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Abstract 

Agriculture contributes significantly to global greenhouse gas emissions, accounting for roughly one-eighth of total 

anthropogenic emissions. A major yet underutilized resource within this sector is crop residues, biomass byproducts often 

discarded or burned in open fields. Such practices release large amounts of carbon dioxide, methane, and nitrous oxide, degrade 

soil quality, and exacerbate air pollution. Conversely, sustainable crop residue management presents a critical opportunity for 

renewable energy generation, greenhouse gas mitigation, and rural development. This review article synthesizes existing 

research on the current patterns, technologies, and policy frameworks of crop residue management, with a particular focus on 

developing countries. It highlights the persistence of inefficient traditional practices such as open-field burning and 

low-efficiency household combustion, and evaluates cleaner and more efficient thermochemical (e.g., pyrolysis, gasification) 

and biochemical (e.g., anaerobic digestion) conversion pathways. These technologies can transform crop residues into a variety 

of valuable bio-products, including biofuels, syngas, biochar, biogas, and digestate, that simultaneously offset fossil fuel use and 

enhance soil fertility. Drawing on findings from life-cycle assessment studies, this review shows that substituting fossil fuels 

with crop-residue-derived energy can reduce greenhouse gas emissions by up to 50% and non-renewable energy demand by over 

80%. The analysis underscores the dual benefits of crop residue utilization for climate change mitigation and sustainable rural 

energy access, while identifying persistent barriers such as technological inefficiency, collection logistics, soil carbon trade-offs, 

and inadequate policy and financial support. The review concludes that integrating sustainable crop residue management into 

national energy and agricultural strategies is essential for achieving low-carbon development and advancing the Sustainable 

Development Goals. Strengthened policy measures, promoting technological innovation, farmer education, and private-sector 

investment, are crucial to transforming crop residues from an environmental burden into a cornerstone of a circular bioeconomy 

that fosters energy security, soil restoration, and climate resilience. 
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1. Introduction 

There is broad scientific consensus that human activities are 

altering the global climate through the release of greenhouse 

gases (GHGs) into the atmosphere. The share of agricultural 

emissions to total anthropogenic emissions remained about 

one eighth from 1990 to 2010 [10]. Meanwhile, these emis-

sions continue to rise, from 4.7 billion tons of carbon dioxide 

equivalentsi in 2001 to over 5.3 billion tons in 2011, repre-

senting a 14% increase over the decade [10]. 

The agricultural sector can reduce GHG emissions through 

the effective management of crop residues (CRs). It is esti-

mated that agricultural activities produce a large number of 

CR every year. For example, in China, the total yield of CR 

was about 806.9 million tons (MT) in 2009, with an average 

annual yield of 716.0 MT over the past decade [24]. Recent 

studies also reveal that the theoretical potential of CRs has 

increased to 1,001 MT per year in 2023. However, up to 20% 

of residues are technically collectable but not currently uti-

lized; if fully exploited, these could generate about 108 TWh 

per year of power [60]. In India, around 141 MT of crop res-

idues are generated in 2020, of which 92 MT are burned due 

to inadequate management [20, 61]. 

Currently, the burning of CRs in traditional stoves for 

cooking and heating remains the primary source of house-

hold energy in most developing countries, particularly in 

Asia and the Pacific region [46]. Apart from this, a large por-

tion of CRs are not utilized and are left in the fields. Farmers 

often choose to burn them, as it is a quick and convenient 

way to prepare the land for the next planting season [24]. In 

Asia, field burning has become a serious concern due to its 

adverse environmental and health impacts. Streets et al. [52] 

estimate that open burning in China accounted for nearly half 

of the total 250 MT CR burned in Asia in the mid-1990s. In 

Sub-Saharan Africa (SSA), CRs are also discarded after har-

vest as on-the-farm wastes, with a very low utilization [33]. 

The traditional use and open-field burning of CRs not only 

emit significant quantities of GHGs, such as carbon dioxide, 

nitrous oxide, methane, and other harmful trace gases, 

thereby adversely affecting rural environments and the global 

climate, but also lead to the loss of nutrients and resources 

from farmland [23, 65]. 

Through effective management, CRs can be utilized more ef-

ficiently. Bio-products such as biofuels produced from CRs can, 

on the one hand, serve as feedstock for heat and electricity gen-

eration or as substitutes for fossil fuels [49]. Many studies esti-

mate that the availability of energy from CRs will be approxi-

mately 90 EJ (1 EJ = 10
1⁸  J) by 2050 [19]. Even in the most 

advanced countries in European Union, CRs are used only to a 

very small extent compared to their potential for energy produc-

tion. For example, Denmark is a pioneer in the use of straw for 

energy production, utilizing only 17.9 PJ (1 PJ = 10
15

 J) of straw 

from an average of 44 PJ of residues available [48]. On the other 

hand, bio-products such as biochar serve as an excellent carbon 

sink and soil amendment. Thus, the sustainable management of 

CRs is important for mitigating GHG emissions from the agri-

cultural sector, as well as for advancing developmental goals 

such as rural development and energy security. Zhang et al. 

estimated that CR-based bioenergy pathways in China could 

reduce life-cycle GHG emissions by 60-85% compared with 

conventional fossil fuels [62]. Similarly, Prateep Na Talang et al. 

found that in Thailand, diverting just 20% of key CRs (corn 

residues, rice straw, and sugarcane leaves) to biochar production 

instead of open burning could reduce GHG emissions by ap-

proximately 17,346 Gg carbon dioxide equivalents, representing 

a 31% reduction in total agricultural-sector GHG emissions and 

a 5% reduction relative to projected 2030 business-as-usual 

levels [63]. 

 
Source: [12] 

Figure 1. Greenhouse Gases Emissions by Sector. 
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Source: [57] 

Figure 2. Burning of Crop Residues in the Field in Developing Countries. 

This review paper synthesizes the current body of research 

on sustainable crop residue management and its potential 

contributions to climate change mitigation, renewable energy 

development, and rural sustainability. Specifically, it (i) ex-

amines the present patterns and challenges of CR utilization, 

(ii) compares thermochemical and biochemical conversion 

technologies and their environmental implications based on 

life-cycle assessment (LCA) evidence, and (iii) discusses 

policy measures and implementation barriers, particularly in 

developing countries. The review concludes that integrating 

sustainable CR management into national energy and agri-

cultural policies is critical for achieving low-carbon devel-

opment and advancing the Sustainable Development Goals 

of the 2030 Agenda. 

2. Current Status of Crop Residues 

As an abundant and accessible biomass resource, CRs 

have served as a source of fuel since humans first harnessed 

fire approximately 800,000 years ago [17]. Today, CR utili-

zation for energy encompasses both traditional applications, 

such as direct combustion for cooking and heating, and 

modern pathways, including the production of electricity, 

steam, and advanced biofuels. However, the use of CRs in 

modern applications is estimated to account for only about 

15%, with the remainder still used in traditional ways [27]. 

2.1. Direct Combustion for Cooking and 

Heating 

Biomass combustion is a process in which fuel is burned 

with oxygen from the air to release stored chemical energy as 

heat in burners. It supplies about 10-14% of the world’s total 

primary energy [47]. The most common application of CR 

biomass energy in developing countries is as a source of heat 

for cooking, sometimes called traditional use [37]. For ex-

ample, in China, an average of 37.5% of CRs were used for 

energy between 1996 and 2003, of which 37% were used for 

cooking (approximately 250 MT), while only 0.5% were 

used for biogas production. Over the past several decades, 

30-45% of household energy in rural China has come from 

the direct combustion of CRs. In other Southeast Asian 

countries, the proportion of CRs used for cooking and heat-

ing is even higher [28]. Nevertheless, energy efficiency of 

the traditional stoves burning was quite low, merely 7-10% 

[31]. Therefore, direct combustion of CRs not only causes a 

great deal of fuel waste, but serious air pollution, especially 

the indoors respiratory aerosols [38]. 

2.2. Field Burning 

Apart from the traditional use of CRs, a large portion of 

CRs are not utilized and are left in the fields [57]. Open 

burning of CRs is a common practice for the elimination of 

waste during the harvesting, post-harvesting or pre-planting 

periods [36]. Sahai et al. [46] estimated that 57, 60 and 63 

MT of CRs were burnt on farms in India during the years of 

2000, 2005 and 2010, respectively. In Thailand, it was esti-

mated that 11 MT of rice straw was burnt in the field in 2003. 

In Philippines, 10 MT of rice straw were estimated to be 

burnt in 2007 [14]. In SSA, CRs are also discarded as 

on-the-farm wastes, and are burnt directly [33]. Field burning 

of CRs also has significant impacts on the local and regional 

environment, and at the same time causes soil nutrition and 

biomass resource loss [23]. 

3. Clean and Efficient Energy Utilization 

of Crop Residues 

Due to growing concerns about global warming and the 

depletion of fossil energy sources, there is considerable 

worldwide interest in increasing the utilization of renewable 
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energy resources, including CR biomass. Therefore, the need 

for cleaner and more efficient CR utilization is more urgent 

than ever. Through thermochemical and biochemical conver-

sion technologies, CRs can be transformed into three main 

types of products: (1) heat and electrical energy, (2) fuels for 

the transport sector, and (3) other bio-based products with 

valuable applications. Moreover, with few exceptions, ener-

gy derived from CRs costs less than the equivalent amount of 

energy produced from fossil fuels [15]. 

3.1. Thermochemical Conversion Technologies 

Common biomass thermochemical conversion technolo-

gies include pyrolysis and gasification, which convert CRs 

into heat, electricity, and solid, liquid, and gaseous products. 

All of these products can replace energy generated from tra-

ditional fossil fuel sources, whose combustion is estimated to 

emit more than 785 MT of carbon dioxide equivalents in 

2010 [11, 25], or be upgraded to bio-products with good ap-

plication. 

3.1.1. Pyrolysis 

Pyrolysis is the basic thermochemical process for con-

verting CRs to more useful products. CRs are heated in the 

absence of oxygen, or partially combusted in a limited oxy-

gen supply, to produce a hydrocarbon rich gas mixture called 

syngas, an oil-like liquid called bio-oil and a carbon rich 

solid residue called bio-char [8]. Pyrolysis produces energy 

fuels with high fuel-to-feed ratios, making it the most efficient 

process for biomass conversion, and the method most capable 

of competing and eventually replacing non-renewable fossil 

fuel resources [39]. The conversion of biomass to energy can 

be having an efficiency of up to 70% for flash pyrolysis pro-

cesses [9]. 

3.1.2. Gasification 

The biomass gasification process converts solid biomass 

into a combustible gas mixture through partial oxidation at 

high temperatures (typically above 800°C). The resulting 

producer gas primarily consists of hydrogen, carbon monox-

ide, carbon dioxide, methane, and small quantities of higher 

hydrocarbons such as ethane and ethylene. The choice of 

oxidizing agent, air, oxygen, or steam, strongly influences the 

heating value and composition of the gas. Air gasification 

generally yields a low-calorific-value gas suitable for boilers, 

internal combustion engines, and turbines, while oxygen- or 

steam-based gasification produces a medium-calorific-value 

synthesis gas (syngas) that can be upgraded into liquid fuels 

such as methanol and gasoline. 

Compared with direct combustion, gasification offers sev-

eral notable advantages:(1) it operates at lower effective 

combustion temperatures, reducing equipment wear and ex-

tending system lifespan;(2) it achieves higher thermal effi-

ciency and requires less biomass feedstock while emitting 

fewer pollutants; and (3) the char byproduct generated during 

gasification can be utilized as a soil amendment or fertilizer, 

contributing to nutrient recycling and soil carbon retention. 

 
Figure 3. Product Distribution of Different Thermochemical Con-

version Processes. 

3.1.3. Thermochemical Products 

(i). Syngas 

Syngas is typically a product of pyrolysis and gasification. 

It is a mixture of hydrogen, carbon monoxide, and other hy-

drocarbons. Syngas can be combusted to generate heat and 

electricity (e.g. provide power for a biomass gasification 

reactor when burned directly in internal combustion engines) 

[7]. Syngas can also be processed into biofuels, which is a 

source of fuel for transport sector [34]. 

(ii). Biofuels 

Biofuels are made from biomass via pyrolysis. Biofuels 

include liquid fuels, such as bioethanol, bio-methanol, bio-

diesel, and gaseous fuels, such as hydrogen and methane. 

Biofuels provide a promising pathway to reduce dependence 

on fossil fuels for both energy production and industrial 

feedstocks. In the agricultural sector, significant potential 

exists to expand biofuel production using CRs generated on 

farms. The selection of suitable feedstock is critical for 

achieving high conversion efficiency and fuel yield. Resi-

dues with a high cellulose and hemicellulose content are par-

ticularly desirable, as these polysaccharides serve as the pri-

mary precursors for biofuel synthesis. In addition, CRs with 

low moisture content are preferred because they lower drying 

costs and improve the energy efficiency and quality of the 

resulting fuel [42, 58]. Biofuels are primarily used to power 

vehicles but can also be used in engines or fuel cells for 

electricity generation. They do not produce the same emis-

sions associated with fossil fuels. Two major biomass-based 

liquid transportation fuels, bioethanol and biodiesel, have the 

potential to replace gasoline and diesel, respectively. It is 

generally assumed that biodiesel serves as a substitute for 

fossil diesel, while bioethanol is used as a replacement for 

gasoline [9]. The advantages of biofuels are as follows: First, 
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they are renewable fuels that can be sustainably developed in 

the future. Second, they exhibit strong environmental benefits, 

resulting in no net carbon dioxide emissions and very low 

sulfur content. Third, they possess significant economic po-

tential, particularly if fossil fuel prices rise in the future [3]. 

(iii). Biochar 

Biochar, a carbon-rich solid byproduct of the pyrolysis 

process, has significant value in agricultural applications. As a 

stable form of charcoal, biochar can enhance soil quality by 

improving its water and nutrient retention capacity. When 

incorporated into the soil, it acts as a sorbent, reducing nu-

trient leaching and minimizing the loss of fertilizers and pes-

ticides to the surrounding environment [4]. Biochar is also an 

excellent carbon sink. It can continue to absorb carbon and 

form large underground stores of sequestered carbon that can 

lead to negative carbon emissions and healthier soil [55]. 

Finer biochar is usually produced during the fast pyrolysis 

process, whereas the use of larger particle-sized feedstock in 

slow pyrolysis results in a coarser biochar. CRs tend to yield 

more fragile-structured biochar, while woody biomass pro-

duces coarser biochar [51]. 

 
Figure 4. Applications of Biomass Thermochemical Conversion Processes. 

3.2. Biochemical Conversion Technologies 

The biochemical conversion of CR biomass involves the 

use of microorganisms to break down the biomass into gas-

eous or liquid fuels, which can then be used for the produc-

tion of energy and fertilizer. The most widely applied bio-

chemical technology is anaerobic digestion (AD). 

3.2.1. Anaerobic Digestion 

AD is a biological process in which microorganisms de-

compose organic waste or residues in the absence of oxygen. 

Almost any organic material can be treated through AD. This 

process is highly efficient, capable of degrading up to 80% of 

the cellulose, the primary constituent of CRs [44]. Moreover, 

AD helps reduce the direct emission of GHGs into the at-

mosphere [32, 50] and produces nutrient-rich digestate that 

enhances soil fertility and water-holding capacity [41]. In 

Germany, more than 50% of biogas production comes from 

energy crops processed in approximately 700 AD plants [30]. 

Drawing on Germany’s experience, AD of CRs could be-

come a sustainable option in developing countries if appro-

priate strategies are implemented. 

3.2.2. Biochemical Products 

(i). Biogas 

Biogas is produced by AD and is an environment friendly, 

clean, cheap and versatile fuel [26]. It consists primarily of 

methane and carbon dioxide, along with small amounts of 

other gases such as hydrogen sulfide. It can be utilized in 

various forms, either in its raw state or after upgrading, for 

multiple applications, including: (1) the production of heat 

and steam; (2) electricity generation through combined heat 

and power systems; (3) use as an upgraded vehicle fuel [43]; 

(4) the production of chemicals and proteins [2]; and (5) up-

grading and injection into natural gas grids [29]. 

The utilization of biogas offers several distinct advantages. 

It can be produced on demand and easily stored. For instance, 

an AD container with a capacity of 6-8 m
3
 is sufficient to 

supply energy to small households in the region [64]. Com-

pared with the traditional use of CRs, methane generation 

significantly improves the carbon use efficiency of CRs 

while providing clean energy for household consumption. 

Relative to the direct burning of CRs for cooking and heating, 

methane generation can increase heat energy availability 

from approximately 10% to over 60% [59]. Furthermore, 
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upgraded biogas can be distributed through existing natural 

gas infrastructure and used in similar applications. Injecting 

biomethane into natural gas grids also expands opportunities 

for transporting and utilizing biogas in major ener-

gy-consuming areas with high population densities. 

Biogas can also replace fossil fuels in the transport sector 

[21]. A notable example of biogas upgrading and its use as 

vehicle fuel can be found in Sweden, where the market for 

biogas utilization has expanded rapidly over the past decade 

[43]. 

(ii). Digestate 

Digestate is the material remaining after the AD. The pri-

mary use of digestate is as a soil conditioner and as a fertiliz-

er. As to fertilizer properties, Digestate has excellent fertiliz-

ing properties because of its high nutrient content, nitrogen, 

phosphorus, and potassium. It appears to be a very good 

candidate to replace inorganic fertilizers, also contributing to 

the short-term soil organic matter turnover. The analysis 

showed an increase in macro-elements content in plants 

where digestate is used [53]. 

Table 1. Comparison of Major Crop-Residue Conversion Technologies. 

Conversion 

pathway 
Process description Typical energy efficiency 

Primary prod-

ucts 

Estimated GHG re-

duction vs. fossil fuels 

Pyrolysis 
Thermochemical decomposition of 

biomass in limited oxygen (400-700°C) 
60-70% (fast pyrolysis) 

Bio-oil, biochar, 

syngas 
60-85% reduction 

Gasification 
Partial oxidation of biomass at high 

temperature (> 800°C) 

70-80% (depending on 

oxidant and reactor design) 

Syngas (H₂ , 

CO, CH₄ ), 

heat, char 

50-75% reduction 

Anaerobic di-

gestion 

Microbial degradation of organic matter 

in the absence of oxygen 

60-65% conversion of or-

ganics 

Biogas (CH₄  + 

CO₂ ), digestate 
40-70% reduction 

Notes: Conversion efficiency and GHG-reduction values are indicative ranges compiled from life-cycle assessment and techno-economic 

studies [21, 45, 56, 62]. 

3.3. Environmental Impact Assessment 

3.3.1. Life Cycle Assessment Methodology 

In order to better promote the cleaner and more efficient 

utilization practice of CRs, it is important to estimate GHG 

emissions from the conversion processes. LCA is a tool used 

for evaluating the potential environmental impacts of a 

product or service throughout its entire life cycle, from raw 

material extraction to end-of-life [56]. LCA offers a com-

prehensive framework for evaluating the environmental per-

formance of production systems, identifying the stages that 

contribute most significantly to overall impacts. This holistic 

approach provides essential insights for stakeholders and 

policymakers, supporting evidence-based decision-making in 

sustainable resource management [13]. The general LCA 

framework for converting CRs into various end products 

typically consists of three main phases, as illustrated in Fig-

ure 5. [40]. 

 
Figure 5. Generalized System Boundary for a Life Cycle Assess-

ment. 
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3.3.2. Assessment Results 

GHG emissions of the conversion process are highly de-

pendent on specific management practices and operating 

conditions, thus vary with sites [45]. However, significant 

environmental benefits can be obtained by using CRs to 

produce energy and other bio-products: (1) carbon dioxide, 

sulfur dioxide, and ash production from gasification and py-

rolysis system will be typically being far lower than using 

fossil fuels and traditional use of CRs [1]; (2) In the case of 

biomass conversion, the carbon dioxide released during pro-

cessing originates from carbon previously absorbed from the 

atmosphere through photosynthesis. As a result, this process 

helps maintain a near-equilibrium level of atmospheric car-

bon dioxide, in contrast to fossil fuel combustion, which re-

leases carbon that has been sequestered underground for mil-

lions of years, thereby increasing net atmospheric carbon 

dioxide concentrations [37]; (3) The alkaline ash from CR 

biomass captures some of the carbon dioxide and sulfur di-

oxide produced during conversion process [8]. The estima-

tion result of a CR gasification system in China shows that it 

has a high net global warming mitigation benefit. The global 

warming impact per energy output is calculated to be 66.97 g 

carbon dioxide equivalent/MJ under dynamic LCA, indicat-

ing the considerable potential of CR gasification to mitigate 

global warming impacts. Over the project’s lifetime, the 

main sources of greenhouse gas emissions in a CR gasifica-

tion system arise during the construction and operation 

phases, primarily due to the consumption of crop residues, 

electricity, and steel [56]. 

 
Source: [56] 

Figure 6. Proportions of Greenhouse Gas Emissions at Different Stages. 

Another study focusing on biofuel production from two 

types of CRs, corn stover and wheat straw, shows that utiliz-

ing CRs can substantially reduce GHG emissions and fossil 

energy demand. The LCA conducted in this research demon-

strates that significant environmental benefits are achieved 

when biofuel systems are compared with fossil fuel reference 

systems. Specifically, GHG emissions are reduced by ap-

proximately 50%, while non-renewable energy savings ex-

ceed 80%. Both biofuel systems exhibit lower total GHG 

emissions than their fossil counterparts, 137 versus 296 kilo-

tons of carbon dioxide equivalent per year for corn stover, 

and 130 versus 255 kilotons of carbon dioxide equivalent per 

year for wheat straw [5]. 

Currently, 2.7 billion people worldwide depend on tradi-

tional biomass for cooking and heating, while 84% of them 

belonged to rural communities [6]. Combined heat and pow-

er, efficient utilization of CRs in rural areas can help pro-

mote energy access and sustainable development, along with 

reduced GHG emissions. It is estimated that the annual CR 

energy potential has been reported to be 49 EJ in 2050 [19]. 

This means that, increasing utilization of CR biomass energy 

could play a significant role in low carbon agriculture de-

velopment and climate change mitigation. 

4. Benefits and Challenges of Sustainable 

Crop Residue Management 

4.1. Benefits 

The initial energy of CR comes from the sun, thus it is a 

clean, renewable and carbon neutral energy source. Com-
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pared to fossil fuels, CR biomass has negligible sulfur con-

tent and, therefore, do not contribute to sulfur dioxide emis-

sions that cause acid rain. Furthermore, biomass combustion 

generates relatively little ash, and the ash that is produced 

can be recycled as a soil amendment, returning minerals and 

nutrients to agricultural fields [47]. In addition, global oil 

reserves are projected to be largely depleted by around 2050, 

underscoring the urgency of developing sustainable and re-

newable energy alternatives. Increased use of CR biomass 

energy would extend the lifetime of diminishing crude oil 

supplies. Furthermore, since the use of CR biomass energy 

emits less GHG, it has the potential to reduce some extreme 

natural calamities such as excessive rainfall and consequent 

floods, droughts and local imbalances caused by climate 

change. 

Crops can regrow in a relatively short amount of time, so 

that CRs are consistently available if managed sustainably. 

In addition, unlike other renewable energy sources, such as 

wind or solar, CR biomass energy is stored within the organ-

isms, and thus can be harvested whenever it is needed. 

Efficient CR management can be economically beneficial, 

e.g., raising and diversifying farm incomes and increasing 

rural employment through the production of biomass energy 

and bio-products for domestic [16] or export markets [54]. 

4.2. Challenges 

While CR production is substantial, only a fraction can be 

sustainably collected for energy generation or bio-product 

manufacturing. CRs play a crucial role in maintaining soil 

health by controlling erosion, preserving soil organic carbon, 

and supporting nutrient cycling. Excessive removal can 

therefore degrade soil fertility and long-term productivity. 

However, research indicates that when harvest rates and 

management practices are optimized to local crop types, soil 

conditions, and farming systems, a balance can be achieved, 

allowing partial residue removal for energy use without 

compromising soil quality [5]. Moreover, even when resi-

dues are left uncollected, most of the carbon they contain 

eventually returns to the atmosphere through decomposition 

[22]. Hence, from a life-cycle perspective, using CRs for 

bioenergy in a controlled and sustainable manner can achieve 

a net reduction in GHG emissions compared with open 

burning or unmanaged decay [18]. 

In practice, however, the implementation of these tech-

nical options faces several real-world constraints. In SSA, for 

instance, limited public awareness, low education levels, and 

weak institutional capacity continue to hinder the adoption of 

modern renewable energy technologies. Although several 

national policies promote bioenergy development, political 

instability, inadequate infrastructure, and weak supply chains 

have impeded large-scale deployment [33]. These so-

cio-economic barriers underscore the need for integrated 

approaches that combine technological innovation with 

community engagement, education, and institutional reform. 

From a technological standpoint, the conversion efficiency 

of CR-based energy systems still lags behind that of conven-

tional fossil fuels, primarily due to the inherent physical and 

chemical limitations of biomass feedstocks. CRs typically 

exhibit high moisture content (15-40%), low bulk density 

(80-150 kg/m
3
), and heterogeneous composition, which col-

lectively lower combustion efficiency, increase transporta-

tion costs, and complicate storage and preprocessing. More-

over, residues are often spatially dispersed across smallhold-

er farms, resulting in fragmented collection systems and high 

logistics costs that reduce the economic viability of 

large-scale operations. 

Recent technological developments have attempted to 

overcome these constraints. Densification techniques, such 

as palletization and briquetting, have shown considerable 

promise in improving the energy density of CRs by three- to 

fivefold, from approximately 8-10 GJ/m
3
 for loose biomass 

to over 20-25 GJ/m
3
 for densified forms [35]. These pro-

cesses also enhance handling, storage stability, and combus-

tion uniformity, making residues more compatible with ex-

isting boiler and co-firing systems. Additionally, torrefaction, 

a mild thermal treatment at 200-300°C, can further reduce 

moisture content, improve grindability, and create a hydro-

phobic product with higher calorific value and better shelf 

life, effectively bridging the performance gap between bio-

mass and coal in energy applications. 

However, scaling up these technologies remains challeng-

ing. Densification and torrefaction facilities require stable 

feedstock supply chains, electricity access, and capi-

tal-intensive processing units, which are often lacking in 

rural or developing contexts. To ensure economic feasibility, 

supportive policy instruments, such as feed-in tariffs, tax 

credits, low-interest financing, and investment in rural logis-

tics infrastructure, are essential. Moreover, public-private 

partnerships and pilot demonstration projects can help adapt 

these technologies to local contexts, build technical expertise, 

and establish market confidence. Integrating these techno-

logical advances with coordinated supply-chain management 

and institutional support will be crucial for mainstreaming 

CR-based bioenergy systems in developing economies. 

4.3. Recommended Policies 

Energy is a fundamental driver of economic growth and 

social development. Accordingly, energy policies form an 

essential component of the broader institutional framework 

that shapes national competitiveness, environmental sustain-

ability, and private-sector engagement. Renewable, 

crop-residue-based energy sources are domestically available 

and can therefore reduce dependence on imported fossil fuels 

while enhancing energy security. However, the successful 

integration of CR-based bioenergy into national energy sys-

tems depends critically on policy coherence, institutional 

capacity, and market incentives, which remain uneven across 

regions. 
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Existing studies emphasize that effective policy support is a 

key determinant of successful biomass utilization. For in-

stance, the European Union’s Renewable Energy Directive 

and China’s Renewable Energy Law have both stimulated 

investment in bioenergy technologies through feed-in tariffs 

and subsidies. In contrast, developing countries often face 

policy fragmentation, weak enforcement, and insufficient 

coordination between agricultural, energy, and environmental 

agencies. As a result, many CR utilization initiatives remain 

small-scale or pilot-level, lacking integration with broader 

rural energy strategies. 

Despite these challenges, CR biomass energy holds sub-

stantial potential for inclusive economic development, espe-

cially in rural and oil-importing regions. Well-designed CR 

energy programs can generate co-benefits such as rural em-

ployment, electrification, soil conservation, and improved air 

quality. Empirical evidence suggests that decentralized bio-

energy projects, when linked with local cooperatives and 

microfinance schemes, can significantly enhance community 

resilience and income diversification [21, 54]. 

To fully realize the potential of CR-based energy, a multi-

dimensional policy framework is required. Governments 

should integrate CR management into their nationally deter-

mined contributions and rural development plans, explicitly 

linking clean energy goals with climate adaptation and food 

security objectives. Strengthening agri-food value chains can 

amplify the spillover benefits of renewable energy in rural 

economies. At the same time, targeted incentives, such as tax 

credits, low-interest loans, and carbon pricing mechanisms, 

are necessary to attract private investment and scale up 

technology adoption. 

Another persistent barrier highlighted in the literature is 

limited awareness and information asymmetry among farmers 

and local stakeholders. Misinformation about costs, mainte-

nance, and performance often discourages participation in 

cleaner energy programs. Therefore, public awareness cam-

paigns and capacity-building initiatives should form a core 

component of policy design. Finally, access to credit and 

risk-sharing mechanisms must be expanded to support ear-

ly-stage investments in CR-based projects, particularly in 

smallholder-dominated economies. 

Overall, the literature suggests that while substantial pro-

gress has been made in policy development for biomass en-

ergy in industrialized countries, developing nations still re-

quire integrated, well-coordinated, and context-specific pol-

icy instruments. Future policy efforts should move beyond 

technology promotion to address governance, financing, and 

institutional barriers, ensuring that crop residue management 

becomes a central pillar of sustainable energy transitions. 

5. Conclusion 

The sustainable management of CRs presents a promising 

pathway toward achieving low-carbon agricultural development 

and mitigating climate change. Traditional practices such as 

open-field burning and inefficient household combustion con-

tinue to release substantial GHGs while wasting valuable bio-

mass resources. In contrast, advanced thermochemical and bio-

chemical conversion technologies, such as pyrolysis, gasifica-

tion, and anaerobic digestion, offer viable alternatives for trans-

forming CRs into renewable energy, biofuels, and 

soil-enhancing byproducts like biochar and digestate. These 

innovations not only offset fossil fuel dependence but also con-

tribute to soil fertility, energy security, and rural livelihoods. 

LCAs consistently demonstrate that the substitution of 

fossil fuels with CR-derived energy can reduce greenhouse 

gas emissions by up to 50%, while increasing non-renewable 

energy savings beyond 80%. However, realizing this poten-

tial requires overcoming challenges related to technological 

efficiency, residue collection logistics, soil carbon balance, 

and the lack of awareness and financial support in develop-

ing regions. 

Integrating sustainable CR management into national en-

ergy and agricultural policies could simultaneously support 

countries’ climate commitments, enhance food and energy 

resilience, and promote inclusive rural development. Future 

policy efforts should prioritize technological innovation, 

capacity building, and investment incentives for clean CR 

utilization. With coordinated global and local action, CRs, 

once treated as waste, can become a cornerstone of a circular 

bioeconomy that sustains productivity, reduces emissions, 

and advances the Sustainable Development Goals. 
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