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ABSTRACT 

	Tea is the second most widely consumed beverage in the world after water. Assam plays a pivotal role in its global supply as Assam produces more than half of India’s total tea output. While the industry generates substantial revenue and employment, it also produces large volumes of tea waste in the form of stalks, stems, off-grades, fannings, and rejects. These wastes are often underutilized or discarded. Such waste represents a lost opportunity for value addition within the tea economy. Globally, tea by-products are increasingly being valorized into products such as bio-fertilizers, biochar, nutraceuticals, cosmetics, packaging materials, and animal feed. This creates a potential opportunity for Assam to integrate tea waste into its agribusiness value chains.
This paper explores the magnitude of tea waste in Assam. The paper tries to identify opportunities for its utilization based on global best practices, and assesses the economic and environmental potential of tea waste valorization. The study is based on secondary data and literature review that positions tea waste as a strategic raw material that could contribute to circular economy transitions, rural entrepreneurship, and sustainable livelihoods. Findings suggest that tea waste valorization can diversify Assam’s tea economy, reduce environmental footprints, and generate new income streams for small growers and cooperatives. However, challenges related to technology adoption, awareness, and policy support remain critical. The paper concludes with recommendations for industry stakeholders, policymakers, and research institutions to transform Assam’s tea waste into an engine of agribusiness innovation.
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1. INTRODUCTION 
Assam is the largest tea-growing region in India and one of the most prominent tea-producing zones globally. Assam has an annual production exceeding 650 million kilograms, Assam contributes nearly 50–52% of India’s total tea output and about 13% of global tea production [1]. The tea industry is deeply embedded in the socio-economic fabric of Assam. The industry provides direct employment to more than 6 lakh workers, most of whom are women, and indirectly supports millions of livelihoods in transport, packaging, blending, and retailing sectors [2]. Assam tea enjoys international recognition for its robust flavor, bright liquor, and strong market demand in regions such as the UK, the Middle East, and Russia.
Despite its dominance in global tea supply, the Assam tea economy faces challenges of price volatility, rising input costs, labor disputes, and climate-induced yield fluctuations. At the same time, the sector is characterized by a paradox: while premium teas fetch high export earnings, vast amounts of tea waste generated at different stages of production often remain neglected. Addressing this paradox by valorizing tea waste offers an opportunity to enhance Assam’s agribusiness resilience.
Within factory operations, “tea waste” spans: (1) BMF (Broken Mixed Fannings) and fannings (small particle grades), (2) stems/stalks/fiber separated by Winnower and Sortex, (3) sweepings and off-spec fines, (4) pruning residues from the field, and (5) post-consumer spent tea from households and food service. Regulatory language in India increasingly distinguishes factory stems and fiber from other sweepings and stipulates permitted uses (e.g., instant tea, export), affecting marketability and pricing. A 2024 Tea Board circular formalized auctionization and capped minimum percentages of stems/fiber relative to made-tea volumes to deter misuse, while enabling channelized utilization for instant tea and export under supervision. This has direct bearings on supply availability for valorization projects [3].
The global shift towards circular economy and sustainable agribusiness has turned agricultural by-products into raw materials for innovation. Similar to how rice husk has been transformed into building materials and sugarcane bagasse into bio-energy, tea waste presents a comparable potential. Countries like Japan and China have pioneered tea waste utilization in bioactive compounds, while Kenya and Sri Lanka have explored biomass briquettes and organic fertilizers. For Assam, adopting such models could not only reduce environmental stress but also diversify farmer incomes and improve the sector’s competitiveness.
1.1 Potential Utilization Pathways of Tea Wastes

Industrial instant tea is produced through aqueous extraction, a process where hot water is used to dissolve and collect soluble compounds from tea particles. In Sri Lanka and other producing countries, broken mixed fannings (BMF) grades are preferred due to their cost-effectiveness and higher extraction efficiency, with pilot studies confirming acceptable quality outcomes [4]. In India and Bangladesh, both BMF and factory waste streams are supplied to caffeine-extraction units and instant-tea processors, particularly in regions such as West Bengal and the Northeast corridor [5].

Research from South Asia and China indicates that tea waste, when composted or vermicomposted, enriches soils by contributing organic matter and nutrients. However, balancing the carbon-to-nitrogen (C:N) ratio—for instance, by mixing with cow dung—is essential to prevent phytotoxic effects. Regular application of organic amendments also helps address soil acidification, a common problem in intensively managed tea plantations, thereby enhancing both yield and quality of tea crops [6].

Conversion of tea waste through pyrolysis produces biochar, a porous material with high surface area and functional groups. Tea-waste biochar improves soil pH, cation exchange capacity (CEC), and nutrient availability. Studies also show that it can reduce fluoride accumulation in tea leaves under certain conditions. Moreover, modified tea-waste biochar is increasingly applied to other crops and environmental remediation, including pollutant adsorption [7–10].

Tea fibers can be processed into pulp for handmade or specialty paper. In India, small enterprises and craft units have reported producing stationery and packaging using mixed agro-residues, including tea waste. In Upper Assam regions, people have been using tea twigs in making handicrafts[11].

Innovations in Japan and Europe have explored tea-based packaging, using pruned stems and low-grade leaves as fibrous reinforcement. In some cases, antioxidants from tea extracts are incorporated into bio-films, creating active packaging that helps preserve food quality. The CHAMU design in Japan is a notable example, using tea stems for aesthetic and functional packaging in confectionery [12].

Green tea by-products (GTBP) and spent tea grounds have been tested as animal-feed additives for pigs, poultry, goats, and cattle. Benefits include improved oxidative stability of meat and, in some cases, enhanced growth performance. However, high levels of tannins and caffeine limit inclusion rates, necessitating treatments such as ensiling or the addition of tannin-binding agents (e.g., polyethylene glycol, PEG) [13,14,15,16].

Spent tea leaves retain bioactive compounds such as catechins, flavonoids, and caffeine. Using eco-friendly extraction methods—including ultrasound, supercritical CO₂, and pressurized fluids—these compounds are recovered for cosmeceutical applications (e.g., anti-aging, antioxidant) and functional foods [17,18,22].
Through chemical activation, tea waste can be converted into activated carbon with high adsorption capacity. This material is widely studied for removing dyes and heavy metals from wastewater, offering potential in environmental services and industrial applications[19].
In India, tea-factory waste is channeled into caffeine extraction, instant-tea processing, composting trials, and handicraft initiatives. Recent regulatory updates—such as the auction system for tea waste and restrictions on stem/fiber use—aim to reduce misuse of low-grade teas while ensuring legal industrial applications [3]. Assam remains central to this sector, contributing around 650–690 million kg of national output in recent years. Although climate variability constrained raw material in 2024, higher prices incentivized greater utilization of tea by-products.

2. methodology

This study undertook a structured review of literature and secondary data to examine the generation, composition, processing technologies, and market applications of tea waste. The review covered peer-reviewed journal articles (2010–2025), patents, industrial reports, policy circulars, and verified trade databases. A series of targeted search strings were employed, including terms such as “tea waste,” “BMF,” “stems and fiber,” “instant tea BMF,” “tea waste biochar,” “tea waste compost/vermicompost,” “tea waste activated carbon,” “green tea by-product animal feed,” “tea fiber packaging,” “handmade paper tea waste,” “polyphenol extraction spent tea,” and “caffeine extraction tea waste.”
The inclusion criteria prioritized sources that provided detailed process descriptions, techno-economic parameters (e.g., yields, operating conditions, cost considerations), environmental outcomes (such as soil quality, waste reduction, and emissions), and replicable business models relevant to tea by-product valorization. Policy relevance was cross-checked with official circulars issued by the Tea Board of India and supplemented with national statistics wherever available.
Rather than relying on a primary cost survey, the study employed a qualitative synthesis approach, combining evidence across scientific, industrial, and policy sources. This was complemented with scenario-based economic reasoning to assess the potential scalability and feasibility of different valorization pathways. Such a design aligns with the nature of an agribusiness desk study, where the objective is to integrate diverse knowledge streams into coherent insights for practice and policy.

3. results and discussion
The findings from the literature review and secondary data sources underscore the significant economic and environmental potential of tea waste utilization, particularly in the context of Assam’s tea economy. This section synthesizes insights on applications, market opportunities, and challenges, while drawing parallels from global experiences that can be adapted locally.
3.1 Magnitude of Tea Waste Generation
Tea processing in Assam, which contributes over 50% of India’s tea output, inherently produces a large volume of by-products—including stalks, stems, fannings, dust, and rejected leaves. Estimates from Indian tea factories suggest that 7–10% of total green leaf intake ends up as waste during processing. In Assam, with annual production exceeding 600 million kg of made tea, this translates to nearly 40–50 million kg of tea waste annually. Without effective valorization, such waste leads to disposal problems, environmental degradation, and opportunity costs.
3.2 Pathways of Tea Waste Utilization
Global literature reveals multiple sustainable pathways for tea waste repurposing, each offering distinct agribusiness opportunities for Assam.
3.2.1 Instant Tea and Extracts
Process. Instant tea is produced by extracting soluble solids from tea particles (often BMF and fine grades) using hot water. The resulting liquor is clarified, concentrated, and dried—either by spray-drying or freeze-drying. Enzymatic treatments are sometimes applied to enhance solubility and flavor. The availability of low-cost feedstock (BMF and stems, within regulatory limits) and well-established logistics make this pathway immediately investable in Assam, supporting applications in beverages, ready-to-drink mixes, and tea-based shots [16].
Industrial status. In South Asia, particularly along the Siliguri–Assam corridor, factory waste is procured by caffeine- and instant-tea processing units. Comparable practices are reported in Sri Lanka, where BMF grades are widely used for instant tea [4,5]. Assam’s recent auction regime for stems and fiber has formalized sourcing, improving both traceability and regulatory compliance.
Risks and quality. Over-extraction can result in bitterness. Moreover, compliance with Tea Board regulations—such as the 0.2% threshold for stems/fiber and the restriction of end uses—is mandatory. Higher-value instant teas require stringent sensory quality control and consistent upstream grades [4].
3.2.2 Tea-based packaging and biocomposites
Process. Two technological routes are prominent: (a) production of fiber-rich papers or molded fiber reinforced with tea residues, and (b) bio-films incorporating tea-derived antioxidants (e.g., catechins) to provide active packaging with antimicrobial or antioxidant properties. Japan’s CHAMU project exemplifies this approach, using tea stems and pruned material to create culturally distinctive packaging that communicates terroir identity [12].
Feasibility for Assam. Blending tea fibers with bagasse or bamboo could enable artisanal and semi-industrial packaging suitable for estate gift lines, tourism markets, and premium retail outlets. Small and medium enterprises (SMEs) may benefit from cluster-based models and common facility centers (CFCs) offering pulping, sheet-forming, die-cutting, and printing services.
3.2.3 Bio-fertilizers and composting/vermicomposting
Process. Tea sweepings and spent leaves can be co-composted with cow dung or green waste (C:N ratio 25–30:1), with moisture and temperature managed to reduce phytotoxic effects of tannins and caffeine. Vermicomposting, particularly using Eisenia fetida, accelerates stabilization and nutrient enrichment. Long-term application in tea plantations has been shown to mitigate soil acidification, enhance microbial activity, and improve both yield and quality.
Assam fit. Urban centers such as Guwahati and Dibrugarh generate considerable spent leaves from food-service outlets, providing feedstock for decentralized composting enterprises that can supply organic inputs to estates and smallholders.
3.2.4 Tea-waste biochar
Process. Pyrolysis of tea stems and fannings at 350–600 °C yields biochar with high surface area and reactive functional groups. In tea agro-ecosystems, tea-waste biochar has been shown to improve soil pH, increase retention of nutrients such as phosphorus, potassium, and magnesium, and reduce fluoride uptake in tea leaves. Modified tea-waste biochar also holds promise for remediation of contaminated soils beyond tea-growing regions [7,8,9,10].
Assam fit. Given Assam’s acidic soils and high rainfall, nutrient leaching is a significant challenge. Small-scale retort-kiln biochar units linked to tea estates could serve both tea and non-tea farmers, while also generating carbon-credit opportunities.
3.2.5 Paper manufacturing
Process. Tea fibers can be pulped and bleached to produce handmade and specialty papers, suitable for stationery, labels, and premium packaging. India’s craft sector already demonstrates prototypes of such applications. Assam’s established handicraft ecosystem (notably in bamboo, cane, and sitalpati weaving) provides a natural synergy for scaling these initiatives [11].
3.2.6 Animal feed
Process/status. Green tea by-products (GTBP) have been evaluated as feed supplements for pigs, poultry, goats, and cattle. Trials report improved oxidative stability of meat and certain performance parameters. However, high tannin content depresses protein digestibility unless mitigated through ensiling or addition of tannin-binding agents such as polyethylene glycol (PEG). Caffeine content also imposes strict inclusion limits, making this a knowledge-intensive niche rather than a bulk outlet [15].
3.2.7 Cosmetics and nutraceuticals
Process/status. Spent tea retains valuable polyphenols, flavonoids, and caffeine. Modern green extraction technologies—including ultrasound-assisted extraction and supercritical CO₂ extraction—have been shown to enhance recovery efficiency with reduced environmental impact. Extracts are used in cosmeceuticals (anti-sebum, antioxidant skincare) and functional food formulations. Assam’s estates could supply standardized spent tea under Good Manufacturing Practice (GMP) regimes to regional extractors targeting cosmeceutical and nutraceutical markets [17,20].
3.2.8 Handicrafts and “Chamu”–style products
Process/status. Dried tea bushes and stems are already incorporated into decorative craft products in Assam. Building on this practice, CHAMU-style packaging and tableware integrate tea wood and fibers into consumer goods, embedding cultural storytelling and terroir branding. This represents a low-capital pathway for cottage industries and aligns with rural livelihood promotion [12].
3.4. Challenges and Barriers
Despite the promising outlook, tea waste utilization in Assam faces several challenges:
· Technological gaps: Limited access to advanced processing technologies hinders extraction of high-value compounds.
· Awareness and training: Smallholder growers and local entrepreneurs often lack knowledge about tea waste valorization opportunities.
· Policy and regulatory hurdles: Absence of structured incentives, subsidies, and clear guidelines on waste utilization reduces investment interest.
· Market linkages: Weak connections between tea estates, MSMEs, and end-user industries (cosmetics, packaging, bioenergy) limit scale-up potential.
· Quality and safety issues: Concerns over pesticide residues in tea waste may constrain its application in food, feed, or cosmetics unless strict quality control measures are ensured.
· Climate Change: Tea yield in Assam is declining due to climate change, as rising temperatures, erratic rainfall, and increased pest incidence adversely affect plant growth and productivity [21].
3.5. Strategic Pathways Forward

Assam’s tea economy can evolve into a resilient circular bioeconomy if tea-waste valorization is systematically mainstreamed within industry policy and practice. Achieving this shift demands coordinated research and development where institutions such as assam agricultural university and the tocklai tea research institute, in partnership with international research bodies, co-develop scalable technologies to convert spent leaves and processing residues into high-value products. Complementing R&D, public–private partnerships should be fostered to mobilize investment and build processing infrastructure: state tea boards, local cooperatives and private firms can jointly finance and operate units for biochar production, composting, fibre extraction and value-added handicraft manufacturing. Policy interventions will be critical to make these investments viable — targeted tax incentives, capital subsidies for biochar and biopackaging plants, and formal inclusion of tea-waste valorization under national and state sustainability missions would lower barriers and accelerate adoption. Equally important is grassroots capacity-building: skill-development programs aimed at rural youth and women can impart techniques for producing tea-waste-based handicrafts, eco-packaging, and biofertilizers, creating inclusive local livelihoods while keeping value close to source. Finally, market integration is essential to capture premium value; coordinated branding and certification can position assam’s tea-waste products as sustainable, eco-friendly, and culturally rooted, opening routes to differentiated domestic and export markets willing to pay a premium for traceable circular goods. Together, these five pillars — collaborative R&D, PPP-driven infrastructure, enabling policy, targeted skills training, and deliberate market positioning — form a pragmatic, multi-pronged pathway for assam to transform tea residue from an environmental liability into a source of rural employment, climate-smart inputs, and new revenue streams for the region’s tea-growing communities.
[bookmark: _GoBack]
4. Conclusion

The utilization of tea waste offers a significant and underexplored opportunity for restructuring the economic and environmental landscape of Assam’s tea industry. Large volumes of by-products—such as broken mixed fannings, stems, dust, and other residues—are generated each year as an inevitable outcome of processing. Historically, these materials have been treated as low-value refuse, often discarded or used in limited traditional applications. However, contemporary research and industrial practices increasingly recognize tea waste as a resource with substantial potential for value addition, sustainability, and rural livelihood enhancement.

This review has demonstrated that tea waste can be valorized through diverse technological and artisanal pathways. Established industrial routes include the production of instant tea powder, bio-fertilizers, compost, vermicompost, activated carbon, and animal feed supplements. Parallel to these, emerging applications in packaging, specialty paper, cosmetics, and nutraceuticals reflect a growing alignment with global trends in green materials and bio-based industries. International case studies show that such valorization strategies not only reduce the environmental burden of disposal but also create new market opportunities through the development of high-value products.

For Assam—the world’s leading producer of black tea—the adoption of structured valorization strategies carries multidimensional benefits. Economically, converting waste into marketable outputs can diversify revenue streams for estates, smallholders, and allied enterprises. Socially, these initiatives could generate employment and entrepreneurial opportunities, particularly for rural women and community-based groups engaged in processing, crafts, and small-scale enterprises. Environmentally, valorization mitigates landfill accumulation, lowers pollution risks, and supports circular economy practices by closing production loops.

Despite this promise, significant challenges remain. Constraints include limited technological diffusion, inadequate awareness among stakeholders, fragmented markets for tea-waste products, and the need for substantial upfront investment in processing infrastructure. Policy alignment and institutional support will therefore be crucial. Coordinated actions by the Tea Board of India, research institutions, government agencies, and private investors can accelerate the transition from isolated pilots to commercially viable industries. Incentives for innovation, targeted research and development, and awareness-building campaigns are essential to mainstream these practices.

Tea waste valorization represents more than a sustainability measure. It constitutes a forward-looking agribusiness strategy that can enhance Assam’s competitiveness, embed circular economy principles in the tea sector, and secure long-term ecological and economic resilience. By reimagining waste as a resource, Assam has the potential to position itself as a global leader in sustainable tea production and bio-based innovation.
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