



Sustainable Management of Horticultural Waste

ABSTRACT
[bookmark: _GoBack]Fruits and vegetables are the most commonly consumed food products among horticulture crops. There are major nutritional, financial, and environmental consequences associated with the large amount of peel waste produced by the fruit and vegetable-based industries and home kitchens. The need to guarantee nutrition security for a vast population is becoming a critical global issue, which is driving attention to production growth, quality enhancement, food safety assurance, and processing techniques. The majority of our daily food is made up of nutrient-dense horticultural crops. Depending on their nature and how they are processed, these products are ingested in various ways. The study aims to achieve sustainable management of horticultural waste. As a result, a lot of waste is produced in the  kitchen, horticulture commodity supply chain, and processing sectors, which has resulted in substantial nutritional and financial losses as well as environmental pollution and a heavy landfill burden. It is clear that waste management has begun to attract public attention. As a result, questions have been raised about where waste is coming from and what can be done from both a top-down (government level) and bottom-up (consumer level) perspective. This presents both a challenge and an opportunity for the management of biodegradable waste. A significant portion of today's waste production comes from horticulture, which calls for efficient management and planning in order to account for the waste's potential for use as a resource. Yet, because they are a rich source of various phytochemicals and bioactive substances, these wastes demonstrated remarkable potential for repurposing in a variety of businesses. Therefore, thorough research into sustainable extraction techniques and utilization strategies is warranted. The alternatives for generating horticultural waste, sustainable recycling techniques, and the potential of recycled products in many industries for population improvement with the guarantee of a green environment and sustainable ecology are all illustrated in this review article.  Therefore, there is an urgent need for good understanding and efficient waste implementation in the modern world. By modifying contemporary disposal techniques with longer-lasting impacts and greater economic flexibility, sustainability can be achieved in the interim.
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1. Introduction
Food is vital to the environment and to human existence; it can be used to make goods with additional value or consumed in processed forms. However, as the world's population grows exponentially and supply chain imbalances, concerns have led to an increase in the amount of food waste produced worldwide, with over 1.3 billion tons of food loss and waste occurring annually, and this number is growing. A new analysis by Rethink Food Waste Through Economics (ReFED) claims that improper storage conditions at every level are the primary cause of most food waste (Kumar et al., 2024). Solid waste management (SWM) has become a major issue for both developed and developing economies. Inappropriate SWM has been recognised and proven to be the primary cause of hazardous air pollution and environmental degradation, leading to serious health problems (Andeobu et al., 2022; Lakhouit, 2025). SWMis one of the most serious problems in India's largest cities, and it is caused by factors including population expansion, poor technology, and neglect. Carbon content is increased by agricultural residues, household garbage, temple waste, and non-edible oil cake waste. The horticulture product market is more prominent due to its extensive field-level cultivation and remarkable export potential. Amazing uses for horticultural goods may be found in everything from processing businesses to home kitchens. Even though their applications are so diverse, problems arise in the form of wastes or by-products, which are made worse by poor utilization procedures. Waste management in the horticultural industry is becoming a bigger issue as both developed and emerging nations struggle with air, water, and soil pollution. The horticultural sector's waste management is a growing concern as both developing and developed countries grapple with various environmental pollutions, including water, soil, and air pollution (Mehta et al., 2024). Fruits and vegetables are the most commonly consumed food products among horticulture crops. There is major nutritional, financial, and environmental consequences associated with the large amount of peel waste produced by the fruit and vegetable-based industries and home kitchens (Mehta et al., 2024). Depending on how they are handled, fruit and vegetable wastes might vary significantly across the supply chain. The fruit and vegetable processing industries generated 10–60% waste or by-products in both liquid and solid form (Kumar et al., 2024). The production of renewable energy through the bioconversion of fruit and vegetable waste is becoming more and more relevant since it has proven to be an efficient method of using the leftovers of perishable horticultural crops. The main risks to nature are uncontrolled pesticide use and the residual effects of various chemicals, which have a negative influence on soil, wildlife, human, and animal groups (Sánchez-Bayo., 2011). Another major concern is floral waste, which is expected to grow at a CAGR of 20.1% for the floriculture industry between 2019 and 2024 (Mehta et al., 2024). Therefore, the amount of floral waste in India will continue to grow in the future. Although the commercial floriculture sector is relatively new, flowers have long been a part of Indian civilization and are grown for a variety of reasons, from aesthetic to social and religious. The horticultural industries generate waste such as stems, leaves and non-marketable vegetables. Broccoli wastes represent about 60% of the production, and tomato crops produce around 49 tons of vegetable wastes per hectare and year. These vegetable wastes are often eliminated by dumping them in dry ravines or empty areas, leading to uncontrolled burning, blocking of riverbeds and a visual blight on the landscape (Gavilanes-Terán et al., 2016). Horticultural waste can be managed using established or new valorisation techniques. While traditional techniques include land filling, vermi composting, animal feeding, thermal treatments, and the creation of biogas, valorisation technologies include the production of valuable items from horticultural waste products, such as edible oil, essential oil, enzymes, colour, and many more. Valorisation procedures are better than normal management strategies since they reclaim valuable components and repurpose them for various uses, reducing the amount of waste that is eventually disposed of.
Improving recycling initiatives and investigating various disposal techniques are essential for dealing with environmental contamination. Recycling creates new business opportunities and allows industrial wastes to be converted into biofuels, enzymes, vitamins, antioxidants, and other vital substances. Adopting the "waste to wealth" notion is a contemporary method of disposing of waste. This strategy supports the modern idea that waste materials can be converted into useful resources, highlighting the necessity of appropriate waste management techniques to accomplish both economic growth and environmental preservation.

2. Wastes evolving during horticultural production chain
The practical situation of trash evolution is linked to population growth. As the population grows, so does the demand for more agricultural products. In other words, when the population grows, there may be a greater need for food. Today's agricultural output is more than three times that of the previous fifty years (Adejumo & Adebiyi, 2020). Technological development may also boost horticulture sectors' output. The opposite is true; as productivity rises, so does the amount of trash produced. Some of these are recyclable solid trash, while others are green wastes.
Farming activity in horticultural production system:
Generally speaking, this industry may produce the greatest waste. Training, pruning, thinning, earthing up, and other intercultural activities are all part of the process, which can result in some waste e.g. leaf residues, debris, dead leaves etc. from the different fruits and vegetables. However, these wastes sometimes add to the additional organic matter in the soil but if the maintenance is not good enough in horticultural production chain, then the waste becomes burden for the environment. If we look at the data provided by Gmada et al. in 2019, we can see that there is a significant quantity of waste distribution in different horticultural production systems based on their own supervision on the farm in Almeria. Out of the 90,738 T of waste generated, 39,215 T, or 43% of the total, are from greenhouses. Disinfection is another waste-gathering strategy, with the second-highest waste-gathering percentage (23%). The environment will be negatively impacted day by day if horticultural product waste is not managed.

Floricultural Waste:
The vibrant flowers that are frequently offered to the deities’ land up as floral garbage. The direct disposal of floral waste into rivers, oceans, etc. have a negative effect on both the water quality and the aquatic life. Flowers frequently end up as floral trash because they are discarded from hotels, wedding ceremony gardens, places of worship, and other civilizing and holy ceremonies.
It is also produced in places like homes, community centers, etc. According to the Varanasi Nagar Nigam, the city produces 10 tons of floral waste every day (Waghmode et al., 2018). Compared to the degradation of kitchen garbage, the process of flower waste degradation is comparatively very slow. Therefore, appropriate and environmentally responsible methods for treating flower debris are needed. Nevertheless, the leftover flowers can be dried and ground, and cut flowers can be used to make dried flower arrangements, which supports a growing business. Because they can be painted, coloured, or dyed, these dried flowers provide a variety of options. These processed flowers can be used to create a variety of floral goods, such as cards, photos, wall hangings, arrangements, potpourris, and pomanders (Mehta et al., 2024).

Industrial Horticultural Wastes:
Colourants, dyes, and by-products like banana peels and coconut husks are among the potentially hazardous materials used in the operations of many food processing industries. Other bioactive substances that are frequently produced as by-products of these processes include phenols, flavonoids, flavanols, and anthocyanins. For the management of such trash, quick and effective disposal techniques are essential. The health of people and the balance of the ecosystem are seriously threatened by the failure to properly dispose of these byproducts. The environment's susceptibility is made worse by the increased emissions of pollutants. Therefore, it is crucial to discover useful uses for these substances because letting them sit around unused can pollute the environment (Hassan et al., 2022).

Waste Products from Chemicals in Cultivation:
 The regular application of pesticides, insecticides, and herbicides during the growing process of horticultural crops is one of the major source of these waste elements. They are mostly made up of solid garbage, such as bottles and containers of pesticides. These chemical applications are frequently overseen by unskilled, rural farmers in poor nations. As a result, farmers or users usually neglect to dispose of such solid trash. An unbalanced state of the ecosystem is the result of this negligence. About 2% of pesticides are typically left unused in their containers, which results in the toxic ingredients being thrown into adjacent ponds or open fields. Serious environmental problems including food poisoning, water contamination, and air pollution can result from this type of carelessness (Buzby & Jeffrey, 2011).

Unconsumed waste foods and kitchen waste:
A portion of the global population faces daily hunger and food scarcity, while others in other regions of the world waste food without considering food security. Foods grown in gardens, including fruits, vegetables and grain crops end up as kitchen waste every day in our household. Fruits make up around 20% of horticulture waste in America, followed by vegetables at 30% and miscellaneous items at 25%. An estimated trillions of US dollars are wasted on food each year (Hassan et al., 2022). In this regard, the global situation is equally concerning.
3. Waste Management
Waste needs to be collected, moved, processed, disposed of or recycled. A typical waste management system includes pre-treatment, processing, transportation, collection, and final residual abatement. Waste management seeks to create healthy living conditions in order to reduce the amount of material that enters or leaves society and to encourage the reuse of material within society.
This waste management paradigm includes the following goals:
· Lowering total waste through recycling and trash reduction. 
The recycling and reintroduction of suitable material groups into product cycles as energy carriers or secondary raw materials.
· Reducing waste as much as possible, with residual trash being disposed of in "suitable" landfills.
· Reintroducing biological waste into the cycle of nature. 
· Adaptable concept in context of changes in household waste mix and quantity. Recent developments in the waste management sector must be considered by the system. 
Some Advantages of Waste Utilization:
· Protecting the environment from contamination. 
· A range of products with added value can be produced.
· An excellent source of nutrients that helps raise soil fertility.
· Might increase the financial returns for the sector.

4. Effective Management Techniques
Landfilling:
Fruit and vegetable wastes are produced in large quantities at markets and cause annoyance at municipal landfills because of their high biodegradability. It is the most common and simple way to dispose of solid trash, despite having a negative impact on the environment. This is mostly due to the high nutritional value and high biodegradability of food waste. Food decomposes over time in landfills. The local ecology and population are at risk when it begins to seep into the ground and air. Another major environmental issue associated with a major role is leachate production, which is mostly brought on by rainwater infiltration that percolates through the trash layers and gathers at the bottom of the landfill. This complex matrix of liquid stream is influenced by a number of factors, including the waste's composition, the landfill's age and depth, weather, organic matter, inorganic salts, organic trace pollutants, and heavy metals (Kumar et al., 2024).
The proper facilities must be used to treat leachate. Depending on their chemical composition, they could be treated by municipal wastewater treatment plants.

Composting and Vermicomposting:
The substantial rise in processed product production over the past few decades has led to a corresponding increase in post-processing waste. Proper disposal of this waste poses a challenge for industrialists, particularly those in urban areas where land costs are high. Composting and vermicomposting are the techniques which makes it possible to handle the organic stuff in the wastes, which makes it ideal for food waste, especially fruit and vegetable wastes. Less leachate production and greenhouse gas emissions as compared to landfilling have positive environmental effects. Composting emerges as a promising solution, achievable through natural weathering, aerobic, and anaerobic processes in pits lasting 12-18 months. Composting is the aerobic biological conversion of organic matter, as opposed to the processes occurring in landfills, which results in the production of CO2, N2, NH3 and a solid, resistant substance that is sometimes referred to as compost and contains humic chemicals (Cerda et al., 2018).

Another bioremediation method is vermicomposting. Vermicomposting is a bioconversion, oxidation process of organic materials and involves a joint action of earthworms and microorganisms which is widely being used for solid waste management. In this process, earthworms feed on the plant waste and convert it to vermicompost and vermiwash. Vermicomposting of temple flower waste is an excellent and eco-friendly method to get valuable products that will lead to a healthier and waste-free environment. Sharma & Yadav (2017) developed an approach to optimize the quantity of flower waste and determine the maturity during the vermicomposting of flower waste by using response surface methodology (RSM). Eisenia foetida was used for vermicomposting of flower waste with cowdung. The experimental finding
shows that compost obtained from the vermicomposting of flower waste and cow dung contains sodium, potassium and phosphorus and these are beneficial for plant growth. Another study by Kohli & Hussain was conducted in 2016 who experimented on vermicomposting process using Eudrilus eugeniae earthworm species. Portable HDPE vermi beds were used with 200 earthworms while the moisture content was maintained at 60%. It was found that there was a reduction of pH from alkaline to the neutral condition, EC and C/N ratio decreased showing enhanced mineralization efficiently.

Biogas and Biofuels Production:
Anaerobic digestion is a cost-effective way to handle food waste and other sorted organic waste from municipal solid waste. Methane fermentation is a complex process. The processes of enzymatic hydrolysis, acidogenesis, acetogenesis, and methanogenesis are all part of anaerobic digestion. Every metabolic stage of the process is aided by a variety of microorganisms. According to (Sagagi 2009) biogas is typically composed of 45–70% methane, 30-45% carbon dioxide, 0.5–1.0% hydrogen sulfide, 1–5% water vapor, and trace amounts of other gases (such as hydrogen, ammonia, nitrogen, etc.). The potential for gas generation from biogenic waste is significantly influenced by its kind and biological composition and is extensively adopted in rural areas also. In case of biofuel products, horticultural by-products can be utilized in effective
way. Dissimilar organic matter content can yield sufficient amount of methane gas (Ayilara et al., 2010). Mahua flowers are grown and harvested for alcoholic beverages using traditional ways by some tribal people in Andhra Pradesh, Maharashtra, and Chhattisgarh, India. The blooms of the mahua plant are used to make vinegar and alcohol. Sugar preparation and flower analysis from different districts have been researched. There are significant financial benefits to using mahua flowers as a substrate for submerged fermentation, which produces ethanol (Benerji et al., 2010). Various research studies on the production of biogas from floral wastes as a raw material has been conducted (Singh & Bajpai, 2012). The content of a particular biofuel varies according to its source and the process used to create biodegradable biomass. Ranjitha et al. (2014) used a 1L anaerobic digester using cow dung as an inoculum in a lab to produce biogas from vegetable and floral waste. It demonstrated that flowers had a shorter digestion time and generated a larger production of biogas than vegetable waste. They came to the conclusion that India's plentiful flower supply makes excellent feedstock for the creation of biogas, and that using these flowers to generate biogas can transform waste into riches and improve sustainability. Another study conducted by Deepnaraj et al. (2015) reported the anaerobic digestion of floral wastes (rose, sambangi, gulmohar, marigold, golden shower tree, silk tree mimosa) and vegetables (banana, cauliflower, potato, and sweet potato). According to the data, the marigold flower produced more biogas than vegetable wastes and required less time to breakdown.

Natural dye, pigment extraction and essential oils:
Many essential components can be recovered from floral debris to be used in a variety of ways in daily life. Commonly used flowers like marigolds and roses get their color from the pigment they contain which deteriorates overtime. However, this pigment and other beneficial components can be extracted from waste if it is treated quickly using specific extraction techniques. Natural pigments, alkaloids, fluorescent compounds, and many more substances make up the majority of the extracted constituents. According to a study conducted by Perumal et al. (2012), flowers weighing around 2,350 kg were offered from five temples in Chennai daily which included jasmine, marigold, rose and chrysanthemum. Out of all the flowers that were gathered, the petals of roses were shade-dried in order to use a steam distillation technique to extract their essential oils. The GC-MS technique was used to investigate the chemical components of rose oil. Another study conducted by Singh et al. (2017) who investigated the natural dye present in a variety of biodegradable household and temple trash. Ultrasonication was used to create the extracted natural pigments which were subsequently dried in a spray dryer. The dyes produced subsequently were used in a variety of textiles, including cotton, silk, and wool. Also, the residue that was left over after the dye was extracted was found to be nutrient-rich and might potentially be used as a resource in itself. In 2013, Teli et al. extracted natural dyes from marigold and hibiscus flowers and used them to color cotton and cotton/silk blended fabrics. 
They came to the conclusion that the dyes so extracted had excellent potential for coloring cotton and cotton/silk blended fabrics. Also, pigment are produced by fermentation of wastes from the fruit and vegetable industries using Bacillus species, Phaffia rhodozyma, Monoascus purpureus, and Cryptococcus (Joshi et al., 2003). For instance, Rhodotorula is utilized in the solid state fermentation process to produce the carotenoid pigment from apple pomace (Joshi and Attri, 2005; Joshi and Rana, 2008)
Food Products and Value added products:
Dietary sustainability is increased when horticultural waste is transformed into wholesome foods as well as its value added products. Processing makes it possible to turn edible trash into food items with added value. The food industry uses the extract of Mahua flowers to make jams, jellies, biscuits, and other food products because of its antioxidant activity, vitamins, sugars, amino acids, organic acids, enzymes like protease, and other compounds like betaine, tannins, and crude pigments (Patel and Naik 2010; Bhattacharya et al., 2012). Marigold flowers are a natural source of xanthophylls, and several food businesses employ their extract as an ingredient. Various techniques for turning flower wastes into value-added products have been developed. Roses are turned into rose water, while flowers like marigold are utilized to produce incense sticks. For instance, the Chandrika Devi shrine in Kathwara village, Lucknow, receives an enormous amount of flowers every day. The women create incense sticks out of these floral wastes and sell them to the small-time vendors in the village markets, earning significant amount of money in the process (Waghmode et al., 2018). Waste from citrus plants turns out to be a valuable source of essential oils. This oil is used in soap scenting, cosmetics, medications, and fragrances. D-limonene is an important by-product of the citrus industry. Post-fermentation grape waste from distilleries, breweries, and wineries can be used to make animal feed. Animal feed can be made from wine lees and grape pomace by growing microorganisms on them (Mehta et al., 2024). Also, Handmade papers are manufactured from the floral debris from the temples which minimizes the amount of floral debris that is thrown away from urban temples and recycles it into environmentally beneficial paper for future use (Waghmode et al., 2018)
Horticultural waste management prospects:
Waste disposal is clearly a difficult undertaking, requiring a larger margin of resources and appropriate techniques to reduce its consequences. Every strategy or method used to eliminate waste is not always effective enough. The US EPA's food recovery hierarchy demonstrated that various techniques or strategies are effective at varying levels. The final options for disposing of waste are landfills and incineration, which involves burning the waste items, although these methods can occasionally be detrimental to the environment. This type of disposal system makes it evident that there is soil pollution and a surplus of harmful gasses. A nutrient-rich soil amendment is then produced by the composting process. It takes longer to dispose of and needs a specific location away from the house. In that pyramid, industrial waste uses are directly above composting since they produce food scraps for digestion to recover energy and waste oils for rendering and dual conversion. Today, many commercial sectors are growing with the new ambition of producing horticulture by-products. Even if some trash is also thought to be part of the industry's development, commercial exposure may be quickly dispersed. The primary effective strategy will be source reduction; occasionally, we waste more food than we use, therefore excess food can be given to food banks and shelters to lessen the likelihood of food waste. The key to managing food waste in horticulture areas is raising public awareness (US EPA, 2021).












5. Conclusion 
Utilizing waste in horticulture has several advantages, from economic viability to environmental sustainability. Significant progress can be made in lowering environmental pollution and fostering resource efficiency by efficiently managing and reusing waste materials produced in horticultural processes, such as fruit, vegetable and flower processing, value-added products, dyes, essential oil distilleries, etc. Appropriate horticultural waste disposal is required due to a number of environmental problems and some economic advantages. Therefore, there is an urgent need for good understanding and efficient waste implementation in the modern world. By modifying contemporary disposal techniques with longer-lasting impacts and greater economic flexibility, sustainability can be achieved in the interim. Lastly, it may be stated that waste management contributes to green ecology, which can support both industrial prosperity and environmental stability. 
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