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Abstract

The burning of crop residues represents one of the most pressing environmental challenges confronting
Indian agriculture, contributing substantially to air pollution, greenhouse gas emissions, and soil
degradation. This review paper examines the multifaceted dimensions of crop residue management in
India, analyzing sustainable alternative strategies, mechanization constraints limiting their adoption,
and policy frameworks required for effective implementation. India generates approximately 500-550
million tonnes of crop residue annually, with rice and wheat contributing nearly 70% of this volume.
An estimated 92 million tonnes are burned in fields each year, releasing over 150 million tonnes of
CO2, 9 million tonnes of CO, 0.25 million tonnes of SOX, and significant quantities of particulate
matter into the atmosphere [!. The northwestern states of Punjab and Haryana witness the most
intensive burning practices, with over 70% of paddy straw being burned within a narrow window of 15-
20 days between rice harvest and wheat sowing. Sustainable management alternatives include in-situ
incorporation using appropriate machinery, ex-situ utilization for bioenergy, livestock feed, mushroom
cultivation, and industrial applications. However, adoption remains constrained by high machinery
costs, limited time availability between cropping cycles, inadequate custom hiring infrastructure, and
farmer reluctance to change established practices. The Happy Seeder technology enabling direct wheat
sowing into standing rice stubble has demonstrated promise but penetration remains below 10% of
potential users. Policy interventions including subsidies for residue management machinery,
establishment of custom hiring centers, regulatory measures prohibiting burning, and awareness
campaigns have yielded mixed results. An integrated approach combining financial incentives,
technology promotion, regulatory enforcement, and market development for residue-based products
offers the most promising pathway toward sustainable management. This review synthesizes available
evidence regarding residue generation patterns, environmental impacts of burning, alternative
management technologies, economic considerations, and policy effectiveness to provide
recommendations for addressing this critical challenge.

Keywords: Crop residue burning, stubble management, air pollution, Happy Seeder, sustainable
agriculture, agricultural mechanization, environmental policy, greenhouse gas emissions.

Introduction

Crop residue burning has transformed from a traditional agricultural practice into an
environmental crisis of unprecedented scale in India. The annual spectacle of smoke-filled
skies across northern India during October-November has become symptomatic of a
fundamental failure to manage agricultural byproducts sustainably 2. What farmers view as
a practical solution to clear fields quickly for subsequent planting, policymakers and urban
populations increasingly recognize as a major contributor to hazardous air quality affecting
hundreds of millions of people.

India's agricultural sector generates approximately 500-550 million tonnes of crop residue
annually, ranking among the highest globally ©*!. The intensification of rice-wheat cropping
systems in the Indo-Gangetic plains, coupled with mechanized harvesting leaving substantial
stubble quantities, has dramatically increased residue accumulation over recent decades.
Combine harvesters, now used for over 80% of rice and wheat harvesting in Punjab and
Haryana, leave 20-30 cm stubble compared to 5-10 cm with traditional manual harvesting 41,
This increased biomass load, combined with compressed turnaround times between crops,
has made burning the default management approach despite its environmental consequences.

~ 126~


http://www.biochemjournal.com/

International Journal of Advanced Biochemistry Research

The environmental impacts extend far beyond localized air
quality degradation. Residue burning releases substantial
quantities of greenhouse gases including carbon dioxide,
methane, and nitrous oxide, contributing to climate change
(51, Fine particulate matter and black carbon emissions affect
regional weather patterns and accelerate Himalayan glacier
melting. Soil health deteriorates through loss of organic
matter, beneficial microorganisms, and nutrients that would
otherwise recycle through decomposition ®!. Yet despite
mounting evidence of harm and repeated policy
interventions, burning continues largely unabated.

This persistence reflects underlying structural constraints
that simple prohibition cannot overcome. Farmers face
genuine economic and operational challenges in managing
residues through alternative means. Machinery for residue
incorporation or direct seeding requires significant capital
investment beyond the reach of most smallholders. Custom
hiring services remain inadequately developed to serve
demand during the brief window available for residue
management. And markets for residue-based products like
biofuels or packaging materials have yet to mature
sufficiently to create economic incentives for collection
rather than burning . Understanding and addressing these
constraints is essential for achieving meaningful progress
toward sustainable residue management. This review paper
examines the dimensions of the residue management
challenge, evaluates alternative strategies and their
limitations, and assesses policy frameworks for promoting
sustainable practices.

Material and Methods

Materials

This review synthesized information from multiple sources
to comprehensively examine crop residue management
issues. Primary data sources included published research
articles from peer-reviewed journals indexed in Web of
Science, Scopus, and Google Scholar databases.
Government reports from the Ministry of Agriculture,
Central Pollution Control Board, and state agricultural
departments provided policy documentation and official
statistics. Technical bulletins from the Indian Council of
Agricultural Research and its affiliated institutions
contributed  information on  residue = management
technologies and their performance characteristics. Reports
from international organizations including FAO, IRRI, and
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CGIAR centers offered comparative perspectives from other
rice-wheat producing regions facing similar challenges ¥,

Methods

Literature search employed combinations of keywords
including crop residue, stubble burning, straw management,
Happy Seeder, conservation agriculture, and air pollution
combined with India or specific state names. Search results
were filtered to include publications from 2010-2020 to
ensure contemporary relevance while capturing the
evolution of approaches over the past decade. Studies were
categorized according to thematic focus: residue generation
and characterization, environmental impacts, management
technologies, economic analysis, and policy assessment.
Information was extracted and synthesized to identify
consensus findings, knowledge gaps, and areas of ongoing
debate. Quantitative data on residue generation, emission
factors, technology costs, and adoption rates were compiled
and compared across sources to establish reliable estimates
1, Policy documents were analyzed to trace the evolution of
regulatory and incentive-based approaches and assess their
implementation effectiveness.

Results

Table 1: Crop Residue Generation and Burning Estimates by
Major States

State Generation (MT) [Burned (MT) |Burning (%)
Punjab 51.4 34.9 68
Haryana 27.8 20.0 72
Uttar Pradesh 59.2 26.6 45
Madhya Pradesh 33.1 10.6 32
Maharashtra 46.5 13.0 28

Residue burning intensity varies substantially across states
(Table 1). Punjab and Haryana exhibit the highest burning
percentages exceeding 68-72%, attributable to the intensive
rice-wheat system with minimal interval between crops.
States with more diversified cropping patterns and longer
fallow periods show considerably lower burning rates. The
concentration of burning in northwestern states during a
narrow October-November window creates acute air quality
crises affecting the entire Indo-Gangetic basin including the
national capital region.
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Fig 1: Relationship Between Cultivated Area, Residue Generation, and Burning Intensity Across Major States
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The scatter plot visualization (Figure 1) reveals that burning
intensity does not correlate directly with total residue
generation or cultivated area. Smaller states like Punjab and
Haryana with moderate total residue volumes exhibit the
highest burning percentages, while larger agricultural states
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like Maharashtra and Uttar Pradesh show lower burning
rates despite greater absolute residue quantities. This pattern
reflects the specific constraints of the rice-wheat system
rather than overall agricultural intensity.

Table 2: Comparison of Residue Management Technologies

Technology  |Cost (INR/ha)Time (hrs/ha) Key Limitations
Happy Seeder 2,000-2,500 3-4 High initial cost, availability
Rotavator + Sowing| 3,000-4,000 5-6 Multiple passes required
Baler + Removal | 2,500-3,500 4-5 Market for bales needed
In-situ Composting| 3,500-5,000 Passive  [Time delay for decomposition|
Technology options vary considerably in cost, time investment for purchase. Rotavator-based incorporation

requirements, and practical constraints (Table 2). The
Happy Seeder offers the most cost-effective and time-

demands multiple operations increasing both cost and time.
Baler-based removal transfers the residue elsewhere but

efficient alternative but requires significant capital requires established markets for the collected material.
Cost Distribution of Different Crop Residue Management Options
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Fig 2: Cost Distribution of Different Crop Residue Management Options

Cost analysis reveals the economic rationale underlying
farmer preference for burning (Figure 2). Open burning
costs merely INR 300-700 per hectare compared to INR
2,000-5,000 for sustainable alternatives. This substantial

cost differential, combined with the immediate effectiveness
of burning in clearing fields, explains its persistence despite
regulatory prohibitions and environmental consequences.
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The proposed integrated policy framework (Figure 3)
combines four complementary pillars: regulatory measures
establishing legal prohibitions and penalties, financial
incentives reducing the cost burden of alternatives,
technology promotion enhancing machinery availability,
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and awareness programs building farmer understanding of
impacts and options. Effective implementation requires
coordinated action across all pillars rather than isolated
interventions.
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Fig 4: Greenhouse Gas and Particulate Emissions by Residue Management Method

Environmental assessment confirms the dramatic emission
differences between burning and alternative management
approaches (Figure 4). Open burning releases 10-15 times
more CO2 and over 20 times more particulate matter
compared to sustainable alternatives. Transitioning from
burning to alternative methods could reduce agricultural
sector emissions by 91-94%, representing a substantial
contribution to air quality improvement and climate change
mitigation goals.

Comprehensive Interpretation

The synthesis of available evidence reveals a complex
challenge requiring multifaceted solutions. Technical
alternatives to burning exist and have been demonstrated
effective, yet adoption remains limited due to economic,
operational, and institutional barriers. Policy interventions
have achieved modest success in some contexts but have
failed to fundamentally transform residue management
practices at scale. The concentration of burning in specific
geographic areas and cropping systems suggests that
targeted interventions addressing the particular constraints
of rice-wheat farming could yield disproportionate benefits
for regional air quality.

Discussion

The persistence of crop residue burning despite extensive
policy attention reflects fundamental misalignment between
farmer incentives and societal objectives. From an
individual farmer perspective, burning offers a rapid, low-
cost solution to a pressing operational problem. The
environmental costs of burning are externalized to the
broader population, creating a classic collective action
problem where individually rational decisions produce
collectively harmful outcomes 1.

The Happy Seeder technology represents the most
promising technical solution, enabling direct wheat sowing
into rice stubble without prior residue management.
However, adoption has been constrained by high machinery
costs exceeding INR 1.5 lakhs per unit, limited availability

through custom hiring centers, and farmer unfamiliarity with
the technology's operation and benefits ['!!. Government
subsidies have reduced effective purchase costs but have not
addressed availability constraints during the critical 2-3
week window when sowing must occur.

Regulatory approaches relying on burning bans and
penalties face enforcement challenges in monitoring
thousands of dispersed field fires and imposing meaningful
sanctions. Satellite-based fire detection has improved
monitoring capability, but translating detection into
enforcement action remains difficult given the short
duration of individual burning events and large numbers of
farmers involved ['2. Awareness campaigns have succeeded
in building farmer knowledge of burning impacts but have
not overcome the practical constraints driving burning
behavior.

An integrated approach combining enhanced machinery
subsidies,  dramatically  expanded custom  hiring
infrastructure, market development for residue-based
products, and sustained awareness building offers the most
promising pathway forward. Such an approach must
recognize farmers as rational economic actors responding to
genuine constraints rather than simply ignorant or
recalcitrant individuals requiring education or punishment.

Conclusion

Crop residue burning represents a critical environmental
challenge requiring urgent attention through coordinated
policy action. The scale of the problem, with over 90 million
tonnes burned annually, and its concentrated impacts on
regional air quality affecting hundreds of millions of people,
justify substantial public investment in solutions. Technical
alternatives exist and have demonstrated effectiveness, but
their adoption is constrained by economic, operational, and
institutional barriers that current policies have inadequately
addressed.

The review findings support several key recommendations
for policy enhancement. First, machinery subsidies should
be substantially increased to reduce the effective cost gap
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between burning and alternatives. Current subsidy levels of
50-80% still leave farmers bearing significant costs that
many cannot or choose not to absorb. Second, custom hiring
center infrastructure requires dramatic expansion to ensure
machinery availability during the critical post-harvest
window. Third, markets for crop residue as a raw material
for bioenergy, packaging, and other applications need active
development to create economic incentives for collection
rather than burning.

But sustained progress ultimately depends on recognizing
farmers as partners rather than adversaries in addressing this
challenge. Punitive approaches treating farmers as
environmental criminals have proven ineffective and risk
alienating the very individuals whose cooperation is
essential for success. Engagement strategies that
acknowledge farmer constraints, provide meaningful
support, and create positive incentives are more likely to
achieve lasting behavioral change %,

The environmental stakes justify treating crop residue
management as a national priority warranting resource
allocation commensurate with its impacts. Investment in
sustainable residue management infrastructure would yield
returns through improved public health, enhanced soil
productivity, reduced greenhouse gas emissions, and
strengthened rural livelihoods. And the concentrated
geographic distribution of the problem in a few states
enables targeted intervention with potentially transformative
effects on regional air quality. The path forward requires
political commitment, sustained investment, and creative
policy design that aligns farmer interests with environmental
objectives rather than setting them in opposition 41,
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