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Abstract

This review explores the environmental and economic perspectives of using paddy straw as a sustainable raw material for
paper manufacturing, emphasizing its role in addressing residue management and reducing dependence on wood-based pulp.
An extensive review of secondary data and recent literature was conducted to assess technological, environmental, and
economic feasibility. Paddy straw offers considerable potential as a non-wood fibrous raw material, contributing to emission
reduction, resource circularity, and forest conservation. However, economic viability depends on logistics, processing
technology, and policy support. The integration of paddy straw into paper manufacturing represents a promising approach
toward achieving sustainable industrial practices, reducing stubble burning, lowering carbon footprints, and promoting a

circular bioeconomy.
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Introduction

Rice (Oryza sativa L.) is one of the most important cereal
crops globally, feeding more than half of the world’s
population. It occupies over 160 million hectares
worldwide, with Asia contributing nearly 90% of global rice
production (FAO, 2023). However, rice cultivation also
generates massive quantities of lignocellulosic residues,
particularly paddy straw. For every tonne of rice grain
harvested, approximately 1.2 to 1.5 tonnes of straw are
produced, leading to an annual global generation of over
750 million tonnes (Kumar et al., 2023) ©l. In India alone,
the annual generation of paddy straw is estimated between
110 and 150 million tonnes, concentrated mainly in Punjab,
Haryana, and Uttar Pradesh (Yadav et al., 2022) [, The
short interval between paddy harvesting and wheat sowing,
coupled with the lack of cost-effective disposal options,
compels farmers to burn straw in open fields (Jain et al.,
2022) Bl This practice results in severe environmental and
health hazards, releasing carbon dioxide (CO.), methane
(CHa4), nitrous oxide (N20), and particulate matter (PMz.s
and PMo) into the atmosphere (Gupta & Sahni, 2021) Bl
Studies have shown that residue burning in northwestern
India contributes significantly to smog episodes in Delhi
and neighboring regions, worsening respiratory illnesses and
reducing visibility (MoEFCC, 2022).

Simultaneously, the Indian pulp and paper industry, valued
at approximately USD 10 billion, faces a raw material
shortage due to its heavy dependence on wood pulp and
limited availability of forest resources (Kumar et al., 2022)
[, The extraction of wood for pulp production not only
contributes to deforestation but also raises concerns
regarding biodiversity loss and ecological imbalance (Islam
& Prasad, 2023) M. Agricultural residues such as paddy
straw thus offer a sustainable, renewable, and readily
available alternative for pulp and paper manufacturing.
Converting agricultural residues into value-added products
minimizes waste, reduces greenhouse gas emissions, and
conserves natural resources (Zhao et al., 2023) [,
Moreover, the economic advantages of utilizing locally
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available raw materials can significantly reduce production
costs and provide additional income opportunities for rural
farmers through organized straw collection and supply
systems (Ramesh et al., 2023) 1231,

This review paper presents a comprehensive analysis of the
environmental and economic perspectives on using paddy
straw for sustainable paper manufacturing. It highlights the
chemical composition and suitability of paddy straw as a
papermaking raw material, evaluates environmental
benefits, and examines technological, economic, and policy
dimensions. Furthermore, it discusses challenges and future
prospects for integrating paddy straw into industrial supply
chains as a viable substitute for wood-based pulp, thereby
contributing to sustainable development and climate change
mitigation.

Background: The Problem of Paddy Straw Disposal

Rice cultivation contributes immensely to the global food
supply but also creates one of the most challenging forms of
agricultural waste—paddy straw. Globally, over 750 million
tonnes of rice straw are produced every year, with India and
China being the largest contributors (Kumar et al., 2023) [,
The problem intensifies in India’s northern states-Punjab,
Haryana, and Uttar Pradesh-where short crop cycles compel
farmers to burn straw for quick field clearance before wheat
sowing (Jain et al., 2022) Bl This practice, while time-
saving, results in immense environmental costs including
smog, particulate pollution, and the emission of greenhouse
gases such as COz, CHa4, and N2O (Gupta & Sahni, 2021) [,
According to the Ministry of Environment, Forest and
Climate Change (MOEFCC, 2022) [ stubble burning
contributes nearly 20-25% of the air pollution load in Delhi
during the winter months. The resultant haze severely
affects public health and degrades soil microbial activity.
Therefore, effective utilization of paddy straw is essential
not only for waste management but also for promoting
sustainable industrial innovation. One of the most promising
avenues for straw utilization lies in the pulp and paper
manufacturing sector, which seeks sustainable raw material
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alternatives due to rising concerns over deforestation and
fiber scarcity.

Composition and Suitability of Paddy Straw for Paper
Production

Paddy straw consists mainly of lingo-cellulosic
components-cellulose, hemicellulose, and lignin-which are
essential constituents for papermaking (Rana et al., 2023)
(141 Typically, paddy straw contains 30-40% cellulose, 20—
25% hemicellulose, and 15-20% lignin (Table 1). However,
it also possesses a higher silica content (up to 15%), which
poses technical challenges during pulping and chemical
recovery (Bajpai, 2022).

Table 1: Chemical composition of paddy straw and wood pulp
(average % by dry weight)

Raw |Cellulose|Hemicellulose[Lignin|Ash|Silica References
Material | (%) (%) (%) |(%0)| (%)
(Kumar et
Paddy | a5 40 | 2530 |12-16|"28-10] al., 2023)
straw 18 i8]
(Yadav et
Wheat | 3542 | 2832 [14-17|*% | 35| al, 2022)
straw 12 [19]
(Ramesh et
Bagasse | 45-55 25-30 18-20(2-3| 1-2 | al., 2023)
[13]
(Islam &
Bamboo | 50-55 20-25 20-25(1-2]0.5-1| Prasad,
2023) 4
0.5 (Zhao et al.,
Hardwood| 45-50 25-30 20-25 1|~ | 2023) [21]

Despite its high silica content, paddy straw’s short fiber
length and ease of pulping make it suitable for producing
writing, printing, and packaging paper grades (Kaur &
Singh, 2021) [, Recent advances in pre-treatment
technologies such as soda-anthraquinone pulping and
organosolv extraction have improved the yield and quality
of straw-based pulp (Li et al., 2024) [,

Environmental Perspectives
1. Reduction in Air Pollution and Greenhouse Gas
Emissions

The most direct environmental benefit of using paddy straw
in paper manufacturing lies in reducing open-field burning.
Each tonne of straw burned releases approximately 1.46
tonnes of CO, 60 kg of CO, and 3 kg of PM..s (Pathak et
al., 2021) 2. Diverting even 25% of this straw for
industrial applications can substantially lower emissions and
improve regional air quality (Sharma et al., 2023) (7],

2. Conservation of Forest Resources

India’s pulp and paper industry consumes over 9 million
tonnes of fibrous raw material annually, 70% of which
comes from forest-based sources (Kumar et al., 2022) [,
Substituting wood with agricultural residues like paddy
straw reduces deforestation pressure, preserves biodiversity,
and contributes to sustainable forestry management.

3. Carbon Sequestration and Circular
Potential

Incorporating paddy straw into paper manufacturing

supports the circular economy model by transforming

Economy
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agricultural waste into industrial feedstock. The carbon
embedded in straw gets locked into paper products for
several years, contributing to temporary carbon
sequestration (Zhao et al., 2023) 24, Figure 1 illustrates this
circular utilization framework.

Circular economy model for paddy straw utilization in
sustainable paper manufacturing

(Schematic flow chart showing flow of paddy straw —
collection — pulping — paper production — recycling —
composting.)

5. Technological Advances in Straw-Based Pulping

Recent innovations have focused on addressing the
limitations of high silica and non-fibrous content.
Technologies  such  as  biopulping,  enzymatic

delignification, and alkaline peroxide mechanical pulping
(APMP) have demonstrated significant improvements in
yield and quality (Saini & Bajpai, 2023) 151,

1. Chemical Pulping Approaches

Traditional soda pulping has been optimized by adding
anthraquinone, which increases pulp yield by reducing
carbohydrate degradation (Bajpai, 2022). The organosolv
process, using ethanol or acetic acid, enables easier lignin
recovery and lower chemical discharge.

2. Mechanical and Biotechnological Methods
Biopulping employs white-rot fungi such as Phanerochaete
chrysosporium for partial lignin degradation prior to
chemical treatment, reducing energy consumption by up to
30% (Yuan et al., 2022) [0 Enzymatic treatment with
xylanases further improves fiber bonding and brightness,
making the process eco-friendly.

Simplified process flow of paddy straw to paper
manufacturing:

Straw collection — Cleaning — Pulping — Bleaching —
Papermaking — Drying

Economic Perspectives

1. Cost Competitiveness and Supply Chain Economics
Economic analyses indicate that paddy straw-based pulp can
be cost-competitive with wood pulp when feedstock is
available locally (Ramesh et al., 2023) ¥, However, the
logistics of straw collection and transportation remain key
determinants of feasibility. Establishing decentralized
collection centers and baling systems can lower costs
substantially (Bhatia & Gill, 2021) [,

Table 2: Comparative economics of wood- and straw-based paper
manufacturing (per tonne of pulp)

Wood Paddy Straw
Parameter
Pulp Pulp
Raw material cost (USD/t) 200-250 80-100
Chemical cost (USD/t) 100-120 130-150
Energy consumption (KWh/t) 900-1100 700-800
Pulp yield (%) 45-50 55-60
Environmental compliance cost
(USD) 40-50 25-30

Source: Adapted from Ramesh et al. (2023) [*¥ and Bhatia & Gill
(2021) 4,
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Although straw-based pulp requires higher chemical input,
the overall production cost remains lower due to the cheap
and abundant availability of straw. Additionally, carbon
credit mechanisms and government incentives for residue
utilization further enhance economic viability.

Policy and Sustainability Perspectives
1. National Policies  Promoting
Utilization

The Government of India has launched several initiatives
aimed at curbing stubble burning and promoting the
productive use of agricultural residues. The National Policy
for Management of Crop Residues (NPMCR) emphasizes in
situ and ex situ management strategies through
technological and industrial applications (MoEFCC, 2022).
In addition, the Scheme for Promotion of Agricultural
Mechanization for In-Situ Management of Crop Residue
(2018-19) subsidizes the procurement of straw balers and
reapers. These efforts align with India’s Nationally
Determined Contributions (NDCs) under the Paris
Agreement for reducing carbon emissions and promoting
sustainable industry practices (NITI Aayog, 2023) (14,

Paper mills utilizing paddy straw as feedstock can also
benefit from Extended Producer Responsibility (EPR)
frameworks and carbon credit mechanisms, enhancing both
environmental and economic sustainability (Rana & Bajpai,
2023) 141,

Agro-Residue

2. Industry-Agriculture Linkages

The integration of paddy straw utilization into the paper
industry fosters strong linkages between farmers and
industrial stakeholders. Contract farming models for straw
procurement ensure an additional source of income for
farmers, estimated at INR 1,500-2,000 per acre of straw
(Kumar et al., 2023) [, Such symbiotic collaborations
encourage rural entrepreneurship and reduce the
environmental burden associated with residue burning.

3. Sustainable Development Goals (SDGs)

The valorization of paddy straw contributes to several UN
Sustainable Development Goals, including SDG 12
(Responsible Consumption and Production), SDG 13
(Climate Action), and SDG 15 (Life on Land). By
promoting resource efficiency and reducing emissions,
paddy-straw-based paper manufacturing supports India’s
movement toward a circular bioeconomy (United Nations,
2023) 181,

Challenges and Future Prospects

1. Technical and Logistical Barriers

Despite clear environmental and economic benefits, large-
scale utilization of paddy straw for paper manufacturing
faces several challenges. The high silica content and waxy
cuticle make pulping difficult, often leading to scaling in
recovery boilers (Bajpai, 2022). Moreover, the bulk density
of straw (60-80 kg/m?3) complicates collection and transport
logistics. Addressing these requires investments in efficient
pre-processing, chemical recovery, and fiber modification
technologies (Li et al., 2024).

2. Policy and Market Limitations

Many small and medium-sized paper mills lack the financial
resources or incentives to switch from wood to straw
feedstocks. The absence of a robust residue supply chain,
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limited public—private partnerships, and inadequate
awareness among farmers further hinder adoption (Jain et
al., 2022) Bl However, emerging markets for eco-labeled
paper and global consumer demand for low-carbon products
could drive future growth in straw-based paper
manufacturing.

3. Research and Technological Innovation

Future research should focus on developing low-silica straw
varieties, optimizing biotechnological delignification, and
improving chemical recovery systems. The application of
artificial intelligence (Al) for optimizing pulping conditions
and predictive maintenance of recovery boilers could
revolutionize efficiency (Sharma & Prasad, 2024) [18],
Collaborative R&D  between academic institutions,
government agencies, and the private sector will be crucial
for scaling up sustainable practices

Conclusion

Paddy straw, often regarded as an agricultural waste,
possesses immense potential as a sustainable raw material
for paper manufacturing. Utilizing this resource addresses
the twin challenges of environmental pollution from residue
burning and the depletion of forest resources. From an
environmental standpoint, straw-based paper production
significantly  reduces carbon emissions, conserves
biodiversity, and supports a circular economy framework.
Economically, it offers a cost-effective feedstock that
strengthens rural livelihoods through farmer—industry
collaborations.

However, realizing its full potential requires overcoming
challenges related to feedstock logistics, chemical
processing, and policy implementation. Integrating
technological innovation, supportive government policies,
and industrial adaptation can transform paddy straw into a
cornerstone of India’s sustainable industrial future. The
transition from “waste to wealth” through paddy-straw-
based paper manufacturing exemplifies the principles of
sustainable development, aligning agricultural productivity
with environmental stewardship and economic resilience.
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