and ripening rooms. NHB also encourages the adoption of new post-harvest technologies and helps grow high-value horticultural crops through its integrated development programs.
Farmer Producer Organizations (FPOs) and Self-Help Groups (SHGs)
FPOs and SHGs are effective community-based models to empower small and marginal farmers. These organizations provide collective access to post-harvest infrastructure, processing technologies, credit, training, and market opportunities. By promoting decentralized agro-processing, they enable farmers to participate in value addition activities and create rural employment. Government schemes tend to offer focused support to build these institutions through capacity building and financial incentives.
Agro-Processing Clusters and Mega Food Parks
Large-scale infrastructure ventures are planned with the vision to integrate the whole food value chain. Agro-processing clusters and Mega Food Parks offer shared infrastructures for cleaning, sorting, grading, processing, storage, quality testing, packaging, and distribution under one roof. They provide economies of scale, enhance supply chain efficiency, and mobilize private sector investment in rural agri-business activities. Through their connection of farmers directly to retailers and processors, they establish a system for rural transformation and inclusive agricultural growth.
Table 6: Government Schemes Influencing Post-Harvest Practices

	S.No.
	Scheme/Program
	Key Influence on Post-Harvest Management

	1
	Mission for Integrated Development of Horticulture
(MIDH)
	Support for post-harvest infrastructure like cold storage, pack houses,
ripening chambers Training & capacity building for farmers

	2
	National Horticulture Mission (NHM) (now part of MIDH)
	Promotion of integrated post-harvest management Financial support for value addition and cold chain development

	3
	Rashtriya Krishi Vikas Yojana (RKVY-RAFTAAR)
	Encourages agri-entrepreneurship in processing, packaging, and storage
Grants for post-harvest innovations

	4
	Pradhan Mantri Krishi Sinchayee Yojana (PMKSY - Per
Drop More Crop)
	Though irrigation-focused, it indirectly supports quality produce which
enhances storability and shelf life

	5
	Pradhan Mantri Formalisation of Micro Food Processing Enterprises (PMFME)
	Financial and technical support to micro-units Capacity building for food processing, packaging, labeling

	6
	Operation Greens (under MoFPI)
	Support for reducing post-harvest losses of Tomato, Onion, Potato (TOP)
crops Subsidy on transportation and storage

	7
	National Agricultural Market (e-NAM)
	Facilitates online marketing and better price realization
Reduces distress sales and need for long-term storage

	8
	Agri-Clinics and Agri-Business Centres (ACABC)
	Promotes agri-preneurs providing post-harvest advisory services Encourages enterprises in packaging, storage, and value addition

	9
	Krishi Vigyan Kendras (KVKs)
	Conduct training, demonstrations, and frontline extension on scientific
harvesting, handling, and storage

	10
	National Food Security Mission (NFSM)
	Includes pulses, coarse cereals, fruits & vegetables Promotes post-harvest technology adoption through awareness and
incentives

	11
	Small Farmers Agribusiness Consortium (SFAC)
	Supports Farmer Producer Organizations (FPOs) in setting up post-harvest
units Promotes aggregation and value chain development

	12
	Pradhan Mantri Kisan SAMPADA Yojana (MoFPI)
	Focuses on mega food parks, cold chain, agro-processing clusters
Aims at reducing waste and increasing processing capacity


(Source, Yogita, et al., 2024)
6. Challenges in Adoption
Despite the evident advantages of adopting sustainable post-harvest management and value addition practices, adoption rates have been slow, particularly in rural and developing areas. The interaction of socio-economic, infrastructural, and institutional impediments has continued to stifle the use of these technologies and practices at scale. Some of the principal challenges are articulated below
Lack of Awareness and Training
One of the major limitations is the limited level of awareness among rural stakeholders and farmers about contemporary post-harvest technologies, methods of value addition, and changing market demands. Most farmers are not aware of how increased practice can minimize losses as well as make them more profitable. The fact that extension services have limited coverage and no hands-on training programs further limits knowledge sharing. Without capacity building, farmers will rarely change from their conventional handling and storage practices to more scientific and sustainable ones.
Poor Rural Infrastructure
The performance of post-harvest systems largely relies on strong rural infrastructure, which usually does not exist. Inefficient road links, inconsistent power supply, and a lack of adequate cold storage facilities, warehouses, and processing facilities hinder smooth post-harvest handling of perishable commodities. These constraints cause serious delays, wastage, and decreased marketability of produce. The lack of logistics infrastructure also influences market access to urban and export markets, deterring investment in post-harvest enhancement.
High Initial Investment Cost
The majority of sustainable technologies, including cold chains, solar dryers, processing machinery, and packaging units, involve huge initial investments, which are usually beyond the affordability of small and marginal farmers. Second, the lack of institutional credit, subsidy, or risk-sharing arrangements further hampers the adoption of such innovations by these farmers. This financial obstacle is one of the major reasons why new post-harvest systems are not properly utilized in poor regions.
Limited Market Access and Branding Problems
Farmers and small-scale processors frequently experience challenges in reaching formal markets because of poor supply chain linkages, insufficient bargaining power, and limited awareness of branding and packaging methods. Consequently, their value-added products are unable to compete with commercially processed and well-branded products. Lack of collective marketing systems and inadequate market intelligence limit the capacity of producers to command premium prices or differentiate their products in the market.
7. Future Prospects and Opportunities
With increasing global attention on food security, sustainability, and improving farmers' income, there is increasing awareness of the strategic value of post-harvest management and value addition. The following new trends and opportunities offer a route towards enhancing efficiency, minimizing losses, and empowering rural people:
Digital Agriculture and Internet of Things (IoT)
The convergence of IoT-powered devices with digital platforms is transforming post-harvest management. Sensors deployed in warehouses, storage facilities, and transport means are able to track key parameters like temperature, humidity, ethylene levels, and airflow in real time. The systems are linked to cloud-based dashboards that enable farmers and logistics managers to receive notifications, optimize storage conditions, and avoid spoilage. With its ability to support data-driven decision-making, IoT improves efficiency, minimizes wastage, and increases product shelf life, especially for perishable goods.
Blockchain for Traceability and Quality Assurance
Blockchain technology provides a secure and decentralized way of tracing agricultural produce from farm to table, providing transparency and integrity to the supply chain. It makes possible the recording of each transaction harvesting, packaging, storage, transportation, and sale thereby providing end-to-end traceability. This is particularly useful in the case of high-value crops, organic foods, and export shipments, where origin proof, quality control, and regulatory standards are paramount. The use of blockchain can also reduce food fraud and enhance the accountability of stakeholders.
Skill Building and Entrepreneurship Training
Building human capital through vocational training schemes in post-harvest technologies, food processing, and management of agri-business is a huge opportunity. Through concerted efforts towards capacity building, particularly among youth and women, a new generation of agri-preneurs can be developed. Such entrepreneurs will be able to initiate decentralized value addition ventures, manage rural processing units, and generate local employment, ensuring the larger objective of economic transformation in rural areas.
Public-Private Partnerships (PPPs)
Partnership models between government institutions, private enterprise, academia, and farmer associations hold the prospect of scaling innovations and creating resilient agri-infrastructure. PPPs can help invest in cold chain networks, processing facilities, digital platforms, and market linkages, leveraging technical skills and capital in remote rural regions. They also assist in risk-sharing, enhance service delivery, and encourage inclusive agri-business ecosystems that are advantageous to smallholder farmers.
Promotion of Climate-Smart Post-Harvest Technologies
Climate change presents a critical threat to conventional farming practices. The use of climate-resilient post-harvest technologies like solar dryers, zero-energy cool chambers, moisture-controlled storage bags, and biodegradable packaging materials can reduce the negative impacts of increased temperatures and unpredictable rainfall. These technologies not only assist in minimizing post-harvest losses but also promote environmental sustainability. Up-scaling such innovations is essential for the development of climate-smart value chains and long-term food system resilience.
8. Conclusion
Post-harvest management and value addition are important parts of a resilient and efficient agricultural value chain. By reducing losses and improving the usability of fruits and vegetables, these practices go a long way in promoting food security, farm income growth, rural jobs, and conservation. But their effectiveness relies on a comprehensive and inclusive strategy one that includes awareness creation, infrastructure facilitation, skill building, access to finance, and technology. Going ahead, multidisciplinary collaboration, policy reforms, and public-private synergies will play a vital role in stimulating sustainable transformation of the post-harvest system so that growth in agriculture remains equitable, efficient, and lasting.
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Figure 4: A static cooling system. lllustration: Practical Action / Neil Noble.
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