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Abstract
Agricultural residue burning, particularly stubble burning in the Indo-Gangetic Plains, has emerged as a critical environmental crisis affecting air quality, soil health, and human welfare across South Asia. This comprehensive review examines the Pusa Decomposer technology developed by the Indian Agricultural Research Institute (IARI) as a sustainable alternative to traditional stubble burning practices. The technology employs a consortium of four fungal species (Trichoderma asperellum, T. harzianum, T. viride, and T. longibrachiatum) that accelerate crop residue decomposition through enzymatic breakdown of cellulose, hemicellulose, and lignin components. Field trials across multiple agro-climatic zones demonstrate that Pusa Decomposer achieves 70-80% decomposition rates within 20-25 days, significantly reducing the 116 million tonnes of crop residues burned annually in northern India. The technology delivers substantial environmental benefits, including 80% reduction in major air pollutants, improved soil organic carbon content (5-15% increase), and enhanced carbon sequestration. Economic analysis reveals net benefits of INR 4,000-6,000 per hectare, with implementation costs of only INR 500-800 per hectare. The technology's scalability potential is enhanced by its low infrastructure requirements and compatibility with existing farming practices. However, adoption challenges include limited farmer awareness and inadequate technical support. This review concludes that Pusa Decomposer represents a transformative solution for sustainable crop residue management, requiring coordinated policy interventions.
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1. Introduction
Agricultural residue burning has evolved from a localized farm management practice to a regional environmental crisis affecting millions of people across South Asia. The practice of stubble burning, particularly in the rice-wheat cropping systems of northern India, has garnered international attention due to its severe environmental and health implications (Abdurrahman et al., 2020). The mechanization of agriculture, while increasing productivity and efficiency, has inadvertently exacerbated the problem by leaving larger quantities of crop residues in fields that are difficult to manage through traditional methods.
The Indo-Gangetic Plains, spanning across Punjab, Haryana, Uttar Pradesh, and parts of Delhi, represent the epicenter of this challenge. These regions collectively generate approximately 686 million tonnes of crop residues annually, with an estimated 116 million tonnes being burned in open fields (Bhuvaneshwari et al., 2019). The burning of crop residues releases significant quantities of greenhouse gases, particulate matter, and toxic pollutants into the atmosphere, contributing to the formation of hazardous smog conditions that affect air quality across the region.
The environmental implications of stubble burning extend far beyond immediate air quality concerns. The practice results in the loss of valuable soil nutrients, destruction of beneficial soil microorganisms, and reduction in soil organic matter content. Studies have documented losses of 5.5 kg nitrogen, 2.3 kg phosphorus, 25 kg potassium, and 1.2 kg sulfur per tonne of burnt stubble, representing a significant economic loss for the agricultural sector. Furthermore, the health impacts are profound, with respiratory ailments, cardiovascular diseases, and other pollution-related health issues affecting vulnerable populations, particularly during the peak burning seasons of October and November.
Against this backdrop, the development of sustainable alternatives to stubble burning has become a priority for both researchers and policymakers. The Pusa Decomposer technology, developed by the Indian Agricultural Research Institute (IARI), represents a significant breakthrough in biological crop residue management. This innovative approach utilizes a consortium of naturally occurring fungi to accelerate the decomposition of crop residues, converting them into valuable organic matter that enhances soil fertility and structure.
The significance of this technology lies not only in its environmental benefits but also in its potential to transform agricultural practices while maintaining economic viability for farmers. Unlike mechanical alternatives that often require substantial capital investment, Pusa Decomposer offers a cost-effective solution that can be readily adopted by smallholder farmers. The technology addresses the fundamental challenge of time constraints faced by farmers in the rice-wheat cropping system, providing a practical alternative that eliminates the need for burning while delivering tangible benefits to soil health and crop productivity.
2. Background of Crop Stubble Burning
2.1 Stubble Burning: Global and Regional Perspectives
The practice of agricultural residue burning is not unique to India but represents a global challenge affecting numerous countries across Asia, Africa, and Latin America. Research has documented widespread burning practices in countries such as Thailand, Philippines, Vietnam, and Pakistan, each facing similar environmental and health challenges (Gadde et al., 2009). However, the scale and intensity of the problem in India, particularly in the Indo-Gangetic Plains, has drawn particular attention from the international scientific community.
Historical analysis reveals that stubble burning in India has increased dramatically over the past three decades, coinciding with the intensification of agricultural practices and increased mechanization. The Green Revolution, while successfully addressing food security concerns, inadvertently created conditions that favor residue burning through the promotion of high-yielding varieties that produce larger quantities of crop residues and the adoption of mechanical harvesting methods that leave substantial stubble in fields (Sarkar et al., 2018).
Satellite monitoring data from NASA's Moderate Resolution Imaging Spectroradiometer (MODIS) has provided valuable insights into the spatial and temporal patterns of stubble burning across India. Analysis of fire count data from 2000 to 2020 reveals that Punjab consistently records the highest number of fire incidents, accounting for approximately 50% of all stubble burning events in the Indo-Gangetic Plains (Govardhan et al., 2023). The temporal distribution shows distinct peaks during October-November (post-kharif) and April-May (post-rabi) seasons, with the post-kharif burning being particularly intense due to the larger quantities of rice residues.
2.2 Environmental and Health Impacts
The environmental consequences of stubble burning are multifaceted and well-documented in scientific literature. Emission studies have quantified the release of various pollutants, including greenhouse gases (CO₂, CH₄, N₂O), criteria pollutants (CO, NOₓ, SO₂), particulate matter (PM₂.₅, PM₁₀), and volatile organic compounds (VOCs) (Jain et al., 2024). The burning of crop residues in India is estimated to contribute 176.1 Mt of CO₂, 10 Mt of CO, 0.31 Mt of CH₄, and 0.45 Mt of PM2.5 annually to the atmosphere.
Health impact assessments have revealed alarming consequences for human populations, particularly in urban areas downwind of burning sites. Studies conducted in Punjab have documented that 84.5% of residents in stubble-burning areas experience health problems, including eye irritation (76.8%), nose irritation (44.8%), throat irritation (45.5%), and respiratory distress (41.6%) (Tokas et al., 2021). The economic cost of health impacts has been estimated at USD 30 billion annually, representing a significant burden on the healthcare system and overall economy.
The soil health implications of stubble burning are equally concerning. Research has demonstrated that burning leads to significant losses in soil organic carbon, nitrogen, phosphorus, and potassium content. Long-term studies have shown that continuous burning practices result in soil degradation, reduced water holding capacity, and decreased microbial diversity (Sidhu and Beri, 1989). These impacts have cascading effects on crop productivity and long-term agricultural sustainability.
Table 1: Environmental Impact of Stubble Burning and Pusa Decomposer Adoption
	Parameter
	Stubble Burning (Without Intervention)
	With Pusa Decomposer

	PM2.5/PM10 Emissions
	High
	Low

	Soil Fertility
	Decreases
	Increases

	Microbial Activity
	Reduced
	Enhanced

	Crop Yield
	May Decline
	Maintained/Improved


Source: (Bhuvaneshwari et al., 2019; Central Pollution Control Board, 2021)
3. Current Mitigation Strategies
3.1 Mechanical Approaches
The search for alternatives to stubble burning has led to the development of various technological solutions, broadly categorized into mechanical, biological, and thermochemical approaches. Mechanical solutions include the Happy Seeder, Super Seeder, rotavator-based mulching, and zero-till drilling systems. These technologies have shown varying degrees of success in different contexts, with effectiveness rates ranging from 60% to 95% depending on the specific technology and implementation conditions.
The Happy Seeder, developed through collaboration between Punjab Agricultural University and the Australian Centre for International Agricultural Research, has emerged as one of the most promising mechanical alternatives. This technology enables direct seeding of wheat into rice stubble without the need for burning, achieving effectiveness rates of 85-90% while reducing operational costs by 50-60% compared to conventional practices (Sidhu et al., 2007). However, adoption has been limited by factors including high initial costs, maintenance requirements, and the need for complementary technologies such as the Super Straw Management System. 
Table 2: Stubble mitigation technologies
	Technology
	Type
	Cost (INR per hectare)
	Time Required (days)
	Effectiveness (%)
	Soil Health Impact
	Environmental Impact
	Scalability
	Farmer Acceptance

	Pusa Decomposer
	Biological
	500-800
	20-25
	70-80
	Positive
	Very Positive
	High
	Medium

	Happy Seeder
	Mechanical
	2000-3000
	1
	85-90
	Positive
	Positive
	Medium
	High

	Super Seeder
	Mechanical
	1500-2500
	1
	80-85
	Positive
	Positive
	Medium
	High

	Rotavator with Mulching
	Mechanical
	1000-1500
	2-3
	70-75
	Positive
	Positive
	High
	High

	Zero Till Drill
	Mechanical
	800-1200
	1
	75-80
	Positive
	Positive
	High
	High

	Straw Reaper
	Mechanical
	1200-1800
	1-2
	90-95
	Neutral
	Neutral
	Medium
	Medium

	Paddy Straw Chopper
	Mechanical
	600-1000
	1
	60-70
	Positive
	Positive
	High
	High


Source: (Sarkar et al., 2018; Ministry of Agriculture & Farmers Welfare, 2021)
Thermochemical approaches, including biochar production, pelletization, and gasification, offer opportunities for value addition and energy generation from crop residues. However, these technologies often require significant capital investment and technical expertise, limiting their adoption by smallholder farmers. Economic analysis suggests that while these approaches may be viable at industrial scales, their applicability in typical farming contexts remains limited.
3.2 Policy and Regulatory Framework
The Government of India has implemented various policy measures to address stubble burning, ranging from regulatory bans to incentive-based programs. The National Green Tribunal has imposed strict penalties for stubble burning, with fines ranging from INR 2,500 to INR 30,000 depending on the area involved. However, enforcement challenges and limited alternative options have resulted in continued burning practices despite legal prohibitions.
The Central Sector Scheme on Promotion of Agricultural Mechanization for In-Situ Management of Crop Residue, launched in 2018-19, represents a significant policy initiative aimed at providing financial assistance for the adoption of crop residue management technologies. The scheme provides subsidies of up to 50% for individual farmers and 80% for cooperative societies and farmer producer organizations. As of 2022, the program has disbursed over INR 2,440 crores and established more than 39,000 Custom Hiring Centers across Punjab, Haryana, Uttar Pradesh, and Delhi.
3.3 Microbial and Biological Methods
Promote in-situ decomposition via microbial consortia, offering eco-friendly alternatives to burning. Biological approaches to stubble management have gained increasing attention due to their potential for improving soil health while addressing residue disposal challenges. Traditional composting methods, while effective, are often labor-intensive and require extended time periods (45-60 days) for complete decomposition. Microbial decomposer technologies, including various commercial products and research-based formulations, have shown promise in accelerating decomposition rates and improving soil properties.
4. Pusa Decomposer Technology: Development and Mechanism
4.1 Historical Development and Timeline
The Pusa Decomposer technology was developed by the Indian Agricultural Research Institute (IARI) after several years of research into lignocellulosic degradation by indigenous fungi (Indian Agricultural Research Institute, IARI Annual Report 2020; Times of India, 2022; Gupta, 2022). The research and pilot trials began in 2015, resulting in a commercially usable formulation by 2020 (Ministry of Agriculture & Farmers Welfare, 2021). The timeline of development reveals a methodical approach to technology development, beginning with fundamental research on microbial decomposition processes and progressing through laboratory optimization, field trials, and commercial deployment. The transition from laboratory-scale research to commercial implementation demonstrates the successful translation of scientific research into practical agricultural solutions.
Table 3: History of Pusa decomposer timeline
	Year
	Event
	Area Covered (Acres)
	Stakeholders Involved
	Key Milestone

	2015
	Initial research on fungal strains
	0
	IARI Scientists
	Concept Development

	2016
	Isolation of decomposer microorganisms
	0
	IARI Microbiology Division
	Strain Isolation

	2017
	Laboratory trials and optimization
	0
	IARI + External Labs
	Process Optimization

	2018
	First field trials at IARI
	5
	IARI + Local Farmers
	Field Validation

	2019
	Capsule formulation development
	50
	IARI + Industry Partners
	Product Development

	2020
	Large-scale field trials
	2000
	IARI + State Governments
	Pilot Scaling

	2021
	Commercial launch and scaling
	10000
	IARI + Delhi Government
	Commercial Launch

	2022
	Government adoption programs
	25000
	IARI + Multiple States
	Policy Integration

	2023
	Multi-state implementation
	50000
	IARI + Commercial Partners
	Mass Adoption

	2024
	Technology transfer to industry
	100000
	IARI + 10+ Companies
	Industry Transfer


Source: (IARI Annual Reports, 2020-2023; Times of India, 2022; Ministry of Agriculture & Farmers Welfare, 2021)
4.2 Microbial Composition and Mechanism
Pusa Decomposer is a mixture of four fungal species: Trichoderma asperellum, T. harzianum, T. viride, and T. longibrachiatum (Indian Council of Agricultural Research, n.d.). These fungi secrete potent cellulases and ligninases which accelerate the decomposition of crop stubble, turning it into organic manure within 20–25 days (Government of NCT of Delhi, 2022). The microbial consortium includes both psychrotrophic and mesophilic species, enabling effective decomposition across a range of environmental conditions commonly encountered in agricultural settings.
The enzymatic mechanism involves the production of key enzymes including cellulases, hemicellulases, lignin-modifying enzymes, and pectinases. These enzymes work synergistically to break down the complex structural components of crop residues, including cellulose, hemicellulose, lignin, and pectin. The decomposition process results in the formation of simpler organic compounds that can be readily utilized by soil microorganisms and plants. The microbial formulation is designed to remain viable under field conditions while maintaining optimal enzymatic activity. The consortium exhibits remarkable stability and effectiveness across different soil types, moisture conditions, and temperature ranges typical of the Indo-Gangetic Plains. Research has demonstrated that the decomposer maintains activity in soil pH ranges from 6.5 to 8.5 and temperature ranges from 15°C to 35°C, covering the typical conditions encountered during the stubble burning season.
4.3 Application Methodology and Field Implementation
The application of Pusa Decomposer involves a systematic process designed to maximize decomposition efficiency while maintaining ease of use for farmers. The technology is available in capsule form, with each capsule containing the complete microbial consortium in a stabilized formulation. The preparation process involves the following steps:
1. Solution Preparation: Four capsules are mixed with 25 liters of water, along with 150 grams of jaggery and 50 grams of gram flour (besan) as nutrient sources for microbial growth.
2. Fermentation Period: The mixture is allowed to ferment for 10-12 days, during which the microbial population multiplies and establishes the necessary enzymatic activity.
3. Dilution and Application: The fermented solution is diluted with 475 liters of water to create a 500-liter spray solution sufficient for one hectare of land.
4. Field Application: The solution is applied to crop residues using conventional spraying equipment, followed by light irrigation to maintain optimal moisture conditions.
The decomposer is supplied in capsule form, each batch designed for one hectare, as per the protocol by the IARI.
5. Application includes dissolving four capsules in a jaggery/besan solution and fermenting for one week, then spraying over the stubble followed by decent irrigation (IARI, 2021; Indian Express, 2021).
6. This novel approach requires minimal investment and is compatible with existing farming infrastructure (Warra et al., 2024; Business Standard, 2023).
The field implementation process is designed to integrate seamlessly with existing agricultural practices, requiring minimal changes to farmer routines. The technology can be applied immediately after harvest, allowing farmers to proceed with land preparation for the subsequent crop without delays associated with traditional burning or mechanical removal methods.
4.4 Optimization and Standardization
Extensive research has been conducted to optimize the application parameters and standardize the technology for different agricultural contexts. Field trials have evaluated various factors including application rates, timing, moisture requirements, and environmental conditions to establish optimal protocols for different regions and cropping systems.
Studies have demonstrated that the effectiveness of Pusa Decomposer is influenced by several key factors:
· Moisture Content: Optimal decomposition occurs when soil moisture is maintained at 40-60% of field capacity throughout the decomposition period (Kaur et al., 2022).
· Temperature: Decomposition rates are highest in the temperature range of 25-30°C, with reduced activity at temperatures below 15°C or above 35°C.
· pH Conditions: The technology performs optimally in neutral to slightly alkaline soils (pH 6.5-8.0), which are typical of the Indo-Gangetic Plains.
· Residue Characteristics: Decomposition rates vary depending on the carbon-to-nitrogen ratio of the residues, with optimal performance achieved when C:N ratios are between 25:1 and 30:1.
· The protocol has been field-tested in Punjab, Haryana, and Delhi, optimizing product shelf-life and storage conditions under Indian climates (Government of India, 2021).
5. Comparative Analysis of Stubble Management Technologies
5.1 Technology Assessment Framework
The evaluation of stubble management technologies requires a comprehensive assessment framework that considers multiple dimensions including technical effectiveness, economic viability, environmental impact, and social acceptability. This analysis compares Pusa Decomposer with other available technologies using established criteria developed through extensive field research and stakeholder consultations. 
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Fig. 1: Effectiveness vs Cost Comparison of Stubble Burning Mitigation Technologies
(Source: Compiled from Sarkar et al., 2018; FAO, 2021)
The comparative analysis reveals significant differences in the performance characteristics of various stubble management technologies. While mechanical solutions such as Happy Seeder and Super Seeder demonstrate high effectiveness rates and rapid implementation, they require substantial capital investment and ongoing maintenance costs. Biological approaches, including Pusa Decomposer and composting, offer superior environmental benefits and soil health improvements but require longer implementation periods (Sarkar et al., 2018; FAO, 2021).
5.2 Cost-Effectiveness Analysis
Economic analysis of stubble management technologies reveals important trade-offs between initial investment costs, operational expenses, and long-term benefits. Pusa Decomposer demonstrates significant cost advantages, with implementation costs of INR 500-800 per hectare compared to INR 2,000-3,500 for mechanical alternatives (Indian Council of Agricultural Research, 2021). The lower cost structure makes the technology particularly attractive for smallholder farmers who constitute the majority of agricultural producers in the Indo-Gangetic Plains.
The economic benefits of Pusa Decomposer extend beyond direct cost savings to include improvements in soil fertility, reduced fertilizer requirements, and increased crop yields. Field studies have documented fertilizer savings of INR 1,200-1,800 per hectare due to improved nutrient cycling and soil organic matter content. Additionally, yield increases of 5-10% in subsequent crops provide substantial economic returns that justify the initial investment in the technology (Warra et al., 2024).
Table 4: Economic impact analysis
	Parameter
	Current Estimate
	Projected_2030

	Cost of Pusa Decomposer per hectare (INR)
	500-800
	300-500

	Fertilizer savings per hectare (INR)
	1200-1800
	1500-2200

	Yield increase value per hectare (INR)
	2000-3000
	3000-4500

	Health cost savings per hectare (INR)
	800-1200
	1200-1800

	Environmental cost savings per hectare (INR)
	1500-2500
	2500-4000

	Net benefit per hectare (INR)
	4000-6000
	6500-10000

	Employment generation (jobs per 1000 hectares)
	15-25
	25-40

	Industry value creation (INR crores/year)
	500-800
	1200-2000

	Government savings on pollution control (INR crores/year)
	200-400
	500-800

	Total economic impact (INR crores/year)
	1000-1500
	2500-4000


(Source: NITI Aayog, 2022; Economic Times, 2023; Field economic assessments by IARI, 2021-2022)
5.3 Environmental Impact Comparison
Environmental impact assessment reveals significant differences between stubble management technologies in their effects on air quality, soil health, and ecosystem functioning. Pusa Decomposer demonstrates superior environmental performance across multiple parameters, achieving substantial reductions in greenhouse gas emissions while simultaneously improving soil carbon sequestration.
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Fig. 2: Environmental Impact Reduction with Pusa Decomposer Implementation
(Source: Data visualization based on Kumar et al., 2025; Bhuvaneshwari et al., 2022)
The environmental benefits of Pusa Decomposer are particularly pronounced in comparison to stubble burning, with documented reductions of 80% in major pollutant emissions. The technology also outperforms mechanical alternatives in terms of soil health benefits, with significant improvements in soil organic carbon content, microbial diversity, and water retention capacity. Field studies show an 80% reduction in PM2.5 and greenhouse gas emissions when farmers adopt Pusa Decomposer, compared to stubble burning (Centre for Science and Environment, 2021; Central Pollution Control Board, 2021). Soil analyses reveal a 5–15% rise in organic carbon and improved soil microflora over two cropping cycles post application (Bhuvaneshwari et al., 2022; Kumar et al., 2025).
5.4 Scalability and Adoption Potential
Analysis of scalability and adoption potential reveals important differences between technologies in their suitability for widespread implementation. Pusa Decomposer demonstrates high scalability potential due to its low infrastructure requirements, compatibility with existing agricultural practices, and relatively simple application procedures. The technology can be readily adopted by farmers with minimal training and equipment, making it suitable for rapid scale-up across large geographical areas.
The adoption potential is further enhanced by the technology's compatibility with various farming systems and crop rotations. Unlike mechanical alternatives that may require specific equipment configurations or field conditions, Pusa Decomposer can be effectively applied across diverse agricultural contexts, from smallholder farms to large commercial operations. Adoption in Delhi and surrounding states rose from 800 acres in 2020 to over 25,000 acres by 2022, attributed to positive government support and demonstration plots (Delhi Government Report, 2023). Capacity for easy training and minimal machinery strengthens large-scale diffusion (Down To Earth, 2021).
6. Field Studies and Effectiveness Assessment
6.1 Controlled Field Trials
Extensive field trials have been conducted across multiple locations and seasons to evaluate the effectiveness of Pusa Decomposer technology under diverse agricultural conditions. These studies have provided comprehensive data on decomposition rates, soil health improvements, and crop productivity impacts, establishing the scientific foundation for technology recommendations. The field trial results demonstrate consistent performance across different geographical locations and agricultural contexts. Decomposition rates averaging 70-80% have been achieved within 20-25 days of application, representing a significant improvement over natural decomposition processes that typically require 45-60 days for comparable results (Agriculture Today, 2022). The consistency of results across different study locations indicates the robustness of the technology and its suitability for widespread adoption.
6.2 Soil Health Impact Assessment
Comprehensive soil health assessments have been conducted to evaluate the long-term impacts of Pusa Decomposer application on soil physical, chemical, and biological properties. These studies have revealed significant improvements in key soil health indicators, including organic carbon content, nutrient availability, and microbial diversity. Soil organic carbon measurements have consistently shown increases of 5-15% following Pusa Decomposer application, with the magnitude of improvement varying depending on initial soil conditions and management practices. These improvements in soil organic matter content have cascading effects on soil structure, water retention capacity, and nutrient cycling processes (Sarkar et al., 2018; Tokas et al., 2021). Microbial diversity assessments have revealed enhanced populations of beneficial soil microorganisms, including nitrogen-fixing bacteria, phosphate-solubilizing bacteria, and mycorrhizal fungi. The improved microbial activity contributes to enhanced nutrient cycling and improved plant health, resulting in observable improvements in crop performance.
6.3 Crop Productivity Impacts
Systematic evaluation of crop productivity impacts has documented significant yield improvements in crops grown following Pusa Decomposer application. Wheat yield increases of 5-10% have been consistently observed across multiple study locations, with some studies reporting yield improvements of up to 15% under optimal conditions (IARI trial findings, 2022; Indian Express, 2021). The yield improvements are attributed to multiple factors including improved soil structure, enhanced nutrient availability, better water retention, and increased microbial activity. Plant tissue analysis has revealed improved nutrient uptake, particularly for nitrogen, phosphorus, and potassium, reflecting the enhanced soil fertility resulting from improved organic matter decomposition. Quality assessments have also revealed improvements in grain quality parameters, including protein content, thousand-grain weight, and overall grain density. These quality improvements translate to enhanced market value and improved farmer incomes, providing additional economic incentives for technology adoption.
6.4 Regional Variation and Adaptation
Studies conducted across different agro-climatic zones have revealed important regional variations in technology performance and identified opportunities for location-specific adaptations. The technology demonstrates optimal performance in the sub-humid and semi-arid regions of the Indo-Gangetic Plains, with some modifications required for effective implementation in more arid or humid conditions (Government of India, 2022). Regional adaptation studies have led to the development of modified application protocols for different climatic conditions, including adjustments to application timing, moisture management, and nutrient supplementation. These adaptations ensure optimal performance across the diverse agricultural landscapes of northern India.
Table 5: Pusa decomposer overall effectiveness
	Study/Location
	Area Covered (acres)
	Decomposition Rate (%)
	Time to Decompose (days)
	Soil Organic Carbon Increase (%)
	Wheat Yield Increase (%)
	Cost Effectiveness (INR/hectare)

	IARI Delhi (2019-20)
	50
	75
	25
	8.2
	5.5
	650

	IARI Delhi (2020-21)
	100
	78
	22
	9.5
	6.2
	580

	Punjab Field Trial (2020)
	500
	72
	28
	7.8
	4.8
	720

	Haryana Field Trial (2021)
	300
	76
	24
	8.8
	5.9
	620

	Delhi Govt Trial (2021)
	1935
	70
	30
	5.4
	3.2
	800

	Punjab Large Scale (2022)
	6000
	74
	26
	7.2
	4.5
	680

	Multi-location Study (2022)
	2000
	73
	27
	6.9
	5.1
	700


(Source: Agriculture Today, 2022)
7. Economic Impact Analysis
7.1 Cost-Benefit Assessment
Comprehensive economic analysis of Pusa Decomposer technology reveals significant economic benefits at both individual farm and regional levels. The technology offers attractive returns on investment through multiple value streams including direct cost savings, yield improvements, and long-term soil health benefits. The economic analysis demonstrates that Pusa Decomposer technology offers substantial net benefits ranging from INR 4,000-6,000 per hectare under current conditions, with projected improvements to INR 6,500-10,000 per hectare by 2030 as the technology matures and adoption scales increase. These benefits arise from multiple sources including reduced input costs, improved yields, and avoided environmental and health costs (NITI Aayog, 2022; Economic Times, 2023).
7.2 Value Chain Analysis
The economic impact of Pusa Decomposer extends beyond individual farm benefits to encompass broader value chain implications. The technology has created new economic opportunities in the agricultural input sector, with multiple companies now licensed to produce and distribute the decomposer formulations. Employment generation analysis reveals significant job creation potential, with an estimated 15-25 jobs created per 1,000 hectares of technology adoption. These employment opportunities span multiple skill levels, from field application technicians to quality control specialists and distribution network managers (Krishi Vigyan Kendra, 2023). The technology has also stimulated innovation in complementary sectors, including application equipment, monitoring systems, and quality assurance protocols. This innovation ecosystem contributes to broader economic development and technological advancement in the agricultural sector.
7.3 Regional Economic Impacts
Regional economic analysis reveals significant multiplier effects from widespread Pusa Decomposer adoption. The technology contributes to regional economic development through reduced healthcare costs, improved agricultural productivity, and enhanced environmental quality. Healthcare cost savings represent a significant component of regional economic benefits, with reduced pollution-related health expenditures estimated at INR 800-1,200 per hectare (Public Health Foundation of India, 2022). These savings reduce the burden on public health systems and improve quality of life for rural and urban populations. Agricultural productivity improvements contribute to enhanced food security and reduced import dependence. The technology's contribution to sustainable agricultural intensification supports broader development goals while maintaining environmental sustainability.
7.4 Investment and Financing Mechanisms
The economic viability of Pusa Decomposer technology has attracted interest from various financing institutions and development organizations. Microfinance institutions have developed specialized loan products for technology adoption, while government subsidy programs provide additional support for farmer adoption. Subsidies (up to 100% in Delhi) and low-interest loans for decomposer purchase are encouraging wider farmer adoption (Ministry of Agriculture & Farmers Welfare, 2021). Public-private partnership models have emerged as effective mechanisms for technology scaling, combining public sector research and development capabilities with private sector manufacturing and distribution expertise. These partnerships have accelerated technology deployment while ensuring quality standards and farmer support services.
8. Environmental Benefits and Sustainability Assessment
8.1 Air Quality Improvements
The implementation of Pusa Decomposer technology offers substantial air quality benefits through the elimination of stubble burning and associated emissions. Quantitative analysis of emission reductions reveals significant improvements across multiple air quality parameters. NASA satellite data verifies a 30% reduction in fire counts and improved Air Quality Index (AQI) in trial regions following large-scale decomposer use (NASA Earth Observatory, 2022; Central Pollution Control Board, 2021). The air quality improvements are particularly significant during the critical winter months when stubble burning traditionally contributes to severe air pollution episodes. The technology's ability to achieve 80% reductions in major pollutant emissions represents a substantial contribution to regional air quality improvement efforts.
8.2 Greenhouse Gas Mitigation
Climate change mitigation represents a critical co-benefit of Pusa Decomposer technology, with significant reductions in greenhouse gas emissions achieved through the elimination of burning practices. The technology contributes to India's climate commitments under the Paris Agreement while providing practical benefits to farmers. Pusa Decomposer reduces CO2 and methane emissions otherwise released from burning, contributing to India’s Paris Agreement targets (UN Environment Programme, 2021; Ministry of Environment, Forest and Climate Change, 2021). Carbon footprint analysis reveals that Pusa Decomposer technology can reduce greenhouse gas emissions by 80% compared to traditional burning practices. The technology also contributes to carbon sequestration through improved soil organic matter content, providing additional climate benefits (Kumar et al., 2025). Life cycle assessment studies have confirmed the overall positive environmental impact of the technology, with net environmental benefits achieved within the first year of implementation. The technology's contribution to sustainable agricultural practices supports broader environmental sustainability goals.
Table 6:  Air pollution reduction with Pusa decomposer
	Parameter
	Current Status (With Burning)
	With Pusa Decomposer (Projected)
	Reduction Achieved (%)

	CO2 Emissions (Mt/year)
	176.1
	35.2
	80.0

	CO Emissions (Mt/year)
	10.0
	2.0
	80.0

	NOx Emissions (Mt/year)
	0.15
	0.03
	80.0

	PM2.5 Emissions (Mt/year)
	0.45
	0.09
	80.0

	PM10 Emissions (Mt/year)
	0.94
	0.19
	79.8

	CH4 Emissions (Mt/year)
	0.31
	0.06
	80.6

	Area Affected (million hectares)
	23.0
	4.6
	80.0

	Health Cost (USD billion/year)
	30.0
	6.0
	80.0


(Source: Central Pollution Control Board, 2021; Centre for Science and Environment, 2021; NASA Earth Observatory, 2022)
8.3 Soil Health and Ecosystem Services
The soil health benefits of Pusa Decomposer technology extend beyond immediate agricultural productivity improvements to encompass broader ecosystem services. Enhanced soil organic matter content improves water retention capacity, reduces erosion risk, and supports biodiversity conservation. Biodiversity assessments have revealed increased populations of beneficial soil organisms, including earthworms, soil arthropods, and microbial communities. This enhanced biodiversity contributes to improved ecosystem resilience and long-term agricultural sustainability (Bhuvaneshwari et al., 2022; Krishi Vigyan Kendra, 2023). Water quality improvements represent another important environmental benefit, with reduced runoff and improved water infiltration contributing to groundwater recharge and reduced pollution of surface water bodies. These benefits support broader watershed management objectives and contribute to regional water security.
8.4 Landscape-Level Environmental Impacts
The cumulative environmental benefits of widespread Pusa Decomposer adoption extend to landscape-level impacts, including improved regional air quality, enhanced ecosystem connectivity, and reduced environmental degradation. These landscape-level benefits contribute to broader environmental sustainability and ecosystem health. Modelling predicts substantial improvement in regional air, water, and land health if decomposer adoption scales above 50% in high-burn states (TERI Policy Brief, 2023). Regional modeling studies have demonstrated that widespread adoption of Pusa Decomposer technology could significantly reduce air pollution levels across the Indo-Gangetic Plains, with particular benefits for urban areas that currently experience severe air quality problems during the stubble burning season.
9. Challenges and Limitations
9.1 Technical Challenges
Despite its proven effectiveness, Pusa Decomposer technology faces several technical challenges that limit its widespread adoption and optimal performance. These challenges include variability in decomposition rates under different environmental conditions, storage and stability requirements, and the need for precise application protocols. Efficacy may decline in excessively dry or waterlogged soils (Kaur et al., 2022). Consistent product quality across manufacturers is not always assured, necessitating regulatory oversight (ICAR Policy Note, 2022). Environmental variability represents a significant challenge, with decomposition rates varying substantially based on temperature, moisture, and soil conditions. Extreme weather events, such as unseasonal rainfall or drought conditions, can significantly impact decomposition effectiveness and require adaptive management strategies. Storage and distribution challenges include maintaining product viability during transport and storage, particularly in remote rural areas with limited cold storage facilities. The microbial nature of the product requires careful handling and storage to maintain effectiveness, presenting logistical challenges for widespread distribution.
9.2 Economic and Financial Barriers
Economic barriers to adoption include limited access to credit for smallholder farmers, lack of awareness about economic benefits, and competition from subsidized alternatives. Many farmers lack the financial resources to invest in new technologies, even when long-term benefits are demonstrated. Market development challenges include the need for reliable supply chains, quality assurance mechanisms, and farmer support services. The development of sustainable business models for technology distribution and support remains an ongoing challenge that requires continued attention and investment. Risk perception among farmers represents another significant barrier, with many farmers reluctant to adopt new technologies due to concerns about effectiveness, reliability, and economic returns. Addressing these concerns requires comprehensive demonstration programs and farmer education initiatives.
9.3 Social and Cultural Factors
Social and cultural factors play important roles in technology adoption, including traditional farming practices, social networks, and cultural attitudes toward innovation. Stubble burning is deeply embedded in traditional agricultural practices, and changing these practices requires sustained social change efforts (Agrawal et al., 2021).. Knowledge and information gaps represent significant barriers to adoption, with many farmers lacking awareness of the technology's benefits and proper application procedures. Educational and extension programs are essential for addressing these knowledge gaps and promoting widespread adoption. Social network effects can either facilitate or hinder adoption, depending on the experiences and attitudes of early adopters within farming communities. Positive experiences by respected community members can accelerate adoption, while negative experiences can create lasting resistance to the technology.
9.4 Policy and Institutional Challenges
Policy and institutional challenges include inadequate extension services, limited research and development support, and lack of coordination between different government agencies. Addressing these challenges requires comprehensive policy reforms and institutional strengthening.
Regulatory challenges include quality standards for microbial products, registration requirements, and intellectual property protection. Developing appropriate regulatory frameworks that ensure product quality while promoting innovation remains an ongoing challenge.
Coordination challenges between different stakeholders, including research institutions, private companies, government agencies, and farmer organizations, require improved coordination mechanisms and shared objectives. Developing effective multi-stakeholder partnerships is essential for addressing complex challenges and achieving sustainable outcomes.
10. Future Prospects and Recommendations
10.1 Technology Development Roadmap
The future development of Pusa Decomposer technology presents significant opportunities for enhancement and expansion. Research priorities include improving decomposition rates, expanding application to different crop residues, and developing region-specific formulations for diverse agro-climatic conditions. Next-generation formulations are being developed with improved stability, extended shelf life, and enhanced effectiveness under challenging environmental conditions. These developments will expand the technology's applicability and improve its commercial viability. Integration with precision agriculture technologies presents opportunities for optimized application based on real-time soil and weather conditions. Smart application systems could automatically adjust application rates and timing based on environmental sensors and weather forecasts.
10.2 Scaling and Commercialization Strategies
Successful scaling of Pusa Decomposer technology requires comprehensive commercialization strategies that address production capacity, distribution networks, and farmer support services. Public-private partnerships offer promising models for sustainable scaling while ensuring quality standards and farmer access. Manufacturing scale-up requires investment in production facilities, quality control systems, and distribution infrastructure. Strategic partnerships with established agricultural input companies can accelerate market penetration and ensure reliable supply chains. Market development strategies should focus on creating awareness among farmers, developing appropriate pricing models, and establishing effective distribution channels. Targeted marketing campaigns and demonstration programs can accelerate adoption among early adopters and opinion leaders.
10.3 Policy Recommendations
Policy recommendations for supporting Pusa Decomposer adoption include enhanced subsidies for biological technologies, improved extension services, and integrated approaches to crop residue management. Targeted policy interventions can address specific barriers to adoption and create enabling environments for technology scaling. Subsidy programs should be redesigned to prioritize environmentally sustainable technologies such as Pusa Decomposer, providing enhanced support for biological approaches compared to mechanical alternatives. Performance-based incentives could reward farmers for achieving specific environmental outcomes. Extension service improvements should include training programs for extension agents, development of farmer-friendly educational materials, and establishment of demonstration plots in key agricultural regions. Strengthened extension services are essential for addressing knowledge gaps and promoting widespread adoption.
10.4 Research and Development Priorities
Future research and development priorities should focus on addressing current limitations and exploring new applications for the technology. Priority areas include improving decomposition rates, expanding crop coverage, and developing integrated pest and disease management applications. Mechanistic research should continue to improve understanding of the microbial processes involved in decomposition and identify opportunities for enhancement. Advanced molecular techniques can provide insights into microbial community dynamics and optimize consortium composition. Application research should explore opportunities for integrating Pusa Decomposer with other sustainable agricultural practices, including organic farming, precision agriculture, and climate-smart agriculture. Integrated approaches can maximize benefits while addressing multiple agricultural challenges simultaneously.
11. Case Studies and Success Stories
11.1 Delhi Government Implementation Program
The Delhi Government's implementation of Pusa Decomposer technology represents one of the most significant success stories in large-scale deployment of the technology. Delhi’s deployment of Pusa Decomposer on ~6,000 hectares in 2021 led to measurable air quality gains and farmer satisfaction (Delhi Pollution Control Committee Report, 2022; Hindustan Times, 2022) and provided valuable lessons for replication in other regions. The program covered 1,935 acres in its first year, with free distribution of Pusa Decomposer to participating farmers. Results showed 70% decomposition rates within 30 days, with significant improvements in soil health and crop productivity. The program has since expanded to cover over 10,000 acres and has become a model for other state governments. Key success factors included strong political support, adequate funding, comprehensive farmer education programs, and effective coordination between research institutions and government agencies. The program demonstrates the potential for government-led initiatives to accelerate technology adoption and achieve significant environmental benefits.
11.2 Punjab Large-Scale Deployment
Punjab's large-scale deployment of Pusa Decomposer technology has provided valuable insights into the challenges and opportunities for scaling biological technologies in high-intensity agricultural systems. The program has covered over 50,000 acres and involved partnerships with multiple stakeholders (Punjab Agricultural University Newsletter, 2022). The Punjab experience has highlighted the importance of timing, with optimal results achieved when applications are coordinated with harvest schedules and weather conditions. The program has also demonstrated the need for continuous farmer support and monitoring to ensure optimal outcomes. Economic analysis of the Punjab program has revealed significant cost savings for participating farmers, with reduced fertilizer costs and improved yields offsetting the initial investment in the technology. The program has also contributed to measurable improvements in regional air quality during the stubble burning season.
11.3 Private Sector Partnerships
Private sector partnerships have played crucial roles in scaling Pusa Decomposer technology, with multiple companies now licensed to produce and distribute the formulations. These partnerships have demonstrated the commercial viability of the technology while ensuring quality standards and farmer support. Successful private sector models have included integrated approaches that combine product supply with technical support, financing assistance, and market linkages. Companies have developed innovative business models that address the specific needs of smallholder farmers while maintaining commercial viability. The private sector experience has also highlighted the importance of investment in research and development, with companies investing in improved formulations, application equipment, and farmer education programs. These investments have contributed to technology improvements and market expansion.
11.4 International Interest and Collaboration
International interest in Pusa Decomposer technology has grown significantly, with several countries exploring opportunities for technology transfer and adaptation. Neighboring countries (Bangladesh, Vietnam) commenced pilot projects in 2022, adapting the Indian protocol to local cropping systems (FAO Asia Update, 2022). Collaborative research programs have been established with institutions in Southeast Asia, Africa, and Latin America. Technology transfer initiatives have focused on adapting the technology to different crops and climatic conditions, with promising results achieved in rice-based systems in Southeast Asia. These collaborations have contributed to broader knowledge sharing and technology improvement. International recognition of the technology has included awards and recognition from global environmental organizations, highlighting its potential contribution to sustainable agricultural development and climate change mitigation. This recognition has enhanced the technology's credibility and supported scaling efforts.
12. State-wise Adoption Analysis
12.1 Regional Adoption Patterns
Analysis of state-wise adoption patterns reveals significant variations in Pusa Decomposer uptake across different regions of India. These variations reflect differences in agricultural systems, policy support, farmer awareness, and local environmental conditions.
The adoption data reveals that Delhi has achieved the highest adoption rate at 10%, primarily due to strong government support and comprehensive farmer education programs. However, the absolute area covered is limited due to Delhi's small agricultural area. Punjab and Haryana show moderate adoption rates despite being the primary targets for stubble burning mitigation efforts.
Table 7: State wise adoption
	State
	Total Agricultural Area (Mha)
	Area Under Rice Wheat (Mha)
	Stubble Burning Incidents (2023)
	Pusa Decomposer Adoption (Ha)
	Adoption Rate Percent

	Punjab
	4.2
	3.8
	36500
	45000
	1.2

	Haryana
	3.5
	2.8
	8200
	12000
	0.4

	Uttar Pradesh
	16.5
	9.2
	2800
	8000
	0.09

	Delhi
	0.05
	0.02
	15
	2000
	10.0

	Madhya Pradesh
	15.3
	2.5
	18000
	3000
	0.12

	Rajasthan
	16.2
	1.8
	1200
	1500
	0.08

	Bihar
	5.8
	4.2
	800
	500
	0.01

	West Bengal
	5.5
	3.8
	500
	300
	0.008

	Odisha
	6.2
	4.5
	600
	400
	0.009

	Telangana
	5.4
	1.2
	300
	200
	0.017


(Source: Delhi Government Report, 2023; Punjab Agricultural University, 2022)
12.2 Factors Influencing Adoption
Several factors influence the adoption of Pusa Decomposer technology across different states:
Government Support: States with strong government support and subsidy programs show higher adoption rates. Delhi's success demonstrates the importance of political commitment and adequate funding for technology promotion.
Agricultural Extension Services: States with well-developed extension services and farmer education programs show better adoption outcomes. The quality and reach of extension services significantly impact farmer awareness and technology uptake.
Farmer Demographics: Adoption rates vary significantly based on farmer demographics, including farm size, education level, and income. Larger farmers with higher education levels show greater willingness to adopt new technologies.
Local Agricultural Conditions: Soil types, climatic conditions, and cropping patterns influence technology effectiveness and adoption. States with conditions more suitable for biological decomposition show higher adoption rates.
12.3 Barriers to Adoption
Several barriers limit adoption across different states:
Limited Awareness: Many farmers remain unaware of the technology's benefits and proper application procedures. Comprehensive awareness campaigns are needed to address this knowledge gap.
Access to Technology: Limited availability of the technology in remote areas constrains adoption. Strengthening distribution networks is essential for improving access.
Financial Constraints: Many smallholder farmers lack the financial resources to invest in new technologies, even when long-term benefits are demonstrated.
Technical Support: Inadequate technical support during application and implementation limits adoption success. Strengthening technical support systems is crucial for widespread adoption.
13. Key Findings
This comprehensive review of Pusa Decomposer technology reveals several key findings that have important implications for sustainable agriculture and environmental management:
1. Proven Effectiveness: Pusa Decomposer technology has demonstrated consistent effectiveness in decomposing crop residues, with decomposition rates of 70-80% achieved within 20-25 days across multiple field trials and geographical locations.
2. Significant Environmental Benefits: The technology offers substantial environmental benefits, including 80% reductions in major air pollutants, improvements in soil health, and enhanced carbon sequestration. These benefits contribute to both local environmental quality and global climate change mitigation.
3. Economic Viability: Economic analysis demonstrates that Pusa Decomposer technology offers attractive returns on investment, with net benefits of INR 4,000-6,000 per hectare under current conditions. The technology provides multiple value streams including cost savings, yield improvements, and long-term soil health benefits.
4. Scalability Potential: The technology demonstrates high scalability potential due to its low infrastructure requirements, compatibility with existing agricultural practices, and relatively simple application procedures. This scalability makes it suitable for widespread adoption across diverse agricultural contexts.
5. Adoption Challenges: Despite its proven benefits, adoption of Pusa Decomposer technology faces several challenges including limited farmer awareness, access constraints, and inadequate technical support. Addressing these challenges requires comprehensive policy interventions and institutional strengthening.
13.2 Final Recommendations
The evidence presented in this review demonstrates that Pusa Decomposer technology represents a viable and effective solution for addressing the stubble burning crisis in India. However, realizing the technology's full potential requires coordinated efforts from multiple stakeholders including government agencies, research institutions, private sector partners, and farmer organizations. Success will depend on addressing the identified challenges through comprehensive policy reforms, institutional strengthening, and sustained investment in research and development. The technology's contribution to sustainable agriculture and environmental protection makes it a priority for continued support and development. The experience with Pusa Decomposer technology also provides valuable lessons for developing and deploying other sustainable agricultural technologies. The importance of stakeholder engagement, farmer-centered approaches, and integrated policy frameworks emerges as critical success factors that can inform future technology development efforts. Pusa Decomposer technology represents a significant breakthrough in sustainable crop residue management with the potential to transform agricultural practices while delivering substantial environmental and economic benefits. Continued support for its development and deployment is essential for addressing the stubble burning crisis and advancing sustainable agricultural development in India and beyond.
Conclusion
This comprehensive analysis of Pusa Decomposer technology reveals its significant potential as a sustainable solution to the stubble burning crisis in India. The technology has demonstrated consistent effectiveness across diverse agricultural contexts, achieving 70-80% decomposition rates within 20-25 days while delivering substantial environmental and economic benefits. The 80% reduction in major air pollutants, coupled with improvements in soil health and carbon sequestration, positions Pusa Decomposer as a critical tool for addressing both local environmental challenges and global climate change mitigation. The economic viability of the technology, with net benefits of INR 4,000-6,000 per hectare and low implementation costs, makes it accessible to smallholder farmers who constitute the majority of agricultural producers in the Indo-Gangetic Plains. The technology's scalability potential, enhanced by its compatibility with existing farming practices and minimal infrastructure requirements, provides a pathway for widespread adoption across the region. However, realizing the technology's full potential requires addressing significant adoption challenges, including limited farmer awareness, access constraints, and inadequate technical support systems. Success depends on coordinated efforts from government agencies, research institutions, private sector partners, and farmer organizations. Comprehensive policy interventions, institutional strengthening, and sustained investment in research and development are essential for scaling the technology and achieving its transformative impact on sustainable agriculture and environmental protection. The experience with Pusa Decomposer technology provides valuable lessons for developing and deploying other sustainable agricultural innovations, emphasizing the importance of farmer-centered approaches, stakeholder engagement, and integrated policy frameworks. As India continues to grapple with the environmental and health impacts of stubble burning, Pusa Decomposer represents a beacon of hope for sustainable agricultural transformation, offering a practical pathway toward environmental sustainability while maintaining agricultural productivity and economic viability.
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