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Preface

Agriculture today contributes about 13 percent of greenhouse gas emissions – a significant part of the 

overall total.  Agricultural emissions are expected to increase given the growing demand for food, fuel, 

fibre, and other materials supplied by agriculture.  New technologies and agricultural practices, however, 

hold the promise of reducing GHG emissions from the sector.  

This guidebook describes crop and livestock management technologies and practices that contribute 

to climate change mitigation while improving crop productivity, reducing reliance on synthetic fertilizers, 

and lowering water consumption.  It is co-authored by internationally recognised experts in the areas of 

crops, livestock, emissions, and economics, and we are grateful for their efforts in producing this cross 

disciplinary work.

This publication is part of a technical guidebook series produced by the UNEP Risø Centre on Energy, 

Climate and Sustainable Development (URC) as part of the Technology Needs Assessment (TNA) project 

(http://tech-action.org) that is assisting developing countries in identifying and analysing the priority 

technology needs for mitigating and adapting to climate change. The TNA process involves different 

stakeholders in a consultative process, enabling all stakeholders to understand their technology needs in 

a cohesive manner, and prepare Technology Action Plans (TAPs) accordingly.

The TNA project is funded by the Global Environment Facility (GEF) and is being implemented by UNEP 

and the URC in 36 developing countries.

Jorge Rogat 				    Mark Radka
Project Manager 				    Chief, Energy Branch
UNEP Risø Centre 				   UNEP DTIE
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This guidebook supports developing countries to select technologies that can help mitigate greenhouse 
gas (GHG) emissions from the agriculture sector and promote a sustainable agriculture sector. The GHG 
emissions from agriculture are mainly due to three gases: carbon dioxide (CO2), methane (CH4), and nitrous 
oxide (N2O). There are six broad mitigation measures that can contribute to mitigation of these gases from 
the agriculture sector (Smith et. al., 2008).

1.	 Cropland management

2.	 Livestock management

3.	 Manure/bio-solid management

4.	 Bioenergy

5.	 Grazing land management/pasture improvement

6.	 Management of organic soils and restoration of degraded lands.

We have added a seventh measure: the concept of organic agriculture, which encompasses the other 
six measures. These seven measures contribute to mitigation of the three key greenhouse gases in three 
ways:

1.	 By reducing emissions of CH4 and N20 from agriculture

2.	 By enhancing removal of atmospheric greenhouse gases

3.	 By avoiding emissions of fossil fuels which are inputs for agriculture.

This guidebook focuses on measures 1 to 4 and organic agriculture. These measures can each be divided 
into activities which are exemplified through a number of technologies (see Table 1.1). Table 1.1 follows 
a classification provided by Smith et. al., 2008. The various technologies discussed in the guidebook are 
then mapped according to this classification and in terms of the gases mitigated by each technology. This 
is to provide an overall perspective to the reader.

1.	 Introduction and Outline of the 
Guidebook
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Table 1.1  Measures and activities for mitigating GHG emissions from agriculture (*)

Mitigation 
measure

Activity
Technology examples 

discussed
Mitigation  effects

CO2 CH4 N2O

Cropland 
Agronomy

Agricultural biotechnology √ √

management Cover crop technology √

Nutrient management
Fertiliser management 
technologies

√ √

Using mycorrhiza √

Tillage/residue 
management

Zero-tillage, Conservation tillage √ ?

Biochar √

Water management 

Sprinkler and drip irrigation, 
Fog and rainwater harvesting 
(provided in  the Guidebook for 
Adaptation Technologies)

? √

Rice management

Fertiliser and manure 
management

√

Mid-season water drainage √ √

Alternate wetting and drying √

Potassium fertiliser application √

Nitrification inhibitors √

Agriculture biotechnology √

Methane mitigation using 
reduced tillage

√

Chemical fertiliser amendment √

Direct seeding technology √

Amendment in methanogenic 
activity using electron acceptors

√

Agro-forestry Agro-forestry √ ?

Livestock 
management

Improved feeding 
practices

Feed optimisation √

Extension of ammoniated straw 
and sillage

√

Specific agents and 
dietary additives

GM rumen bacteria to produce 
lower methane

√

Longer term structural 
and management 
changes and animal 
breeding

Animal species and performance √
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Mitigation 
measure

Activity
Technology examples 

discussed
Mitigation  effects

CO2 CH4 N2O

Manure/
bio-solid 
management

Improved storage and 
handling

Covering manure storage 
facilities

√ ?

Anaerobic decay of 
agriculture waste 
(anaerobic digestion)

Crop residue management √ ?

Biogas digester with methane 
recovery

√ ? 

Bioenergy
Energy crops, 
solid, liquid, biogas, 
residues

Agriculture for bio-fuel 
production

√ ?

Micro-algae (also to make  
bio-diesel)

√

Integrated 
and other 
technologies

Organic agriculture √ √ √

(*) The mitigation measures and activities based on Smith et. al., 2008.
√  means the technology has a positive contribution to mitigation
? means that mitigation impact is not clear 

Chapter 2 provides an overview of CO2, CH4 and N2O emissions from agriculture and the strategies that 
are available for mitigation of these gases.

Chapters 3 to Chapter 7 cover different mitigation technologies. A listing of the technologies covered is 
provided in Table 1.1., including:

•	 A technical description

•	 Advantages and disadvantages

•	 Economics and mitigation potential

•	 Examples citing locations of its application

•	 Barriers the technology faces. 

This guidebook covers both technologies that are mature and ready to use and those that have potential 
for the future. However, they require research at global and local levels.

Chapter 8 emphasises the need to address barriers, co-benefits, climate mitigation financing and the 
adaption of technologies to local conditions, including conducting necessary research.

Introduction and Outline of Guidebook
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Agriculture is our primary source of food, and it is particularly sensitive to climate change. Anthropogenic 
activities like fossil fuel burning for power generation, industrial manufacturing and transportation, 
agricultural activities such as rice production, synthetic fertiliser use, livestock rearing, change in land use 
patterns such as deforestation as well as waste disposal have contributed to the increased atmospheric 
concentration of greenhouse gases (Figure 2.1). This increase is an important contributor to climate change 
leading to increased global temperature and other stresses (Houghton et al., 1996).

Figure 2.1  Various greenhouse gases and their anthropogenic sources

Source: Uprety et al., 1996

2.1	 Contribution to emissions

The agriculture sector accounts for about 13 per cent (Barker et al., 2007) of global anthropogenic 
greenhouse gas emissions, i.e., between 5 and 6 giga tonnes (Gt) of CO2 equivalents (CO2e) per year. 
This is predicted to rise almost 40 per cent by 2030 largely due to increasing demand from a growing 
population and changing consumption patterns for food, including increasing demand for ruminant meats 
(Smith et al., 2007). The sector emits about 3.3Gts of methane (CH4), 2.8Gt of nitrous oxide (N2O) and 
0.04Gt of carbon dioxide (CO2) in terms of CO2e annually. Over half of the global nitrous oxide and methane 
emissions come from the agriculture sector (Figure 2.2). The relative global warming potential (i.e., relative 
amount of warming compared to the same mass of CO2) of N2O is 298 (CO2e) and that of CH4 is 25 (CO2e) 

2.	 Greenhouse Gases and Agriculture
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compared to 1(CO2e) of CO2 (Forster et al., 2007). Nitrous oxide is emitted mainly from inorganic fertiliser 
and manure application to soils. Methane is emitted largely from livestock (fermentation in digestion), rice 
production, and manure handling. Carbon dioxide is released mainly from microbial decay of plant litter 
and soil organic matter, as well as from burning of plant residues (Smith, 2004).

Figure 2.2  Greenhouse gas emissions from agriculture

Source:  Kasterine and Vanzetti  (2010)

The CO2, CH4, and N2O concentrations were 280 ppm, 715 ppb, and 270 ppb, respectively in 1750 A.D. 
By 2005 these  values rose to 379 ppm, 1774 ppb, and 319 ppb, respectively (IPCC, 2007). The ice-core 
record for CO2, CH4 and N2O confirmed that their concentrations in the atmosphere are higher than at any 
time in the last 65,000 years (Long et al., 2004). The total quantity of the atmospheric greenhouse gases 
(CO2, CH4 and N2O) has increased exponentially from 3.08 to 6.51 billion tonnes between 1961 and 2005, 
along with the rise in world population. Thus, there is a positive relation between population and emissions 
of N2O and CH4 for countries including India and Brazil (Vanbeek et al., 2010). Crop production during this 
period increased from 1.8 to 4.8 billion tonnes per annum. Global cropland expanded from 960 Mha to 
1,208 Mha. Total crop production increased from 1.84 tonnes/hectare to 3.96 tonnes/hectare. This increase 
in agricultural production due to addition of N-fertilisers resulted in 1.4-1.7Gt of GHG emissions i.e., 10-
12% of total anthropogenic emissions including 0.76Gt CO2e N2O and 0.90Gt CO2e CH4, representing 
58% and 47% of agricultural emissions respectively.

2.2	 Mitigation 

The agriculture sector also contributes significantly to GHG mitigation by acting as GHG sink for 10% of 
emissions. Agriculture creates a reduction  in global GHG emissions by approximately 32% by absorbing 
CO2 emissions, 42% by carbon offsets through biofuel production, 15% by reducing methane emissions 
and 10% from reducing emissions of N2O (IPCC, 2007).

Mitigation could be accomplished through intensification and extensification of agriculture. Intensification 
may increase emission of GHGs per hectare due to high input of fertilisers, extensive mechanised tilling of 
soil, heavy use of pesticides and use of  inorganic fertilisers. However, it could reduce total land requirement 
and total agricultural emissions, i.e., a reduced carbon footprint per kg of product. Extensification creates 



7

a reduction in emission per hectare due to less use of fertilisers, labour, capital and less mechanisation but 
total land requirement may increase slightly.

Emission strategies are generally grouped as: (1) enhancement of sinks for CO2 sequestration (2) emission 
reduction from agriculture, and (3) avoidance of emissions via replacement products or land use change 
prevention. Schneider and Kumar (2008) interpreted sinks as reversals of past agricultural emissions which 
include carbon sequestration in soils and the increase in biomass productivity by altering management and 
land use changes. The potential emission reductions from agriculture include lower CH4 emissions from 
rice fields, ruminants animals and manure; lower N2O emissions from changes in fertiliser use and manure 
management and lower CO2 emission by reduced fossil fuel consumption in agriculture. The avoidance 
of emissions by using replacement products includes: prevention of deforestation, substitution of fossil 
fuels by biomass-based energy (e.g., ethanol, biodiesel) and use of biomaterial to replace GHG emitting 
products (e.g., bamboo in place of aluminium).

However, these strategies should be applied with consideration of local conditions. If agricultural land is 
used for energy crop plantations, wetland restoration, and afforestation, it will lead to the reduction in land 
for crop production and food security. Wetland restoration may sequester a large amount of CO2, but it will 
also contribute to higher methane emissions. Energy crops act as beneficial carbon offsets, but they can 
also lead to undesirable nitrous oxide emissions (Crutzen et al., 2008). Use of excess N-fertiliser required 
for the production of an energy crop can  result in more emissions of nitrous oxide. This may contribute 
more to the global warming by emitting N2O than cooling by saving on fossil fuels. However, crops with 
less nitrogen demand such as grasses and woody species may have positive climate impacts i.e., net 
reduction in equivalent GHG emissions.

Developing technologies for GHG mitigation and harnessing them to adapt to agricultural systems 
will require innovations in policy and institutions as well. Mitigation technologies are not likely to be 
cheap or easy but the cost and complexities of mitigation likely will be less than  the losses caused 
by climate change.

GHG mitigation options in agriculture which also support food production include: 

a)	 Increase in carbon storage due to improved cropping and grazing land management. 

b)	 Reduction in methane emissions caused by using improved rice cultivation techniques and diet 
management of livestock. 

c)	 Reduction in nitrous oxide emissions by improved N-fertiliser application technologies.

These mitigation technologies can be classified into three categories:

1.  Reductions in greenhouse gas emissions: 

By managing the flow of carbon and nitrogen in agro-ecosystems through:

a)	 Practices that add N more efficiently to crops to reduce N2O emissions.

b)	 Management of livestock and their feed to reduce CH4 emissions.

c)	 Nutrient and water management in rice cultivation to enhance carbon sequestration and to control 
CH4 emissions.

Greenhouse Gases and Agriculture
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2.  Enhancing removal of atmospheric greenhouse gases: 

By sequestering carbon:

a)	 By any practice that increases crop productivity, such as improved varieties, thereby requiring 
less land for cultivation while at the same time providing larger amounts of plant residues for C 
sequestration.

b)	 About 90% of mitigation could be accomplished from sink enlargement by taking carbon for the 
development of grains and converting the CO2 to food components through source sink balancing.

c)	 Using agro-forestry ecosystems to increase photosynthetic storage of carbon.

d)	 Removal of CH4 from the atmosphere on agricultural lands by oxidation. The oxidation of 
atmospheric methane is stimulated by soil methanotrophs. Generally, it is predominant with the 
type II methanotrophs such as TRF35. However, the mechanism of atmospheric methane oxidation 
is not fully known. The CH4 oxidation rate was most closely related to soil moisture as well as 
to the methanotrophic community structure and nitrate-N, extractable carbon and total carbon 
concentration.

3.  Avoiding emissions: 

By substituting fossil fuels with bio-fuels such as ethanol and bio-diesel.

2.2.1	 CO2 mitigation

Carbon dioxide contributes around 72% of total greenhouse gas emissions (Houghton et al., 1996). Fossil 
fuel burning in power stations is the largest source category (29.50%) of CO2 emissions. Other source 
categories are industrial processes (20.60%); transport fuel (19.20%); residential and commercial activity 
(12.90%); land use change and biomass burning (9.12%); fossil fuel retrieval, processing and destruction 
(8.40%). (Raupach et al., 2007) see Figure 2.3.

Anthropogenic activities such as fossil fuel burning and deforestation lead to an increase in the concentration 
of atmospheric CO2 at the rate of 1.8 ppmv per year, which is expected to reach 550 ppmv by 2050 (IPCC, 
2007). At present the atmospheric concentration of CO2 is higher than it was at any time in the past 
65,000 years (IPCC, 2007). Fossil fuel burning contributes 5.7Gt, deforestation adds 2.3Gt of CO2 in the 
atmosphere, contributing about 8.0Gt carbon per year in all. Soil organic carbon (SOC) has reduced by 
50% over the past 40 years from its initial value due to climate change induced degradation of soil (Lal, 
2004). The declining SOC has become severe in the past few years, and is closely associated with loss of 
productivity of several agricultural crops. Therefore, carbon needs to be conserved in soil with minimum 
release of CO2 to the atmosphere. 

Carbon sequestration mitigation technologies for CO2 

Carbon sequestration in biological systems is commonly considered an approach to conserving carbon. 
There are other technologies that convert atmospheric CO2 to other chemicals like methanol and 
similar organic substrates. However, carbon sequestration in the agricultural system is related to the 
productivity of crop plants and is considered one of the best ways to store carbon in the biological 
system. It is defined as the storage of carbon in a stable solid form through direct or indirect fixation of 
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Figure 2.3  Percentage contributions of various sectors to carbon dioxide (CO2) emissions 

Source: IPCC, Summary for policy makers in climate change, 2007

atmospheric carbon dioxide. CO2 sequestration for carbon capture is a scientific and technical approach 
to mitigate CO2 into the atmosphere. In the global carbon cycle, carbon continuously moves between 
the soil and the atmosphere. It moves into the soil via photosynthesis in plant leaves and plant derived 
organic matter (CO2 influx), and it moves out via respiration of plant roots and soil microorganisms during 
the decomposition of the organic matter (CO2 out flux). According to Conant et al. (2001), conversion 
of cropland to fallow land sequesters 0.1 to 1 metric tonnes C ha-1yr-1, depending on the type of biome, 
with maximum sequestration happening in native grassland and woodland. Other management practices 
include fertilisation which can sequester 0.3 metric tonnes C ha-1yr-1; and irrigation which can sequester 
0.2 metric tonnes C ha-1yr-1, Conant et al. (2001). Barker et al. (2007) estimated that 89 per cent of the 
potential for GHG mitigation in the agriculture sector could be achieved through carbon sequestration 
while the remaining 11 per cent of the mitigation potential is achievable through reducing nitrous oxide 
and methane emissions. 

2.2.2	 N2O mitigation

Agriculture is the major contributor of nitrous oxide (N2O) emissions to the atmosphere. The percentage 
of global N2O emissions attributed to agricultural byproducts including different types of fertilisers, their 
application technology, and land use is 62%. Biomass burning contributes 26%; industrial processes 
add 5.9%; waste disposal adds 2.3%; residential, commercial, and other sources contribute 1.5% and 
transportation adds 1.1% (Figure 2.4). Emissions of N2O from soil are caused by microbial metabolism 
of nitrogen through nitrification (oxidative path) and denitrification (reductive path). N2O with 319 ppbv 
atmospheric concentration accounts for 7.9% of total greenhouse gases (IPCC, 2007). The global N2O 
emissions from agriculture mainly come from agricultural soil management, manure management, and 
non-crop systems in the rhizosphere (Table 2.1).

Greenhouse Gases and Agriculture
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Figure 2.4  Percentage contributions of various sectors (source categories) nitrous oxide (N2O) 
emissions 

Source: IPCC, Summary for policy makers in climate change, 2007

Table 2.1  Annual global N2O emissions from agriculture 

Emission source Global N2O emissions (Gg N2O)

Agricultural soil management	 3900 (62%)

Manure management	 300 (4.8%)

Indirect emissions from non-crop systems 2100 (33%)

Total 6300

Source: Mosier et al., 1998

Urea and ammonium nitrate (NH4NO3) are widely used fertilisers with annual consumption rates of 28 and 
17 million tonnes of nitrogen, respectively. Temperate regions consume 61% of the total globally used N 
fertilisers, whereas the sub-tropical and tropical regions use only 29% and 9%, respectively. Emissions 
of N2O were significantly higher from soil fertilised with urea compared to ammonium nitrate. Ammonium 
nitrate was beneficial in reducing the volatility of NH3 and the emission of N2O (Mc Taggart et al., 1994).

Most cropped soils emit N2O at 1.5% of their nitrogen input (Paustian et al., 2004). Decreasing N inputs 
decrease N2O emissions. Only half of the N input is captured in crop biomass, and the remainder is lost 
from the system by leaching and gaseous losses. Any practice that tightens the coupling between soil 
nitrogen release and crop growth will enhance nutrient use efficiency and diminish the need for exogenous 
N and decrease N2O flux. Any practice that conserves N within the system can also reduce N2O emissions.

The control of N2O emissions at the farm level could be categorised into: 

a)	 Structural measures
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b)	 Technological measures

c)	 Management measures.

Structural measures, such as decreasing the volume of production and number of animals via quotas 
are effective but are very expensive. For example, structural measures followed by The Netherlands 
Government (buy out of animal rights and lowering the milk quota) decreased national N2O emissions by 
10% (Kuikman et al., 2003). Technological measures, such as type of housing system, manure application 
technique, manure treatment, fertiliser type, additions to animal feed, and refinement of fertiliser applications 
can also help reduce GHG emissions. For example, Kimura et al (1992) suggested that foliar application 
of N fertilisers ((NH4)2SO4)  decreases CH4 emissions by 5-25%. Management measures directed towards 
N-use efficiency focus on improving resource use efficiency (energy, water, feed and nutrients). The most 
promising measures for decreasing N2O emissions include adjustment of grazing system, changes in crop 
rotations, and changing permanent grassland into temporal grassland,. Kuikman et al (2003) reported that 
the implementation of manure policy will increase N-use efficiency at farm level by a factor of two within five 
years which may decrease N2O emissions by approximately 30% in The Netherlands (Table 2.2).

Table 2.2  Emissions of N2O (Gg N2O) in The Netherlands 

Sources of emissions of N2O 1990 1997 2000 2010

1. Direct N2O from agriculture soil 13.0 17.1 15.4 11.9

2. Animal production (grazing and storage) 3.8 3.5 2.5 2.6

3. Indirect N2O for agriculture soil 4.7 4.7 4.7 4.7

Total 21.5 25.3 22.6 19.2

Source: Olivier et al., 2003

The Netherlands study demonstrated that:

1.	 Inorganic fertiliser in grasslands results in lower emission of N2O than cattle slurry.

2.	 Applying fertiliser in small doses reduces the emission of N2O from grasslands.

3.	 Split application of fertiliser decreases the emission of N2O from the field.

4.	 Broadcast application at one time reduces N2O emissions compared to the application of fertilisers 
at 5-10 cm depth.

Mitigation technologies 

Velthof et al (2002; 2003) and Groenigen et al (2004) described various mitigation technologies for nitrous 
oxide emissions from agriculture:

1.	 Soil nitrogen tests can reduce over-fertilisation resulting into lower N2O emissions.

2.	 Fertilisation timing: fertilisation in synchrony with active crop growth reduces the loss of N2O to the 
atmosphere.

Greenhouse Gases and Agriculture
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3.	 Fertiliser placement: accurate fertiliser placement in the rhizosphere can increase nitrogen use 
efficiency. It also reduces N2O emissions. It is economic and saves on a large amount of N fertilisers, 
which would otherwise be wasted.

4.	 Nitrification and urease inhibitors: nitrogen as ammonia must be nitrified to NO3 before it is available 
for denitrification. Inhibitors delay transformation of NH4 to NO3 and urea to ammonia to match crop 
demand. 

5.	 Cover crops: cover crops can prevent losses of residual soil nitrogen and reduce N2O emissions.

6.	 Storing animal waste anaerobically minimises N2O losses to the atmosphere, and mitigates post 
storage emissions.

7.	 Indirect emission from non-agricultural crop land: planting trees near (river banks) riparian zones 
reduces N2O emissions.

2.2.3	 CH4 mitigation

Methane comprises 18% of total greenhouse gas emissions. It has been attributed to agricultural 
byproducts (40%); fossil fuel retrieval, processing and destruction (29.60%); waste disposal treatments 
(18.10%); land use and biomass burning (6.60%); residential and commercial sources (4.80%); and other 
sources (0.90%) (Figure 2.5).

Figure 2.5  Percentage contribution of various sectors to methane (CH4) emissions

Source: IPCC,  Summary for policy makers in climate change, 2007

Methane is a significant contributor to climate change, with the bulk of methane emissions coming from 
the agriculture sector. Methane is 21 times stronger than CO2 in terms of trapping heat in the atmosphere. 
Emissions of methane are increasing with time. For example, in 2000, methane emissions amounted to 
6.0Gt, or 15% of the total GHG emissions, compared to 5.8Gt CO2e a decade earlier (US EPA, 2006a). 
Methane is produced when organic materials decompose in oxygen-deprived conditions. These conditions 
are mainly produced by: enteric fermentative digestion by ruminant livestock (such as cattle), from stored 
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manure, and from rice produced under flood-irrigation conditions. Out of these, enteric fermentation is 
the main source, accounting for 58% of agricultural methane emissions in 2000. Fermentation of micro 
flora causes 2 to 12 per cent of the total methane emissions. Ruminants (cattle, sheep, and goats) are 
major methane emitters. Their husbandry covers an area of 3,432 million hectares. These animals carry 
bacteria in their rumen that make plant material digestible but unfortunately this fermentative process 
creates methane emissions (Figure 2.6).

Figure 2.6  Worldwide methane emissions from agricultural sources (2005)

Source: US EPA, 2006

Methane emission sources

1.	 Domestic livestock (enteric fermentation and manure management)

	 A large amount of methane is produced during digestive processes in which carbohydrates are 
broken down by microorganisms into simple molecules for absorption into the blood stream of 
ruminant animals (e.g., cattle and sheep).

2.	 Rice cultivation (flooded rice fields)

	 Methane emissions occur as a result of anaerobic decomposition of organic material in flooded 
rice fields. This gas escapes into the atmosphere primarily by diffusive transport through the rice 
plant during growing season. Upland rice, which is not flooded does not produce a significant 
quantity of CH4.

3.	 Prescribed burning of savannas

	 Savannas are burned every 1 to 4 years on an average. The burning of savannas results in 
instantaneous emissions of CO2, as well as CO, CH4, N2O and oxides of nitrogen. CO2 released to 
the atmosphere is reabsorbed during the next vegetative growth period.

4.	 Burning of agricultural residue in the field also contributes significantly to the emission of 
methane.

Greenhouse Gases and Agriculture
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2.3	 Conclusion

There are significant opportunities for GHG mitigation in agriculture. However, there are many barriers 
to be overcome. Many studies (Smith et al., 2005) have shown that actual GHG mitigation levels are 
far below the technical potential for these measures. The gap between technical potential and realised 
greenhouse gas mitigation occurs due to barriers to implementation, including climate and non-climate 
policy and institutional, social, educational and economic constraints. The total biophysical potential of 
approximately 5,500-6,000 Mt CO2e yr-1 are unlikely to ever be be realised due to these constraints. 
However, with appropriate policies, education and incentives it may be possible for agriculture to make 
a significant contribution to climate mitigation by 2030 (Smith et al., 2008). The technologies available 
for mitigation are at different stages of development and a lot of research development work is required 
to make these technologies commercially viable and usable. These technological improvements could 
potentially counteract the negative impacts of climate change in cropland and grassland soil carbon stock, 
pointing to technological improvement as a key factor in future mitigation of GHGs.



15

Croplands offer many opportunities for reducing emissions (Table 1.1). Mitigation practices in cropland involve: 

•	 Agronomy

•	 Nutrient management

•	 Tillage/residue management

•	 Water management

•	 Rice management

•	 Agro-forestry 

•	 Land use change.

3.1	 Agronomy

Improvements in agronomic practices generally have the goal to increase yields. Then humans or livestock 
usually consume these yields, and subsequently their respiration returns the CO2 to the atmosphere 
relatively quickly. However, in many cases the improvements have not greatly changed the harvest index 
of the crops meaning that greater amounts of residue carbon are generated, which can lead to increased 
carbon storage in the soil (Lal et al., 1998b; Smith et. al., 2008). One example is using biotechnology to 
produce improved crop varieties with greater insect and/or disease resistance resulting in greater yields 
and in corresponding increases in residues available for sequestration. A second way would be to improve 
the digestibility of pasture species using gene modification (GM) technology to reduce methane emissions 
from ruminants and nitrous oxide emissions from animal excreta. A third method to reduce emissions is 
adopting cropping systems which reduce reliance on pesticides, nitrogenous fertilisers, and other inputs 
that require fossil fuels to be manufactured. A good example of this is the use of rotations with legume 
crops. A fourth method is to provide temporary cover between agricultural crops. Besides adding carbon 
to soil, temporary cover crops also take up unused nitrogen, thereby reducing N2O emissions. 

3.1.1	 Agricultural biotechnology to produce crop varieties with enhanced carbon 
sequestration 

i.  Technology definition

This biological approach uses traditional plant breeding and newer biotechnological methods to select and 
tailor crop varieties with greater carbon sequestration capacity.

ii.  Technology description 

Agricultural biotechnology stands out as a promising tool for the development of traits and varieties that help 
to mitigate and adapt to climate change. GM crops with pest resistance (Bt) and herbicide tolerance and 

3.	 Cropland Management
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conventionally bred varieties using marker selection in tissue culture have benefited agriculture by improving 
productivity and disease resistance. Had productivity not been maintained or increased by such GM crops, 
more land would have to be cultivated, and it is likely such land would come from forest or other more natural 
ecosystems with sequestered carbon that would be released when tilled for growing crops. There are three 
ways that a GM crop can reduce GHG emissions: (1) increasing productivity and the amount of residue 
carbon that can be sequestered, (2) herbicide-resistance crops enable greater use of no-till which helps 
preserve carbon sequestration, and (3) because of enabled no-till, the amount of fossil fuel use by tractors 
and other implements is reduced because no-till involves fewer passes of equipment across the field.

iii.  Advantages and disadvantages

Advantages

1.	 A big advantage of biotechnology is that, besides increasing carbon sequestration, it can help to 
improve the productivity of crop plants.

2.	 By selecting cultivars that are more responsive to elevated CO2 and more resistant to heat stress, 
crops will be better adapted to future climatic conditions.

Disadvantages

1.	 The method generally requires several years and generations of plants to implement because yield 
and carbon sequestration are dependent on many abiotic and biotic factors. The pace of variety 
development may be slower than changes in atmospheric CO2 and climate. 

2.	 Whole new research programs are needed for identifying varieties and traits responsive to the 
increases in atmospheric CO2 and global warming and their interactions on the productivity, grain 
quality, water relations, and pest resistance of crops, and such research is expensive (e.g., Ainsworth 
et al., 2008).

3.	 To be successful, selection needs germplasm that differs in many traits, and there may not be 
enough range in variation of crucial traits needed to adapt to climate change.

4.	 Many varietal crosses require the use of growth chambers or greenhouses with potted plants, which 
makes it difficult to predict responses under field conditions.

iv.  Economics and mitigation potential

Varieties with increased yield for whatever reason improve the profitability of farmers. Many commercial seed 
companies are hugely successful. Therefore, the economics of using improved varieties, whether by traditional 
plant selection or by biotechnology, have been very positive, and it is very likely that they will continue to 
be positive with future climate change. As mentioned above, besides benefiting agriculture by improving 
productivity and disease resistance, improved plant varieties have decreased GHG emissions by reducing 
demand for cultivated land and fossil-fuel-based inputs. GM crops conserve over 14,200 million kg of CO2 
– the equivalent of removing over 6 million cars from circulation in 2007 alone (Brookes and Barfoot, 2009).

v.  Examples/locations where presently practiced

Traditional plant selection is used worldwide to improve plant varieties, often with the aim of matching 
them to local growing conditions. Newer biotechnology requires specialised equipment and laboratories 
as well as more trained personnel, therefore it tends to be a technology that is confined to more developed 
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countries. Because of the high cost of facilities that can produce conditions with elevated CO2 and 
temperature as expected with global change, relatively few field experiments have been conducted (e.g., 
Ainsworth et al., 2008), and they have tended to be in developed countries, with China and India as 
exceptions. Approximately 250 million acres of biotechnology engineered maize, canola, cotton, soybeans, 
papaya, sugarbeets, sweetcorn and squash crops have increased global farmer profits by about $27 
billion, reduced pesticides application by 224 million kg, reduced environmental impacts of pesticides by 
14% and reduced GHG emissions by 960 million kg of CO2 (Brookes and Barefoot, 2009). On the basis 
of above advantages of GM crops, several companies such as Monsanto, Syngenta and Pioneer-DuPont 
have started to use these germplasms in their research and development pipelines.

vi.  Barriers to dissemination

Crop varieties that have been created by traditional plant selection methods have no barriers to dissemination, 
and they are accepted worldwide. On the other hand, plant varieties resulting from GM crops have faced stiff 
opposition from consumers in several parts of the world, most notably in Europe. Moreover, the resultant 
seeds are often relatively expensive so they may not be available to the poorest farmers.

3.1.2	 Cover crop technology

i.  Technology definition

Cover crops are fast growing crops such as winter rye and clovers that are planted between periods of 
regular crop cultivation. By covering the soil surface, they protect the soil from erosion, and if leguminous, 
they fix nitrogen. Later, when ploughed under, they provide humus and carbon to the soil, as well as 
nitrogen for the subsequent crop.

ii.  Technology description

Cover cropping is an effective method of reducing emissions of CO2. These crops grow over entire land 
areas or in localized spots such as grassed waterways, field margins, and shelterbelts. Compared to 
leaving fields fallow, they reduce emissions and can sequester carbon during periods when primary crops 
are not grown. Cover crops are usually an option on surplus agricultural land or on cropland of marginal 
productivity.

iii.  Advantages and disadvantages

Advantages

1.	 A primary advantage is that by increasing plant residues and roots, cover crops can sequester carbon 
during times when the soil surface would normally be bare and emitting carbon due to soil respiration.

2.	 Cover crops can alleviate nutrient deficiencies and reduce artificial fertiliser use by nitrogen fixing, if 
leguminous. This will save fossil fuel used in fertiliser manufacture, although more nitrogen in the soil 
can increase N2O emissions.

3.	 Cover crops reduce soil erosion as well as rainfall runoff by improving water infiltration and water 
adsorption in the soil matrix. 

4.	 Cover crops can also reduce use of pesticides and herbicides for the associated cash crop by 
suppressing weed growth and providing a substantial habitat for beneficial arthropods.

Cropland Management
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Disadvantages

1. 	 There are costs associated with planting and terminating cover crops.

2.	 If not terminated properly, cover crops may act like weeds and compete with the following cash 
crops for light, nutrients and water.

3.	 The residues from cover crops can potentially interfere with post-emergence herbicides, which 
results in the escape of weeds.

4.	 In some cases, the additional water requirement of the cover crops may make this practice 
economically and environmentally less viable.

iv.  Economics and mitigation potential

Lu et al. (2000) present several examples showing that the growing of cover crops is profitable. In one experiment 
hairy vetch was grown during the off-season for a main crop of corn. The costs of fertiliser and of hairy vetch 
seed required for the no-till zero-tillage cover crop systems were $117.08 and $16.62 ha-1 yr-1, respectively, 
while the cost of fertiliser for conventional no tillage system was $174.97 ha-1 yr-1. The cover crop system 
produced average corn yield of 7.86 Mt ha-1 in a no-tillage conventional system. The average gross margin 
(profit) was $238.28 ha-1 yr-1 in cover crop system and $233.27 ha-1 yr-1 in conventional no tillage system. 

Cover crops can also increase soil carbon sequestration. Lal (1998; Table 13) lists carbon sequestration 
rates from 0.28 to 2.60 Mg ha-1 yr-1 from growing cover crops on an eroded Alfisol in western Nigeria.

v.  Examples/locations where presently practiced

Cover crops are grown all over the world. However, adoption is limited because of the many concerns of 
growers and the specificity of profitable cropping systems as discussed in the next section.

vi.  Barriers to dissemination

Lack of knowledge, incorrect choice of cover crop, and the economic costs of planting and terminating cover 
crops are all concerns of growers, and they have led to the slow adoption of this practice. If land is fallow for 
portions of the year, cover crops should be considered. However, they need to be selected on the basis of 
the growing season, protection capacity, nitrogen fixing capability, and economic feasibility. They vary from 
region to region, cropping system to cropping system, and crop season to crop season. Therefore, local 
research must be conducted in order to obtain the knowledge needed to use this practice reliably.

3.2	 Nutrient management

3.2.1	 Management of nitrogenous fertilisers

i.  Technology definition

Efficient use of nitrogenous fertilisers can reduce N2O emissions from agricultural fields. In addition, 
by reducing the quantity of synthetic fertilisers required, improved management can also reduce CO2 
emissions associated with their manufacture. In this section a variety of fertiliser management technologies 
are discussed in brief, followed by a discussion on their relative advantages and disadvantages.
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ii.  Technology description

Nitrous oxide mitigation in organic agriculture

Organic agriculture reduces emission of N2O due to the ban on the use of mineral nitrogen and the 
reduction in livestock units per hectare. A diversified crop rotation with green manure in organic farming 
improves soil structure and diminishes emissions of N2O, although the nitrogen provided by the green 
manure does contribute to N2O emissions. Soils in organic farming are more aerated and have significantly 
lower mobile nitrogen concentrations, which reduces emissions of N2O. Since organic crop systems are 
limited by the availability of N, they aim to balance their N inputs and outputs and their N use efficiency. 
Thus, their emissions are lower than those of conventional farming systems per unit of land area. However, 
with lower yields from organic farming, the emissions per unit of produce could be the same or higher. 
(Petersen et al., 2006).

Mitigation using nitrification inhibitors

Emission of N2O can be reduced by using nitrification inhibitors which slow the microbial processes 
that lead to N2O formation (Figure 3.1; Robertson, 2004). The use of nitrification inhibitors such as: S. 
benzylisothiouronium butanoate (SBT butanoate) and S. benzylisothiouronium fluroate (SBT fluroate) 
increased yield of crop plants (Table 3.1), reduced emissions of N2O by 4-5%, and, because N2O is a more 
potent greenhouse gas than CO2, reduced global warming potential by 8.9-19.5% compared to urea 
treatment alone, thereby helping to mitigate N2O emission (Bhatia et al., 2010). 

Figure 3.1 Nitrification inhibitors (e.g., DCD) reduce the activity of nitrifying bacteria

Source: Rys, unknown

Nitrification and urease inhibitors can reduce the loss of N as N2O. The application of dicyandiamide (DCD) 
and Nitrapyrin to grassland reduced the emission of N2O from NH4

+ based fertilisers by 64% and 52% 
respectively (McTaggart et al., 1994).
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Figure 3.2 Minimum fertiliser application with larger granule size

Source: Travis Lybbert & Daniel Sumner (2010)

Table 3.1 Summary of corn yield responses from nitrification inhibitors added to ammoniacal 
fertilisers applied at varying times in several  regions of the United States

Region
Time of 

application
% of studies with 

yield increase
% yield 

increase1

Southeast (GA, MD, NC, SC, TN)
Autumn 17 14

Spring 43 15

Eastern Cornbelt (IL, IN, OH, KY)

Autumn 69 9

Spring 51 3

Spring (no-till) 82 13

Northern Cornbelt (MI, MN, WI)  
Not irrigated Spring 17 12

Autumn 25 5

Spring 17 12

Western Cornbelt (KS, MN, NE) 
irrigated coarse-textured soils

Spring 52 30

Western Cornbelt (KS, NE) irrigated 
medium- and fine-textured soils

Spring 10 5

1 Average increases obtained in experiments where NI addition gave significant yield increases
Source: From Nelson and Huber, 2001 (data taken from a variety of research progress reports and published materials).

Slow release fertiliser application and manipulation technologies

Fertiliser application technology significantly influences nitrous oxide emissions. The various parameters of 
this technology are described below:

a)	 The use of slow release fertilisers offers a cost effective mitigation option. Slow release of urea 
and NH4 based fertilisers can be achieved by using various coatings, chemical modifications, and 
changing the size of fertiliser granules (Figure 3.2). For example, increasing the size of urea granules 
from conventional 0.01g to 1g decreased nitrification rates and was shown to be more effective than 
adding the nitrification inhibitor DCD (Skiba et al., 1997).



21

b)	 A combination of increasing the size of pellet to 1g and adding DCD led to very slow nitrification 
rates, with 30% of the original N application still present 8 weeks after fertiliser application (Goose 
and Johnson, 1993).

c)	 Global warming potential (GWP) due to N2O reduced from 231kg CO2e ha-1 on urea application to 
200kg CO2e ha-1 under urea and SBT fluroate treatment under conventional tillage, whereas under 
zero-tillage it was reduced from 260kg CO2e ha-1 with urea alone to 210kg CO2e ha-1 with SBT 
fluroate (Bhatia et al., 2010). These reductions in global warming potential were 13.5% and 19.5% 
due to SBT fluroate compared to urea alone under conventional and zero-tillage, respectively. 

Nitrogen management technology

Fertiliser nitrogen management practices significantly influence the emissions of nitrous oxide in 
agriculture. These practices are fertiliser type, timing, placement, and rate of fertiliser application, as well 
as coordinating the time of application with irrigation and rainfall events. Each direct nitrogen management 
practice influences nitrous oxide emissions.

Type of fertiliser: Nitrous oxide production can be affected by the form of fertiliser applied. Venterea et al (2005) 
observed that plots amended with anhydrous ammonia emit N2O at rates 2-4 times greater than from those 
amended with urea, ammonium nitrate, or broadcast urea. Tenuta and Beauchamp (2003) found that the relative 
magnitude of total emissions was greater from urea than from ammonium sulphate, which in turn was greater 
than that from calcium ammonium nitrate. Bouwman et al (2002a) found that nitrate-based fertiliser resulted in 
significantly lower emissions of N2O than ammonium-based fertiliser. Snyder et al., (2007) demonstrated that 
slow, control release and stabilised N fertiliser can enhance crop productivity and minimize the N2O emissions. 
Emissions of N2O were significantly higher from a soil fertilised with urea compared to NH4NO3 (Mc Taggart 
et al., 1994). NH4NO3 was beneficial in reducing the volatilisation of NH3 and the emission of N2O. Another 
compound, NH4HCO3, when used as basal fertiliser, contributed less to N2O in contrast to urea.

Fertiliser N timing: Synchronous timing of N fertiliser application with N demand from plants is an important 
factor in determining the emissions of N2O from row crop cultivation. Crop nitrogen intake capacity is 
generally low at the beginning of the growing season, increasing rapidly during vegetative growth and 
dropping sharply as the crop nears maturity. Prior to spring crop planting results in increased soil N with 
poor plant N uptake, and therefore, it results in increased N2O emissions. About 30% of the US area 
cropped to corn is fertilised in autumn (CAST, 2004). Therefore, large emissions of N2O could potentially 
be avoided by fertilising in spring rather than autumn. Hultgreen and Leduc (2003) showed that emissions 
of N2O were lower following spring N fertiliser application compared to autumn application.

Fertiliser N placement: Placement of N fertiliser into the soil near the zone of active root uptake may 
reduce surface N loss and increase plant N use resulting in a reduction in N2O emissions (CAST, 2004). Liu 
et al (2006) found that injection of liquid urea, ammonium nitrate at a deeper level in soil profile (10-15cm) 
resulted in 40-70% lower emission of N2O compared to shallow injection (5cm) or surface application. 
Hultgreen and Leduc (2003) reported that the N2O emissions were reduced when urea was broadcast in 
mid-row rather than side-banded.

Fertiliser N rate: The emission of N2O correlates well with fertiliser N rate (Drury et al., 2008). Millar et al 
(2010) also report that increasing the amount of N applied to soil resulted in increasing emissions of N2O.

Cropland Management
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Global warming potential in a no-N treatment of conventional transplanted rice was 1,419kg CO2e ha-1, 
whereas GWP under traditional nutrient application of NPK was 6,730kg CO2e ha-1 (Pathak, 2010). The 
loss in yield was not significant.

Miller et al (2010) suggested that the incentive for nitrous oxide emission reduction by application of lower 
nitrogen application rates within a profitable range ultimately could be financially remunerated through a 
carbon or nutrient market. That would bring economic and environmental advantages to compensate for 
lost productivity benefits due to the use of higher nitrogen application rates.

Coordination with irrigation and rainfall events: application of fertiliser immediately after rain will increase 
N use efficiency of plants and mitigate N2O emissions. Losses of N through leaching, volatilisation, and 
denitrification in a farmer’s rice field (which had received 67.5kg N ha-1 after rain) decreased up to 40.5kg 
N ha-1 compared to total amount of loss which was 80.3kg N ha-1 with the farmer’s practice of alternate 
flooding. The exception was when there were mid-season drainage or alternate flooding and drainage 
cycles, in which case it increased (Pathak, 2010). The N management regime also reduced global warming 
potential (GWP) by 1 to 9%.

iii.  Advantages and disadvantages

Advantages
Improved nitrogen fertiliser management has many environmental benefits such as:

1.	 Reductions in N2O emissions can be achieved by relatively simple adjustments in the farming 
practices, such as using fertiliser in larger granules and applying it in more frequent, smaller 
applications, yet high productivity can be maintained.

2.	 Increase in farm N use efficiency will reduce leaching of NO3
– to ground water.

3.	 Making crops more N-use efficient will decrease the need for inorganic N fertilisers and thereby 
reduce emissions from fossil fuel associated with their manufacture. 

Disadvantages

1.	 The use of chemical inhibitors of N2O emissions may leave unacceptable residues, and they may not 
be effective in certain types of soil.

2.	 The present prices of chemical inhibitors of N2O emission are quite high, so they aren’t affordable to 
many farmers, and they are not commercially available in many regions.

iv.  Economics and mitigation potential

As presented above in the individual sections, the several N management approaches have a high potential 
for reducing greenhouse gas emissions. However, costs for nitrification inhibitors are high, and reducing 
rates of N applications can have negative impacts on productivity. On the other hand, relatively simple 
changes, such as increasing particle size of the fertilisers and changing the timing of applications can 
minimise emissions with little or no additional cost or loss of productivity.

v.  Examples/locations where presently practiced

Nitrogen fertilisation is a significant input cost for farmers worldwide, and therefore, some of the approaches, 
such as split applications of fertiliser to better match plant uptake needs, are in common use. On the other 



23

hand, chemical inhibitors are relatively expensive, so they are less widely used, but nevertheless have gained 
some acceptance as suggested by the number of positive yield studies in the United States (Table 3.1).

vi.  Barriers to dissemination

Besides costs, lack of knowledge and education are barriers. Research is needed to determine the best 
management practices for specific crops and local conditions.

3.2.2	 Mitigation of CO2 by mycorrhiza

i.  Technology definition

Mycorrhiza assist plants in obtaining soil nutrients. Therefore, any resulting stimulations in plant growth 
provide additional plant residue, which in turn can lead to increased carbon storage in the soil (Lal et 
al., 1998b; Smith et. al., 2008). However, mycorrhiza can also promote carbon sequestration through a 
second mechanism. Mycorrhizae release glomalin, which is a glycoprotein that serves as gluing agent that 
facilitates soil aggregate formation, improvement of soil physical properties, and sequestration of carbon 
in the soil (Rillig, 2004; Subramanian et al., 2009). The stability of soil aggregates is highly correlated with 
the length of mycorrhizal hypha in the soil (Jastrow et al., 1998).

ii.  Technology description

One of the prime factors associated with enhancing soil carbon sequestration is the release of glomalin in 
mycorrhizal systems. Specific mycorrhizae: Glomus intraradices, Glomus mosseae, Glomus fascicullatum, 
Glomus margarita, and Glomus pellucida, have been reported to enhance soil carbon due to the release 
of glomalin. Glomalin is a glycoprotein that serves as gluing agent that facilitates soil aggregate formation 
and improves soil physical properties (Rillig, 2004). Glomalin secretion helps to conserve soil carbon 
besides increasing microbial biomass. Subramanian et al (2009) reported that glomalin is composed of 
45% carbon, like most organic compounds, and it is considered to be a major compound that is a store 
of carbon in soil carbon sequestration. Since glomalin is a reservoir of carbon, examining it helps explain 
amounts of C sequestration in a maize-mycorrhizal system. Arbuscular mycorrhizal (AM) fungi release 
glomalin which stores about 30-40% carbon in the form of carbohydrates and proteins. It is a super glue 
that helps store carbon, nutrients, and beneficial microorganisms, as well as being involved in stabilising 
soil aggregates. It also offers protection against biotic and abiotic stress conditions that could decrease 
crop growth and therefore reduce carbon sequestration Subramanian et al., (2009). 

Mycorrhizal inoculation resulted in colonisation of roots irrespective of fertility gradients and crop growth 
stages (Subramanian et al., 2009). The un-inoculated treatments registered less than 5% colonisation shortly 
after planting, but the percentage of colonisation tended to increase significantly with the advancement 
of plant growth. The glomalin content of the soil substantially increased with mycorrhizal association, 
suggesting that mycorrhiza plays a vital role in conserving the carbon in a long-lived pool, which prevents 
loss of carbon to the atmosphere while sustaining soil fertility. Although soil glomalin concentration was not 
affected by chemical fertiliser levels, combined application of fertiliser and rice straw significantly increased 
soil glomalin concentration, which result into the greater soil organic carbon conservation (Subramanian 
et al., 2009). 

Mycorrhizal plants are generally photosynthetically more active and capable of converting more atmospheric 
CO2 into assimilates in the plants (Subramanian et al., 2009). Mycorrhizal symbiosis utilises at least 10% of 
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the host plant’s photosynthetic carbon which helps the microbial activity in the rhizosphere and contributes 
to the enhancement of active carbon pool in the soil. Shoot and root biomass of Glomus intraradices 
mycorrhiza inoculated maize plants were significantly increased about 29% in comparison with un-
inoculated plants with there being more enhancement when soil zinc levels were low (Subramanian et al., 
2009). Thus, arbuscular mycorrhizal fungi that form symbiotic relationship with more than 90% of terrestrial 
plant species are helpful in storing carbon in living soil pools. However, the degree of dependence on 
mycorrhizae varies with plant species, particularly root morphology, as well as soil and climate (Muchovej, 
2001). Crops with thick roots, poorly branched, and with few root hairs are more dependent on mycorrhizae 
including onions, grapes, citrus, cassava, coffee, and tropical legumes.

iii.  Advantages and disadvantages

Advantages

1.	 Mycorrhizal inoculated plants produce larger biomass as a direct consequence of improved 
photosynthetic activities, and they can translocate 20-30% of assimilated carbon to the rhizosphere 
(underground).

2. 	 Glomalin concentrations in the soil can be significantly enhanced by the mycorrhizal inoculation 
resulting in more durable soil carbon sequestration, as well as more stable soil aggregates with 
improved soil physical properties. 

Disadvantages

1.	 Indigenous mycorrhizal fungal inoculation is not very effective and causes inhibitory effects when 
inorganic fertiliser is applied to the soil without any integration of organic manures.

2.	 Cultures of arbuscular mycorrhizae for inoculation of agricultural crops require a host plant and 
therefore are difficult to grow. However, they are beginning to become commercially available, at 
least in the United States (Muchovej, 2001).

iv.  Economics and mitigation potential

The potential for use is very high, especially to remove the need for phosphorous fertiliser in developing 
countries, and therefore the mitigation potential to reduce GHG emissions is also high. 

v.  Examples/locations where presently practiced

Inoculation with ectomycorrhizae is common in the forest industry, but the necessity for more-difficult-
to-produce arbuscular mycorrhizae has slowed penetration into agriculture. Nevertheless, practical 
applications include transplant media that have been treated to remove soil pathogens, re-vegetation of 
eroded or mined areas, and in arid and semi-arid regions (Muchovej, 2001).

vi.  Barriers to dissemination

In many parts of the world, phosphate fertilisers are relatively inexpensive, and therefore farmers do not 
have a great incentive to inoculate with mycorrhizae. Where phosphate fertilisers are relatively expensive 
or unavailable, the lack of commercial inoculums and the difficulty of culturing one’s own are significant 
barriers, although commercial sources are becoming available.
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3.3	 Tillage/residue management

Tillage of the soil stimulates microbial decomposition of soil organic matter, which results in emissions of 
CO2 to the atmosphere. Therefore, minimising the amount of tillage promotes sequestration of carbon in 
the soil. In the last decades advancements in weed control methods and farm machinery now allow many 
crops to be grown with minimum tillage (Smith et al., 2008). Some examples are provided below.

3.3.1	 Conservation tillage CO2 mitigation technology

1.  Technology definition	

Conventional tillage is the traditional method of farming in which soil is prepared for planting by completely 
inverting it with a tractor-pulled plough, followed by subsequent additional tillage to smooth the soil surface 
for crop cultivation. In contrast, conservation tillage is a tillage system that conserves soil, water and 
energy resources through the reduction of tillage intensity and retention of crop residue. Conservation 
tillage involves the planting, growing and harvesting of crops with limited disturbance to the soil surface. 

ii.  Technology description

Conservation tillage is any method of soil cultivation that leaves the previous year’s crop residue (such as corn 
stalks or wheat stubble) on fields before and after planting the next crop to reduce soil erosion and runoff, as 
well as other benefits such as carbon sequestration (MDA, 2011). With this technique, at least 30% of the soil 
surface is covered with crop residue/organic residue following planting (Dinnes, 2004). It also features non-
inversion of the soil. This type of soil tillage is characterised by tillage depth and the percentage of surface 
area disturbed. For example, to plant the crop in Figure 3.3, the planter was adjusted to place the seed 
50mm deep and provide a layer of fine tilth 18mm deep across the planted row areas in order to incorporate 
Treflan, which was sprayed in front of the machine. This was all completed at 20km/h (www.specialtynotill.
com.au/). Conservation tillage methods include zero-till, strip-till,  ridge-till and mulch-till. Zero-tillage is the 
extreme form of conservation tillage resulting in minimal disturbance to the soil surface.

Figure 3.3 Zero-till farming system 

Source: Wikicommons http://commons.wikimedia.org/wiki/File:Mais_Direktsaat008.jpg?uselang=en-gb
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Zero-till involves planting crops directly into residue that hasn’t been tilled at all (MDA, 2011). Zero tillage 
technology is generally used in large-scale agricultural crop cultivation systems because large machines 
are required for planting (Fig. 3.4). For smaller-scale farms, no adequate machines are available for 
sowing, although very small scale farmers may do so by hand (Fig. 3.5). In zero-tillage, crops are planted 
with minimum disturbance to the soil by planting the seeds in an un-ploughed field with no other land 
preparation. A typical zero-tillage machine is a heavy implement that can sow seed in slits 2-3cm wide and 
4-7cm deep and also apply fertiliser in one operation (CIMMYT, 2010).  The machine contains an inverted 
T-type furrow opener to open the slits (Fig. 3.4). The seed and fertiliser are placed in corresponding boxes 
and dropped into the slits automatically. The depth of the slits may be controlled by a hydraulic mechanism 
from the tractor. 

Figure 3.4 Photograph showing zero-tillage sowing implement

Source: Travis Lybbert & Daniel Sumner (2010)

Figure 3.5 Zero-till maize cultivation after rice harvesting 

Source: NAIP (ICAR), Annual Report 2009, CRIDA, Hyderabad, India
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Features of zero-tillage include:

• Crop residues are distributed evenly and left on the soil surface 

• No implements are used (a) to turn the soil over, (b) to cultivate the crops or (c) to incorporate the 
crop residues into the soil

• Weeds and cover crops are controlled by a pre-planting application of non-pollutant desiccant 
herbicides 

• A specialised planter is used to cut crop residues on the soil surface and insert the seeds and 
fertilisers into the soil with minimum disturbance. Generally seed sowing is done when soil moisture 
content is adequate for seed germination but not so high that the large tractor and planter would 
compact the soil

• Weed control is also accomplished with pre- and post-emergence herbicides

• Crop rotation is fundamental to zero-tillage because it helps to minimise weed, insect, and disease 
populations that increase when the same crop is grown year after year on the same ground

• Most experiments with zero-tillage have had increased yields, but in the wetter areas, it took many 
years to see the crop yields stabilise or increase. However, in drier areas where moisture is the major 
limiting factor, the effects on yield were seen even in the fi rst year (Kimble et al., 2007)

• Zero-tillage causes stratifi cation of soil organic carbon content with relatively higher concentration in 
the surface and lower in the subsoil compared to plow-based methods of seedbed preparation. The 
ratio of soil organic carbon content for zero-tillage to plow-till system remains 2.5 for 0-5cm depth, 
1.5 for 5-10cm depth and 1.1 for 10-15cm depth (Lal et al., 1998b). 

Strip-tillage involves tilling the soil only in narrow strips with the rest of the fi eld left untilled (strip-till) (MDA, 
2011). 

Figure 3.6 Ridge-till farming system 

Source: Why Files (2011)

Ridge-till  involves planting seeds in the valleys between carefully molded ridges of soil (Figure 3.6). The 
previous crop’s residue is cleared off ridge-tops into adjacent furrows to make way for the new crop being 
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planted on ridges. Maintaining the ridges is essential and requires modified or specialised equipment 
(MDA, 2011).

Figure 3.7 Mulch-till farming system 

Source: NRCS (Unknown)

Mulch-till (Figure 3.7)  is another reduced tillage system in which residue is partially incorporated using 
chisels, sweeps, field cultivators, or similar farming implements that leaves at least one third of the soil 
surface covered with crop residue (MDA, 2011). 

Each conservation tillage method requires its own type of specialised or modified equipment and 
adaptations in management.

iii.  Advantages and disadvantages

Advantages

1.	 Increases the ability of soil to store or sequester carbon while simultaneously enriching the soil.

2.	 Improves soil water infiltration, thereby reducing erosion and water and nitrate runoff. 

3.	 Improves the stabilisation of soil surface to wind erosion and the release of dust and other airborne 
particulates.

4.	 Reduces leaching of nutrients due to greater amounts of soil organic matter to provide binding sites.

5.	 Decreases evaporation and increases soil moisture retention, which can increase yields in drought 
years (Suddick et al., 2010).

6.	 Reduces the number of passages of equipment across the field, thereby reducing the cost of fossil 
fuel and the associated carbon emissions to the atmosphere.
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7.	 Reduces the loss of pesticides and other applied chemicals. This is because higher infiltration rates 
with more surface residue results in less runoff moisture holding capacity due to higher soil organic 
matter that results in less leaching.

Disadvantages

1.	 Adoption of reduced tillage in humid, cool soils would primarily affect the distribution of SOC in the 
profile, unless carbon inputs were increased (Lal et al., 1998b).

2.	 Specialised, expensive equipment is required, or much hand labour in the case of very small scale 
growers.

3.	 Requires more herbicides and pesticides than standard conventional practices to control weeds 
and other pests.

4.	 Due to the large size of the original soil carbon pools, the contribution of conservation tillage can 
appear to be small, and a significant amount of time is required to detect changes.

5.	 Sizable amounts of non-CO2 greenhouse gases (N2O and CH4) can be emitted under conservation 
tillage compared to the amount of carbon stored, so that the benefits of conservation tillage in 
storing carbon can be outweighed by disadvantages from other GHG emissions.

iv.  Economics and mitigation potential

1.	 Less labour time and cost are required under a reduced tillage system due to fewer tillage trips 
and cultivation operations for seedbed preparation. The savings range from $2.47/ha to $19.13/ha 
(Kimble et al., 2007). 

2.	 A large number of studies have estimated the potential fuel cost savings as a result of reducing 
tillage. They range between $3.58/ha and $28.29/ha (Kimble et al., 2007).

3.	 Generally, reduced tillage systems have lower machinery repair and maintenance costs due to less 
use of tillage implements (Kimble et al., 2007).

4.	 Zero-tillage technology reduces costs of field preparation up to US$70 (Rs. 3200) per hectare (Verma 
and Singh, 2009), and it also saves time and labour (up to 10-20%). A saving of fuel consumption 
by 26.5-43.7 litres per hectare (Verma and Singh, 2009) results in reduced fuel cost and reduced 
carbon emitted to the atmosphere. 

5.	 Zero-tillage can save farmers around 1 million litres of water per hectare (100mm) compared with 
conventional practices due to the mulch on the soil surface which reduces evapotranspiration 
(Rehman, 2007).

6.	 Zero-tillage increases soil carbon from 0.1 to 0.7 metric tonnes ha-1yr-1 (Paustion et al., 1995) under 
sub-tropical conditions.

v.  Examples/locations where presently practiced

According to Brown (2008), zero-till is widely used in five countries in particular: 15 million hectares in the 
United States, 24 million hectares in Brazil, 18 million hectares in Argentina, and 13 million hectares in 
Canada. Australia has 9 million hectares under zero-till, making a total of 79 million hectares for these five 
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countries with the most hectareage.  Worldwide, the use of zero-till is increasing. In 1999 it was used on 
45 million hectares and by 2005 it had more than doubled to reach 95 million hectares. Using the latter 
figures, all other countries than those in the top five accounted for only 17% of the total.

For conservation tillage in general, in the developing world, it has been most successful in Brazil and 
Argentina (Abrol et al., 2005). In these countries, 45-60% of all agricultural land is said to be managed 
by conservation agriculture systems. In the 2001-2002 season, conservation agriculture practices are 
estimated to have been used on more than 9 million hectares in Argentina and 13 million hectares in Brazil. 
In Africa, the Africa Conservation Tillage Network (ACT) was established in 1998 to promote conservation 
agriculture as a sustainable means to alleviate poverty, make more effective use of natural and human 
resources, and reduce environmental degradation (Abrol et al. 2005).

vi.  Barriers to dissemination

The largest barrier is the weight and cost of the specialised planters required to penetrate the soil covered 
with the previous crop. The use of these planters is mainly restricted to richer countries where the fields are 
relatively large. For growers with small farms in poor countries, the large amount of hand labour required 
is a barrier.

3.3.2	 Biochar – a potential technique for carbon sequestration

i.  Technology definition

Crop residues can be carbonised by partial combustion to a highly stable carbon compound known as 
‘biochar’ or biomass-derived black carbon. The main quality of biochar is its carbon-rich fine-grained, 
highly porous structure and increased surface area that makes it an ideal soil amendment for carbon 
sequestration (Lehmann, 2007; Newsletter, CRIDA, 2010).

ii.  Technology description

Biochar can be used to improve agriculture and the environment in several ways, and its stability in 
soil and superior nutrient retention properties make it an ideal soil amendment to increase crop yield. 
Biochar applications to soil sequester carbon and reduce emissions of non-CO2 greenhouse gases. It also 
provides habitat for micro-organisms, which can increase soil microbial diversity. Biochar also acts as a 
soil conditioner that enhances plant growth, retains nutrients, and improves soil properties (Lehman and 
Rondon, 2005; Lehman et al., 2006; Glaser et al., 2002).

A low-cost charring kiln has been developed to produce biochar from cotton, maize, and castor bean 
stalks on a small scale to study the production of biochar at different loading rates and partial combustion 
periods (Lehman et al., 2006). When biomass is exposed to moderate temperatures, between about 
400 and 500°C (a low-temperature pyrolysis) under complete or partial exclusion of oxygen, biomass 
undergoes exothermic processes and releases gases, heat and biochar. The gases can be captured 
and burned to provide energy for the pyrolysis (Czernik and Bridgwater, 2004). Such pyrolysis produces 
biochar, a carbon-rich, fine-grained, porous substance and solid byproduct, similar in its appearance to 
charcoal, which, when returned to soil, creates a range of environmental benefits, such as enhanced soil 
carbon sequestration and soil fertility improvement (Lehmann, 2007). This is a novel approach to sequester 
carbon in terrestrial ecosystems that creates environmental benefits and produces several useful products 
in the process of its manufacture. 
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iii  Advantages and disadvantages

Advantages

1.	 Substantial amounts of carbon can be sequestered in a very stable form.

2.	 Addition of biochar to soil has been associated with enhanced nutrient use efficiency, water holding 
capacity, and microbial activity. 

3.	 In the process of manufacturing biochar, both heat and gases can be captured to produce energy 
carriers such as electricity, hydrogen, or bio-oil. Further, other valuable co-products including wood 
flavoring and adhesives can also be obtained as a byproduct of biochar (Czernik and Bridgwater, 
2004). 

Disadvantages

1.	 Biochar applications sometimes disturb the physical and chemical balances of nutrients in the 
rhizosphere. 

2.	 Biochar generally helps the growth of undesirable weeds.

3.	 Biochar manufacturing is relatively expensive.

iv.  Economics and mitigation potential

The rice-wheat cropping system in the Indo-Gangetic plains of India produces substantial quantities of 
crop residues, and if these residues can be pyrolysed, 50% of the carbon in biomass is returned to the soil 
as biochar This would increase soil fertility and crop yields, while sequestering carbon. In addition, pyrolysis 
of plant materials with applications of biochar to soil can actually result in a net carbon reduction from the 
atmosphere of 20%, making it a carbon sequestering process (Lehmann, 2007). It has been projected 
that about 309 million tonnes of biochar could be produced annually, the application of which might offset 
about 50% of carbon emissions (292 teragram C yr-1) from fossil fuel (Lal, 2005).

Galinato et al. (2011), has examined the potential economic returns to farmers if they utilise biochar as a 
substitute for agricultural lime under three price scenarios: (1) $350.74/MT, (2) $114.05/MT, and (3) $87/
MT (Table 3.2).

v.  Examples/locations where presently practiced

At this time, amending soil with biochar is mostly experimental and not widely practiced. 

vi.  Barriers to dissemination

Because it is a relatively new approach, considerable research is needed to verify that it works well under 
the many combinations of soil, climate, and cropping systems. Farmers and energy producers needs to be 
educated on the C sequestration properties of the biochar as well as its positive impact on soil characters. 
Lower cost pyrolyzers needs to be structurally designed and their production to be increased to make 
them easily available to the farmers. Suitable sites for steady and reliable supplies of biomass may not 
be generally available. Efforts should be made to make biochar application as a viable C sequestration 
procedure eligible for higher carbon credits.
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3.4	 Irrigation

i.  Technology definition 

CO2 emissions can be reduced with effective irrigation by increasing yields and crop residues which can 
enhance carbon sequestration. (Smith et. al., 2008).

ii  Technology description

Irrigation is sufficiently common that little description is required. Suffice as to say that all types of irrigation, 
such as flood, sprinkler, surface and sub-surface drip, can all enhance crop yields with subsequent 
increases in crop residues and enhanced carbon sequestration. Eighteen per cent of cropped areas are 
currently irrigated. If additional areas can be put under irrigation, then additional carbon sequestration can 
occur. Three prominent technologies in this area are: 

•	 Sprinkler and drip irrigation

•	 Fog harvesting

•	 Rainwater harvesting.

Table 3.2 Comparison of profits from winter wheat productiona (US$ per 
hectare), with and without biochar application 

Scenario Revenue
CO2 

offset 
valueb 

Total 
cost 

Cost 
of ag 
limec

 Cost of 
biocharc

 Profitd

Without biochar or 
agricultural lime application

$1,099 – $1,038 – – $61 

With ag lime application $1,741 – $1,038 $334 – $369 

With biochar application, when offset price is $1/MT CO2 and the price of biochar (PB) is

PB1=$350.74/MT $1,741 $226 $1,038 – $26,842 -$25,913

PB2=$114.05/MT $1,741 $226 $1,038 – $8,728 -$7799

PB3=$87/MT $1,741 $226 $1,038 – $6,658 -$5729

With biochar application, when offset price is $31/MT CO2 and the price of biochar (PB) is

PB1=$350.74/MT $1,741 $6,995 $1,038 – $26,842 -$19,144

PB2=$114.05/MT $1,741 $6,995 $1,038 – $8,728 -$1030

PB3=$87/MT $1,741 $6,995 $1,038 – $6,658 $1,040 

Explanations:
Figures for the revenue, CO2 offset value, cost and profit are rounded to the nearest whole number.
a	 The assumed base soil pH is 4.5. Biochar or agricultural lime application is intended to raise the assumed soil 

pH to 6. 
b	 CO2 offset value = 225.66 MT of CO2 offset per ha from avoided emissions of lime and biochar C 

sequestration times the price of CO2 offset ($1 or $31/MT CO2). 
c	 Excludes the cost of applying lime or biochar to agricultural land (machinery and labour cost). 
d	 Profit = Revenue √ CO2 offset value – Total Cost – Ag Lime Cost – Biochar Cost. All are in US$ per hectare.
Source: Galinato et. al., 2011 
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These three technologies are covered in Section 4.2 as part of TNA Guidebooks on adaptation  
(http://tech-action.org/Guidebooks/TNA_Guidebook_AdaptationAgriculture.pdf).

3.5	 Management of rice production systems

Rice cultivation is responsible for 10% of GHG emissions from agriculture (Figure 2.2). In developing 
countries, the share of rice in GHG emissions from agriculture is even higher, e.g., it was 16% in 1994 
(UNFCCC). A variety of technologies are presented here for reducing emissions from rice cultivation.  

3.5.1	 Fertiliser, manure, and straw management mitigation technology

i.  Technology definition

Fertiliser and manure management in rice fields are important methane mitigation technologies. The 
fertiliser management mitigation option includes changes in: fertiliser types; fertiliser nutrient ratios; the 
rates and timing of applications; and use of nitrification inhibitors to reduce methane emissions by affecting 
methanogenesis in rice fields.

ii.  Technology description

Nitrification inhibitors are known to inhibit methane oxidation (Bronson and Mosier, 1994). Lindau et al. 
(1993) reported that some nitrification inhibitors can mitigate methane emissions from rice fields as well. 
They are, therefore, dual-purpose technologies for both N2O and CH4 mitigation. In a micro-plot study with 
dry-seeded, flooded rice, application of nitrification inhibitors, nitrapyrin and wax-coated calcium carbide 
in particular, retarded methane emission significantly (Keerthisinghe et al., 1993). The decrease in methane 
emission in plots treated with wax-coated calcium carbide was attributed to the slow release of acetylene, 
a known inhibitor of methanogenesis (Bronson and Mosier, 1991).

The use of the nitrification inhibitors such as Nimin or placement of urea super-granule in flooded rice 
fields can be considered as suitable options for mitigation of methane emissions from rice fields without 
affecting grain yields where flood waters are deep (30cm) but not shallow (5cm) (Table 3.3, Table 3.4). 
These measures not only improve N-use efficiency in lowland rice cultivation but also reduce methane 
emissions from deep-flooded rice fields.

Deep (30 cm) flooded conditions

Generally the depth of flood water under low land conditions in India, Bangladesh, and China is close to 
30cm. Under rain-fed lowland conditions, where the depth of flood water remained 30 ± 10cm, prilled 
urea and nitrification inhibitor, Nimin (Neem triterpenes) 1:100 ratio (nitrification inhibitor: urea (w/w)) were 
applied at an uniform rate of 60kg N/ha (Rath et al., 1999).  The prilled urea or the mixture of prilled urea 
and Nimin was broadcast to the pre-flooded field plants just before transplanting, as practiced by most 
farmers in rain-fed lowland rice. Urea granules (about 1gm/granule) were placed manually between the 
rows of rice plants at less than 5cm depth in reduced soil zones just before transplanting.

Shallow (5 cm) flooded conditions

Under shallow irrigated rice field conditions with a flood water depth of 4-6cm, prilled urea; green manure 
(Sesbania rostrata) and prilled urea in combination with green manure were applied to provide 60kg N ha-1 
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(Rath et al., 1999). Prilled urea was given (broadcasted) just before transplanting. Green manure (Sesbania 
rostrata) was grown in a nearby plot, uprooted, cut into 5-10cm pieces, and incorporated into the soil. In 
the treatment receiving green manure alone, the manure was applied at a rate to provide 60kg N/ha (dry 
weight basis). In the treatment receiving prilled urea + green manure, the required quantity of green manure 
to provide 30kg N/ha was first incorporated in the soil for seven days before transplanting, and prilled urea 
at 30 kg N/ha was applied on the day of transplanting to provide a total of 60kg N/ha. 

Methane emissions were lowest in plots treated with a mixture of prilled urea and Nimin, a nitrification 
inhibitor which inhibits the autotrophic oxidation of NH4

+ to NO2. Lindau et al., (1993) reported that these 
nitrification inhibitors can significantly mitigate methane emissions from rice fields. In a micro plot study 
with dry seeded flooded rice, application of nitrification inhibitors, in particular nitrapyrin and wax coated 
calcium carbide, retarded methane emissions considerably. The decrease in methane emissions in plots 
treated with wax coated calcium carbide was attributed to a direct result of the slow release of acetylene, 
a known inhibitor of methanogenesis. Lindau et al., (1993) also reported that nitrification inhibitors such as 
encapsulated calcium carbide and dicyandiamide and SO inf4 sup2- containing compounds [(NH4)2SO4 and 
Na2SO4] had mitigating effects on CH4 emissions from flooded rice cultivation.

Table 3.3 Methane efflux from deep (30cm) flooded lowland rice plots planted to cv. Gayatri, 
as influenced by fertiliser management

Treatment

Methane efflux* (mg m-2 h-1)

Days after transplanting (DAT)

30 50 70 85 100

Control  8.3a 21.0a 39.9a 90.7a 70.6a

Prilled urea  5.7a 13.1a 26.8a 67.2ab 62.8a

Prilled urea + Nimin  5.2a 17.7a 27.1a 48.0c 50.0b

Urea super-granule 6.1a 13.2a 30.7a 58.4c 52.6b

* Mean of four replicate observations. In a column, means followed by a common letter are not significantly different at the 5% 
level by DMRT  
Source: Rath et al., 1999

Table 3.4 Plant biomass production and the cumulative methane efflux from shallow (5cm) 
irrigated and rain-fed deep (30cm) flooded lowland rice fields planted with cv. Gayatri

Treatment
Plant biomass production (t ha-1) Cummulative methane 

emission (g m-2)Straw yield Grain yield

Deep (30 cm) flooded field plots 

Control 8.38 5.04 347.5

Prilled urea 8.48 5.52 307.5

Prilled Urea + Nimin 10.07 5.48 255.0

Urea supergranule  10.97 6.22 295.0

Shallow (5cm) field plots

Control 5.87 4.10 38.8

Prilled urea 7.37 4.90 73.8

Prilled urea + Nimin 8.51 5.60 70.0

Urea supergranule  8.19 5.80 116.3

Source: Rath et al., 1999
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The effectiveness of treatments for inhibiting CH4 production in order from most to least effective are; 
sodium azide > dicyandiamide (DCD) > pyridine > aminopurine > ammonium thiosulfate > thiourea. 
Inhibition of CH4 production in DCD amended soils was related to a high redox potential, low pH, low Fe2+, 
lower mineral carbon content, and low population of methanogenic bacteria. 

Several benzene-ring compounds (Patel et al., 1991) and N-containing compounds (Bollag and 
Czlonkowski, 1973) are also known to suppress methanogenesis in pure cultures and in soils. Chemicals 
known to inhibit CH4 production as well as CH4 oxidation include: DDT (2, 2-dichlorodiphenyltrichloroethane) 
(McBride and Wolfe 1971) and the nitrification inhibitor, acetylene (Sprott et al., 1982). Availability of these 
specific and general inhibitors of microorganisms holds promise for their use with chemical fertilisers or 
other agrochemicals to mitigate CH4 emissions from rice soils.

This opens up the possibilities of developing suitable management schedules for regulating methane 
emissions from flooded rice paddies 

The mineral N fertilisers generally reduce NH4 emissions to varying degrees. In contrast, incorporation 
of organic sources, for instance green manure and rice straw, in soils can stimulate methane emission 
(Denier van der Gon and Neue, 1995). However, when compared to burning of the straw, incorporation 
of rice straw before a wheat crop in Haryana (India) or vegetable crops in the Philippines and China has 
resulted in significant reductions of methane emissions (Wassmann and Pathak, 2007). Average methane 
emissions were reduced by approximately 0.4 t CE ha-1 compared to straw burning. However, the cost 
of field operations and the detrimental effects on upland crops make this option costly. Two other options 
of straw management are: sequestration of straw in the form of construction material and feeding raw 
straw to animals. These options are being used in China, where high rice production results in a large 
amounts of rice straw. The prices in China are US$5.98 and US$6.86 per t CE, which is only half of the 
price in the Philippines and Haryana (India). However, in all these three cases, straw management options 
have a relatively high reduction potential that collectively accounts for 1.34, 1.87 and 1.36 t CE ha-1 in 
the Philippines, India, and China, respectively. Another option is composting the straw before application, 
which can reduce CH4 emissions under continuous flooding by 58% compared to fresh straw under 
continuous flooding with no significant effect on yield (Wassmann et al., 2000).

iii.  Advantages and disadvantages

Advantages

1.	 Nitrogen fertiliser is needed for rice to reach its potential yield. These N treatments can supply the N 
while at the same time increasing C sequestration from the increased productivity.

2.	 Nitrification inhibitors can effectively improve fertiliser use efficiency while providing immediate and 
large reductions of methane emissions for a long period of time.

Disadvantages

1.	 To reach its maximum potential, the particular fertilisers and a supply of manure must be available at 
or just before transplanting time.

2.	 Nitrification inhibitors are expensive, may leave unacceptable residues in the soil, are only effective 
in certain soils, and may be lost by volatilisation.
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iv.  Economics and mitigation potential

Pathak et al. (2011) have presented annual cost, returns and wheat equivalent yield in the recommended 
N, P and K (NPK) as well as recommended N, P and K plus farmyard manure (NPK+FYM) in various 
long-term experiments carried out in different states of India using different cropping systems (Table 3.5). 
Their calculations show, for example, that the rice-wheat rotation in Haryana is far more productive and 
profitable than the other rotations, which would increase C sequestration at the same time. The addition of 
farmyard manure increased productivity in two-thirds of the cases, but decreased it in about one-third of 
the cases, so local adjustments would have to be made for the crop rotation in use. 

Table 3.5 Annual cost, return and wheat equivalent yield in the NPK and NPK+FYM 
treatments in various long-term experiments.

Yearsa
Cropping 
systemb

State

NPK treatment NPK+FYM treatment

WEYc 
(Mg/
ha)

Cost 
(US$) 

Return 
(US$) 

Benefit/ 
cost 

WEYc 
(Mg/ 
ha)

Cost 
(US$) 

Return 
(US$) 

Benefit/
cost 

8 A Meghalaya 4.6 660 1062 1.6 7.1 694 1634 2.4

28 B West Bengal 9.2 915 2106 2.3 7.8 951 1783 1.9

20 A West Bengal 4.1 789 940 1.2 5.0 815 1157 1.4

13 C West Bengal 6.6 932 1504 1.6 8.1 957 1864 1.9

20 D West Bengal 3.4 660 783 1.2 3.9 694 889 1.3

12 A
Uttar 
Pradesh

7.6 679 1738 2.6 7.6 696 1740 2.5

14 A
Uttar 
Pradesh

7.1 679 1628 2.4 6.2 704 1434 2.0

8 A Bihar 6.0 679 1385 2.0 7.0 736 1600 2.2

14 A
Uttar 
Pradesh

7.4 679 1706 2.5 7.2 704 1662 2.4

14 A Uttarakhand 8.1 679 1851 2.7 7.6 702 1736 2.5

15 A Punjab 6.5 545 1496 2.8 7.6 562 1749 3.1

10 A Haryana 7.4 475 1711 3.6 8.2 511 1892 3.7

10 E Orissa 6.9 581 1592 2.7 7.5 598 1723 2.9

a	 Duration of the experiment.
b	 A Rice-Wheat, B Rice–Wheat–Jute, C Rice–Mustard–Sesame, D Rice–Berseem, E Rice–Rice.
c	 Wheat equivalent yield.
Source: Pathak et al. (2011)

Setyanto et al., (1997) reported that methane emissions from mineral fertilisers such as tablet urea, prilled 
urea, (NH4)2SO4 were affected by the method of application, i.e., those methods that involved incorporation 
of the fertiliser into the soil had lower methane emissions. The use of ammonium sulfate as N-fertiliser to 
replace urea also resulted in a 5-25% decrease in CH4 emissions.
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As per Wassmann and Pathak (2007), the relative costs for mitigation through nitrification inhibitor were 
US$6.4, US$5.5 and US$9.8 per t CO2e saved in Ilocos Norte province (Philippines), Zhejiang province 
(China), and Haryana state (India) respectively. In Ilocos Norte and Zhejiang the reduction potential was 
ca. 0.7t CO2e/ha whereas this option only yields marginal emission savings (0.13t CO2e/ha) in Haryana. 

If incentives are given in terms of C credits for mitigating global warming potential and subsidies for reducing 
N loss, farmers will adopt these technologies such as conservation tillage, soil test based N use, and more 
precise placement of fertilisers on a large scale in South Asia (Ladha et al., 2009).

v.  Examples/locations where presently practiced

Some of the states in India practice this technology as indicated in Table 3.5. At this point, nitrification 
inhibitors are mostly experimental and not widely practiced in rice production.

vi.  Barriers to dissemination

Farmers would need to be educated about the proper types and amounts of fertiliser and manure to 
apply which would vary with location and cropping systems. Greater knowledge about the cost versus 
effectiveness of nitrification inhibitors compared to other mitigation options are needed for the many 
possible conditions, and then educating growers about their use is needed.

3.5.2	 Water management: mid-season drainage technology

i.  Technology definition

Mid-season drainage involves the removal of surface flood water from the rice crop for about seven days 
towards the end of tillering. The duration of the dry period must be long enough for rice plant to experience 
visible moisture stress.

ii.  Technology description

Mid-season drainage aerates the soil, interfering with anaerobic conditions and thereby interrupting CH4 
production. Mid-season drainage of a rice crop involves withholding flood irrigation water for a period 
until the rice shows symptoms of stress. It involves ridge and furrow cultivation technology, where some 
moisture still exists in the soil even after the toe furrow is drained. It is essential to check when the crop has 
used most of the available water. The degree of soil cracking will depend on the soil type and on the spatial 
distribution of the rice cultivars. The cumulative evapotranspiration of the crop varies from 77-100mm 
during the time water is removed depending on crop vigour and soil types. The field is then re-flooded as 
quickly as possible. It is necessary to cover the soil surface with water so that the plants start recovery. 
Water depth then can be gradually increased to that required for protection of the developing plant canopy 
from damaging high temperatures during anthesis. 

Mid-season drainage reduces methane emissions of paddy fields, with reductions ranging from 7 to 95% 
(Table 3.6). 
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Table 3.6 Reductions in methane emissions due to various water management practices 
compared to continuous flooding (with organic amendments). WS = wet season, DS = dry season

Mitigation practices
Seasonal emissions 

(kg ha-1)
Relative reduction 

(%)
Experiment

Mid-season drainage

385 23** Beijing 1995

312 44 ns Hangzhou 1995

51 43** Maligaya 1997 DS

25 7 ns Maligaya 1997 WS

Alternate flooding/drainage
216 61** Hangzhou 1995

207 59** Beijing 1995

Mid-season drainage and 
no organic matter

26 95** Beijing 1995

239 57** Hangzhou 1995

** Statistically significant
ns Statistically not significant
Source: modified from Wassman et al. (2000)

However, rice is also a significant anthropogenic source of N2O. Mid-season drainage or reduced water 
use creates unsaturated soils conditions, which may promote N2O production. Mid-season drainage is 
an effective option for mitigating net global warming potential although 15-20% of the benefit gained 
by decreasing methane emission was offset by increasing N2O emissions. Little N2O emission occurred 
when fields were continuously flooded (Zou et al., 2005). Mid-season drainage, however, caused intense 
emissions of N2O, which contributed greatly to the seasonal amount. After the midseason drainage, 
on the other hand, no recognizable N2O was observed when the field was frequently waterlogged by 
the intermittent irrigation. In contrast, large N2O emissions were observed when the field was moist but 
not waterlogged by the intermittent irrigation. Thus, N2O emissions during intermittent irrigation periods 
depended strongly on whether or not waterlogging was present in the fields. Different water regimes cause 
changes to N2O emissions from rice paddies (Zou et al., 2005).

iii.  Advantages and disadvantages

Advantages

1.	 Methane emission reductions associated with mid-season drainage in rice field range from about 7 
to 95% (Table 3.6) with little effect on rice grain yield.

2.	 Draining stimulates root development and accelerates decomposition of organic materials in the soil 
making more mineralised nitrogen available for plant uptake.

3.	 Mid-season drainage saves water, which could be used for other purposes.

4.	 Mid-season drainage inhibits ineffective tillers and improves root activities.
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Disadvantages

1.	 Drainage has the unintended effect of increasing nitrous oxide emissions. However, mid-season 
drainage can help mitigation of N2O if a field was frequently water logged by intermittent irrigation.

2.	 Intermittent drying or drainage of soil is not feasible on terraced rice fields because drying could 
cause cracking of the soil leading to water losses, or in extreme cases, complete collapse of the 
terraced construction.

3.	 Field drainage also induces weeds and thereby reduces the rice grain yield.

4.	 Mid-season drainage delays the development of crop. Flowering is generally delayed by 3-4 days 
and harvest/maturity may be delayed by 7-10 days.

5.	 Mid-season drainage may increase plant height, and this will make the crop more prone to lodging 
especially when grain yield is high.

iv.  Economics and mitigation potential

According to Wassmann and Pathak (2007), mid-season drainage a profitable mitigation technology 
due to low labour cost and low yield risk. The cost of the technology was around US$20 per t CO2e 
saved. Nelson et al., (2009) observed that by one mid-season drying, net revenue dropped less than 5%  
while GHG emissions dropped by almost 75 million metric tons of CO2e (approximately 4,000 tonnes 
CO2e ha-1).

The technologies of conservation tillage, mid-season drainage and alternate flooding reduced GHG 
emissions without extra expenditure. Higher net return with these technologies suggests the tremendous 
potential scope of their adoption by farmers. 

Water management is often considered a good strategy to mitigate methane emissions from rice fields. 
Water saving technologies can reduce methane emissions in a given area of rice land. The saved water 
will then be used to irrigate more land and new crops in future seasons. Rice is grown on more than 140 
million hectares worldwide. Ninety per cent of rice fields are temporarily flooded, providing scope for 
better water management to reduce water consumption, related energy and electricity consumption, and 
fertiliser consumptions. These reductions would result in methane mitigation and could then be included 
for claiming carbon credits.

v.  Examples/locations where presently practiced

Mid-season drainage (a common irrigation practice adopted by major rice growing regions of China and 
Japan) and intermittent irrigation (common in north-west India) greatly reduce methane emissions. Field 
drying at the mid tillering stage reduced methane emissions by 15-80% compared to continuous flooding 
without significantly affecting rice yield.

vi.  Barriers to dissemination

Farmers fear potential adverse effects on yield both from observing the visible stress and from the delay in 
harvest time. They need to be educated on the benefits that outweigh the potential losses. A large part of 
the benefits are towards GHG mitigation, which do not accrue any financial return to the farmers.
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3.5.3	 Water management: alternate wetting and drying (AWD) technology

i.  Technology definition

The International Rice Research Institute (IRRI) in the Philippines has developed a new mitigation 
technology for methane known as alternate wetting and drying (AWD) (IRRI, 2009). AWD is a water-
saving and methane mitigation technology that lowland (paddy) rice farmers can use to reduce their 
water consumption in irrigated fields. Rice fields using this technology are alternately flooded and dried. 
The number of days of drying the soil in AWD can vary according to the type of soil and the cultivar from 
1 day to more than 10 days.

Figure 3.8 Alternate wetting and drying (AWD) technology for methane mitigation. The water table 
level has been lowered to the stress stage (15cm depth) so that it is time to flood the field again. 

Source: IRRI, 2009.

ii.  Technology description

AWD is also called controlled irrigation or intermittent irrigation. The number of days of non-flooded soil 
can vary from 1 to more than 10 days. A practical way to implement AWD technology is by monitoring the 
depth of the water table in the field using a simple perforated field water tube. When the water level is 15cm 
below the surface of the soil, it is time to flood the soil to a depth of around 5cm at the time of flowering, 
from 1 week before to 1 week after the maximum flowering. The water in the rice field needs to be kept 
at 5cm depth to avoid any water stress that would result in severe loss in rice grain yield. The threshold of 
water level at 15cm is called ‘safe AWD’, as this will not cause any yield decline because the roots of the 
rice plants will still be able to take up water from the saturated soil and move it to root zone. The field water 
tube used in this technology will help to measure the water level in the field so that incipient water stress 
in the rice plants can be anticipated (Fig 3.8). Thus, this alternate wetting and drying technology will not 
only save water but can greatly reduce emissions of methane. Water-saving technologies such as alternate 
wetting and drying reduce the amount of time rice fields are flooded and can reduce the production of 
methane by about 60% (Table 3.6) or even up to 90% (IRRI, 2009).



41

Starting from about 15 days after transplanting, farmers using AWD stop irrigating until the water table 
goes 15 cm below the ground level. A 20cm hole is dug in the rice field, and a perforated plastic pipe is 
installed to monitor the level of the water table after each irrigation. This practice is continued until flowering 
starts. At that time, it is necessary to keep 2-4cm of standing water from flowering to dough stage. 

iii.  Advantages and disadvantages

Advantages

1.	 Large reductions in methane emissions are possible compared to continuous flooding (Table 3.6).

2.	 It will help the economic use of water during rice cultivation.

3.	 The drying phase of rhizosphere will help root growth and its sustainability for water transport to rice 
plants even under low soil moisture conditions.

4.	 Farmers will be able to know the status of water of their rice growing fields and would be able to 
balance irrigation with achieving minimum methane emissions.

5.	 The savings of irrigation water will have impact on environment because of reduced withdrawal of 
ground water and a reduction in consumption of diesel for water pumps. 

6.	 Protection of water levels of ground water may also reduce arsenic contamination in rice grain and 
straw.

Disadvantages

1.	 Occasionally, rice productivity is reduced using AWD technology if moisture stress condition is 
induced. However, the reduction of yield was less compared to the yield reduction due to the direct 
moisture stress effect.

2.	 N2O emissions are increased.

iv.  Economics and mitigation potential

AWD technology can reduce the number of irrigations significantly compared to farmer’s practice, thereby 
lowering irrigation water consumption by 25 per cent, reducing diesel fuel consumption for pumping water 
by 30 liters per hectare, and producing 500kg more rice grain yield per hectare.

The cost of AWD was found to be US$20 per t CO2e saved in Haryana, India, whereas in Ilocos Norte, 
Philippines and Zhejiang, China, this cost became greater than US$45 per t CO2e saved (Wassmann and 
Pathak, 2007).

The visible success of AWD has dispelled the concept of yield losses under moisture stress condition in 
non-flooded rice fields. Adoption of AWD technology reduced water use and methane emissions, and it 
increased rice productivity. It can reduce methane emissions by 50% as compared to rice produced under 
continuous flooding.

v.  Examples/locations where presently practiced

This technology is very common in countries such as China, India and the Philippines (IRRI, 2002).
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vi.  Barriers to dissemination

The practice requires that the irrigation systems must accommodate precise control of the timing of the 
irrigations and the depths of water in the paddies. Therefore, farmers need to be trained in its use. The 
benefits towards GHG mitigation do not accrue any financial return to the farmers.

3.5.4	 Potassium fertiliser application technology

i.  Technology definition

Fertilisation with muriate of potash (MOP) can significantly reduce emissions of methane from flooded soils 
planted with rice.

ii.  Technology description

Potassium applications to rice field soils prevent a drop in redox potential and reduce the contents of 
active reducing substances and Fe2+ contents. Potassium amendments also inhibit methanogenic bacteria 
and stimulate methanotrophic bacterial populations. In addition to producing higher rice biomass (both 
above and below ground) and grain yield, potassium amendments can effectively reduce CH4 emission 
from flooded soil, and this could be developed into an effective mitigation option especially in potassium 
deficient soils (Babu et al., 2006) (Table 3.7).

iii.  Advantages and disadvantages

Advantages

1.	 Chemical fertilisers mitigate methane emissions more quickly compared to the slow processes of 
organic amendments.

2.	 Chemical fertilisers also fulfill the nutrient requirements of crops, thus helping in sustaining productivity 
while mitigating methane emissions.

3.	 Chemical fertilisers sometimes improve soil health if used with care to maintain nutrient balance in soil.

Disadvantages

1.	 The potassium fertiliser must be precisely applied in order to avoid negative effects on field fertility. 

2.	 Chemical fertilisers that are applied in excess to the normal ratio generally change the nutrient 
composition of the soil besides affecting their physical structure. This affects adversely both methane 
oxidation and methanogenesis.

Table 3.7 Effect of K fertilisation on methane emissions from a rice field 

K level Biomass (g m-2)
Cumulative CH4 

(kg ha-1)
Kg CH4 Mg-1 
grain yieldAbove ground Under ground

Control (K0) 1419.21a 189.6  4a 125.34 25.32

K30 1562.90ab 252.23bc 63.81 11.00

K60 1557.65ab 236.32b 82.03 14.34

K120 1671.0b 287.03c 64.43 10.70

Note: The K levels were 0, 30, 60, and 120. In a column, means followed by a common letter are not significantly different 
(P<0.05) by Duncan’s multiple range test. * Grain yield is a mean of four replicate observations.
Source: Babu et al. (2006)
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iv.  Economics and mitigation potential

In potassium deficient soils, applications of potassium fertiliser generally increase yields significantly; 
the value of the increase in yield exceeds the costs of the fertiliser treatments. Therefore, under these 
conditions, the reduction in methane emissions is an added benefit whose mitigation cost is effectively 
zero. In addition, K fertilisation can reduce methane emissions by half (Table 3.7).

v.  Examples/locations where presently practiced

It is standard practice to fertilise with additional potassium fertiliser on potassium-deficient paddy soils, at 
least in more developed countries. In less developed countries, it is not as prevalent due to less awareness 
about usage, cost and availability of fertiliser inputs.

vii.  Barriers to dissemination

As mentioned above, fertiliser costs can be an issue, as well as the need to provide education about their 
appropriate and precise use.

3.5.5	 Agricultural biotechnology as a mitigation option

i.  Technology definition

The biotechnology approach for methane mitigation technology involves identification of rice cultivars 
which emit less methane. It also involves the tailoring of plants which translocate less photosynthate to the 
roots and more to reproductive parts.

ii.  Technology description

To identify the use of rice cultivars with reduced methane emissions, Wang et al., (2000) demonstrated 
that rice cultivars with small root systems, high root oxidative activity, high harvest index, and 
productive tillers are likely to produce less methane than other cultivars. They have identified cultivar 
Zhongzhou (modern japonica) as less methane-emitting compared to Jingyou (japonica hybrid) and 
Zhonghua (tall japonica). Parashar and Bhattacharya (2002) identified Annada rice variety (commonly 
used in Andhra Pradesh, a major rice growing region in India) as high yielding, with comparatively 
low methane emissions. Although low methane-emitting rice cultivars have been identified, methane 
emission reductions due to cultivar selection have been shown to be less significant than those 
identified due to modifying water management regimes or adding organic amendments. In addition, 
the rice yield of low methane-emitting cultivars needs to be evaluated. If the low emitting rice cultivars 
produce less rice, then more rice would need to be cultivated to meet demand, and as a result, overall 
methane emissions may increase.

Methane emissions can be reduced by selecting rice cultivars like ‘Luit’ which transport a large portion of 
their photosynthates to panicle growth and grain development (high harvest index). Varieties like ‘Disang’ 
should be avoided which use their photosynthates for the development of vegetative parts such as roots, 
leaf sheaths, culm etc. (low harvest index) that later on contribute to the emission of methane (Das and 
Baruah, 2008). 

Methane emissions can also be reduced by selecting cultivars like ‘Prafulla’ and ‘Gitesh’ which have 
slower transport of methane due to smaller cross-sectional areas of their medullary cavities. Das and 
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Barauh, (2008) recorded a positive correlation between methane flux and the size of medullary cavity. 
They observed that the rice varieties ‘Basumuthi’ and ‘Bogajoha’ with larger sizes of medullary cavities 
had greater cross-sectional areas with higher methane diffusion pathways. Uprety et al., (2011) reported 
that methane concentration in the medullary cavities of rice plants are about 2,900 times higher than that 
of ambient air.

Important plant anatomical parameters such as leaf number, tiller number and plant biomass, which 
regulate the emission of methane, are identified. Modification of these anatomical traits, as well as possible 
changes in physiological processes, can help rice breeders develop new low methane-emitting genetic 
lines of rice and developing site-specific technology packages, ascertaining synergies with productivity 
and accounting for methane emissions.

iii.  Advantages and disadvantages

Advantages

1.	 Farmers have exclusive choice of designing and selecting low methane emitting rice cultivars with 
high yield without altering the farming operations.

Disadvantages

1.	 Methane emissions are not normally measured by rice breeders, so this would require additional 
effort, although if some anatomical traits are sufficiently well correlated with methane emissions, then 
the extra effort might be minimal.

2.	 The degree to which emissions can be lowered using this approach may not be large.

3.	 Varieties with the low-emissions trait may be lower yielding.

4.	 Considerable time is required to develop new varieties.

iv.  Economics and mitigation potential

If varieties can be developed that significantly reduce methane emissions without sacrificing yield, then this 
approach could be easily implemented, and the potential mitigation reduction could be high.

v.  Examples/locations where presently practiced

This approach is just starting, and it has not advanced beyond preliminary experiments.

vi.  Barriers to dissemination

The barrier for the biotechnological approach is the positive correlation between methane emission and 
yield. However, the barriers can be disseminated by selecting correlation breaker varieties.

3.5.6	 Methane mitigation using reduced tillage technology

i.  Technology definition

Similar to conservation tillage discussed in section 3.3.1  for upland crops, reduced tillage technology for 
paddy rice involves planting or transplanting directly into the soil with minimal prior tillage in the residues 
of the preceding crop.
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ii.  Technology description 

Methane emissions at the tilling stage of rice field preparation account for more than 80% of total annual 
emissions (US EPA, 2008). Wet-land tillage compared to dry-land zero-tillage results in an earlier onset of 
methanogenesis and, therefore, contributes to greater methane production during the growing season. 
Zero-tillage results in the lowest methane emissions and is a practice which utilises crop residues in place 
of compost or mulch. This is often done by hand transplanting, but mechanical rice transplanters that 
can transplant small seedlings into flooded soil are becoming popular in developed countries like Japan 
and South Korea (e.g.,  http://en.wikipedia.org/wiki/Rice_transplanter). Following about a week after an 
herbicide application, broadcasting of pre-germinated seeds into the flood water is also done (Huang et 
al., 2012).

iii.  Advantages and disadvantages

Advantages

1.	 Less labour required.

2.	 Farmers do not require as much time for the preparation of the field for the next crop. 

3.	 As less time is required for field preparation, water can be conserved or alternatively, the plant growth 
period can be lengthened, allowing the use of longer-season varieties with higher yield potential.

4.	 Methane mitigation through reduced tillage provides protection of the soil and improves its condition.

Disadvantages

1.	 Rice cultivation under reduced tillage makes it vulnerable to harmful pests such as the stem borer 
which survive on the unincorporated residue or stubble.

2.	 Deploying new machinery for reduced tillage and training to farmers is a long-term endeavor and 
involves considerable expenditure.

3.	 Minimum tillage practices require increased use of herbicides and are, therefore, less acceptable.

4.	 Lower germination with reduced tillage necessitates higher seeding rates and therefore higher seed 
costs.

iv.  Economics and mitigation potential

Tilling causes 80% of methane emission, therefore, reduced tillage improves the mitigation potential of 
methane. However, the high cost of mechanical transplanters restricts deployment, although use of herbicides 
and broadcasting of pre-germinated seed greatly improves the economic gains for small farmers.

v.  Examples/locations where presently practiced

Zero-till for paddy rice production is not widely practiced.

vi.  Barriers to dissemination

As discussed previously for upland crops, zero-till with its more costly machinery has become prevalent 
only in richer countries whose farmers can afford equipment like mechanical transplanters. However, use 
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of herbicides has enabled broadcasting of pre-germinated seed, but lack of familiarity with reduced tillage 
techniques is a major constraint for small, poor farmers.

3.5.7	 Direct seeding technology

i.  Technology definition

Pre-germinated seeds or seedlings are directly planted in soil or broadcast in flooded field under this 
technology.

ii.  Technology description

Direct seeding of pre-germinated rice has  resulted in to the reduced methane emissions due to a shorter 
flooding period and decreased soil disturbance compared to transplanting rice seedlings. Ko and Kang 
(2000) demonstrated that in South Korea, where the common cultural practice is to transplant 30-day-old 
seedlings, that significant reductions in methane emissions could be achieved by direct seeding on wet soil 
(8%) and on dry soil (33%) with no significant effect on yields in either case. Similarly, Metra-Corton et al., 
(2000) showed that direct seeding resulted in a 16-54% reduction in methane emissions compared to that 
of transplanted rice seedlings. For six different cases, Wassman et al. (2000) reported a 16-92% reductions 
in methane emissions with direct seeding compared to transplants, for six rice cultivars, however, a yield 
reductions of 4-36% was also observed. Subsequently, Huang et al. (2012) found no significant effect on 
yield over six growing seasons, when a treatment of no-tillage + herbicide + broadcast of pre-germinated 
seeds on flooded field was compared to conventional tillage + later flooding + transplants, but at the end of 
the fifth year, increased in organic carbon in the top 5cm of soil was approximately matched by reductions 
in carbon at deeper depths.

iii.  Advantages and disadvantages

Advantages

1.	 Direct planting is faster and less labour-intensive than transplanting. 

2.	 It reduces land preparation time. 

Disadvantages

1.	 Yields reduced in some instances (e.g., Hossain et al., 2002; Wassman et al., 2000)

2.	 More lodging of rice plants (De Datta, 1986).

iv.  Economics and mitigation potential

According to Wassmann and Pathak (2007), costs of emissions saving through direct seeding was found 
to be more than US$35 per tCO2e saved.

Weerakoon et al. (2011) surveyed Sri Lankan farmers and presented the cost of cultivation for direct 
wet-seeded rice in three scenarios: dry zone irrigated, intermediate zone irrigated and wet zone rain fed 
(Table 3.8). They found that under irrigated conditions direct seeding was profitable, whereas under rain 
fed conditions, gross returns were about half than under irrigation, and the direct seeded cropping system 
was not profitable.
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Table 3.8 Economics of wet-seeded rice in Sri Lanka 

Region Total Input Costs 
(US $/hectare)

Gross Returns (US 
$/hectare)

Profit (US $/h

Dry zone irrigated 523 865 342

Intermediate zone irrigated 551 731 181

Wet zone rain fed 538 426 -112

Source :Weerakoon et al. (2011).

vi.  Examples/locations where presently practiced

Transplanting is the most common method for paddy rice production in Asia, whereas direct seeding 
is common in Australia and the United States (IRRI, http://www.knowledgebank.irri.org/ericeproduction/
II.3_Direct_seeding.htm).

vii.  Barriers to dissemination

In Asia, it is traditional to use transplants, so there is resistance to change to direct seeding. However, before 
habits can change, it must be consistently demonstrated that yields will not be significantly decreased by 
direct seeding.

3.5.8	 Chemical fertiliser amendment technology

i.  Technology definition

Emissions of GHGs are affected by the amounts and types of fertilisers applied, so judicious choice of 
fertiliser application rates and fertiliser types can reduce emissions.

ii.  Technology description

The source, mode, and rate of application of mineral fertilisers influence CH4 production and emission from 
flooded rice paddies. CH4 emissions from rice fields were decreased by 18% due to chemical fertiliser 
amendments (Minami, 1995).

Increases in rice production in south Asia have been attributed to increased nitrogen use (EPA, 1991). 
Increased nitrogen use may also have an additional benefit of lowering methane emissions. Incorporating 
urea into soil has been shown to reduce methane emissions (EPA, 1991). However, surface-applied urea 
resulted in 20% more emissions compared to an unfertilised field. The use of sulfate-based fertiliser has 
also being linked to methane emission reductions. Metra-Corton et al., (2000) reported that ammonium 
sulfate reduced methane emissions by 25-36% in rice fields. Applying phospho-gypsum (calcium sulfate 
dihydride) in combination with urea reduced methane emissions by more than 70%. Application of sulfate-
containing fertilisers reduced methane emissions from flooded rice fields (Adhya et al., 1998). In contrast, 
incorporation of organic sources, for instance green manure and rice straw, in soils stimulates methane 
emission (Denier van der Gon and Neue, 1995). 

Foliar application of nitrogenous fertiliser is another potential mitigation practice for reducing CH4 emissions 
from rice soils (Kimura et al., 1992). Adhya et al., (1998) demonstrated a large inhibition of CH4 production 
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and emission by an application of single superphosphate and a smaller inhibition by an application of rock 
phosphate. They attributed this inhibitory effect to the high PO4

2- content of the P fertilisers. Nitrification 
inhibitors (thiourea, sodium thio sulphate and dicyandiamide) inhibited the CH4 emission activity of flooded 
rice field soil (Bronson and Mosier 1994).

Rath et al., (1999) found that the subsurface application of urea super granules was marginally effective in 
reducing the CH4 flux relative to that in untreated control plots.  Bronson and Mosier (1994) reported that 
N fertilisers inhibit methanotrophic microorganisms in soils. Generally, fertilisers with an ammonical form of 
N (NH4

+
-N) increase CH4 emissions. 

In principle, three different causes have been suggested for the inhibitory effect of nitrogenous fertilisers, 
especially NH4

+
-N fertilisers, on CH4 oxidation which results in increased emissions of CH4:

1.	 An immediate inhibition of the methanotrophic enzyme system (Bedard and Knowles, 1989).

2.	 Secondary inhibition through the NO2
– production from methanotrophic NH4

+ oxidation (Megraw and 
Knowles, 1987).

3.	 Dynamic alteration of microbial communities of soil (Powlson et al., 1997).

iii.  Advantages and disadvantages

Advantages

1.	 Crop growth and yields are stimulated while emissions are reduced compared to fertilisers without 
mitigation potential.

Disadvantages

1.	 Fertilisers with higher mitigation potential may cost more. 

2.	 Economics and mitigation potential

According to Wassmann and Pathak (2007), rice production without organic amendments demonstrated 
the technical feasibility of reducing emissions at relatively low costs. The addition of phosphogypsum is an 
efficient strategy to reduce emissions. Its actual costs varied from US$ 1.5 to 2.5 per t CO2e saved in the 
Philippines and China, respectively, and the reduction potential is approximately 1 t CO2e ha-1. However, 
the relative cost for phosphogypsum application in Haryana (India) was higher (US$5 per t CO2e saved), 
and the reduction potential was 0.29t CO2e ha-1. 

iv.  Examples/locations where presently practiced

Nitrogen fertiliser is commonly used worldwide. However, deliberate selection of the type of fertilisers to 
use based on GHG emissions potential is not commonly done.

v.  Barriers to dissemination

Site-specific research needs to be done to establish which fertilisers are cost effective with regard to both 
yield enhancement and GHG mitigation potential. This information also needs to be provided to growers.
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3.5.9	 Change to methanogenic activity using electron acceptors

i.  Technology definition

Addition of electron acceptors, such as ferrihydrite, to paddy fields can stimulate microbial populations that 
compete with and slow the activity of methanogens, thereby reducing emissions of methane.

ii.  Technology description

According to Lueders and Friedrich (2002), methane emissions from paddy fields can be reduced by the 
addition of electron acceptors to stimulate microbial populations that compete with methanogens. Under 
ferrihydrite amendment, acetate was consumed efficiently (<60 µM), and a rapid but incomplete inhibition 
of methanogenesis occurred after three days. 

Methanogenesis can be suppressed by the supplementation of alternative electron acceptors such as 
Fe (III) or sulfate, when electron donors for respiratory processes become limiting (Achtnich et al., 1995). 
This mitigation strategy is based on the thermodynamic theory which predicts that the energetically more 
favorable electron acceptor will be utilised first under substrate limiting conditions (Zehnder and Stumm, 
1988). Microorganisms which can reduce the energetically more favorable electron acceptor (e.g., nitrate, 
Fe (III), sulfate) will outcompete those using a less favorable electron acceptor (e.g., CO2).

Functional shifts can occur within a rice field soil microbial community by supplementing alternative 
electron acceptors in the form of ferrihydrite and gypsum, and thereby respiratory processes other than 
methanogenesis are promoted. Under gypsum addition, hydrogen was rapidly consumed to low levels 
(~0.4 Pa), indicating the presence of a competitive population of hydrogenotrophic sulfate-reducing 
bacteria (SRB). This was paralleled by a suppressed activity of the hydrogenotrophic RC-I methanogens 
as indicated by the lowest SSU rRNA quantities. Full inhibition of methanogenesis only became apparent 
when acetate was depleted to non-permissive thresholds (<5 µM) after 10 days.

The enhanced activity of FRB (Ferric iron reducing bacteria) and SRB (sulfate reducing bacteria) resulted 
in almost complete inhibition of methanogenesis under conditions of limiting substrate and non-limiting 
electron acceptor availability. Considering the electron uptake potential of eight electrons per CO2 and 
SO4

2, and one electron per Fe3+, only the amount of sulfate reduced perfectly matched the quantity of 
methane which was not produced under inhibition. FRB also participate in the oxidation of electron 
donors other than acetate and H2, thus limits its properties of reduction in methanogenesis. This may be 
another reason for the lower efficiency of inhibition of methanogenesis under ferrihydrite amendment. It 
was also demonstrated by Lueders & Friedrich (2002) that although the mitigating agent such as gypsum 
is added in the soil about one-tenth that of the ferrihydrite amendment, but still the mitigation effects were 
comparable: 69% and 85% methane reduction, respectively.

iii.  Advantages and disadvantages

Advantages

1.	 Methane emissions can be reduced.

Disadvantages

1.	 The approach is still at the experimental stage.
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iv.  Economics and mitigation potential

The economics and mitigation potential have not yet been established.

v.  Examples/locations where presently practiced

Addition of alternative electron acceptors is experimental and not yet a field practice.

vi.  Barriers to dissemination

More research needs to be done to determine the cost effectiveness of this approach, as well as its 
consequences on yield and the environment.

3.5.10	 Summary and potential of various mitigation technologies to reduce emissions 
from rice

Optimising irrigation patterns by adding drainage periods in the field, or early mid season drainage 
reduced CH4 emissions by 7-80% compared to flooded conditions. Using composted rather than fresh 
rice straw reduced emissions by 58-63%. Such large reductions and relative ease of implementation 
suggest that these are the best methane mitigation technologies for farmers (Wassman et al. 2000). The 
reductions of 16-22% in CH4 emissions suggest it would also be a good practice if associated yield 
reductions can be overcome by higher seeding rates or other means. Compared to prilled urea as the 
sole N source, ammonium sulphate could reduce CH4 emissions by 10-67%. Methane can be reduced 
by fallow incorporation (11%) and mulching (11%) of rice straw as well as addition of phosphogypsum 
(9-73%) in all rice ecosystems. Nitrification inhibitors can repress methane emissions from flooded soils 
(Bronson and Mosier, 1991). Methane emissions were lowest in plots treated with a mixture of prilled urea 
and Nimin, a nitrification inhibitor which inhibits the autotrophic oxidation of NH4

+ to NO2
– (Sahrawat and 

Parmar, 1975). Removal of a surface peat layer (soil with a high percentage of organic material) of soil 
before irrigation reduces the emission of methane significantly. This practice (peat soil technology) has 
been recently reported by the Russian scientists (Sirin et al. 2010).

Incorporation of rice straw in soil generally increases CH4 emissions. However, it can be a disposal problem, 
and compared to burning it, incorporation of rice straw before a wheat crop in Haryana (India) or vegetable 
crops in the Philippines and China resulted in significant reductions of approximately 0.4 t CE ha-1 in 
methane emissions (Wassmann and Pathak, 2007). However, the field operations and its detrimental 
effects on upland crops make this option costly. Mixing of straw in construction material or feeding it to 
animals is additional options.	

Mitigation potential exists through the use of new rice cultivars with lower emissions, but they have a higher 
seed cost (Pathak and Wassmann, 2007). The use of such cultivars is only promising under conditions where 
the existing methane emissions are high, i.e., in China and the Philippines. The challenge for rice research is 
to develop technologies that increase rice productivity and at the same time reduce GHG emissions.

3.6	 Agro-forestry 

Improved grazing, cropland management, and agro-forestry offer greater potential for carbon 
sequestration (UNFCCC, 2008a). Terrestrial sequestration is based on the fact that plants take CO2 out of 
the atmosphere through photosynthesis and store it as organic carbon in above-ground biomass (trees 
and other plants) and in the soil through root growth and the incorporation of organic matter (Figure 3.9). 
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Thus, the process of carbon loss through land use change can be reversed, at least partially, through 
improved land use and management practices. In addition to afforestation, changes in agricultural land 
management, such as the adoption of tillage practices that reduce soil disturbance and incorporate 
crop residues into the soil, can remove carbon from the atmosphere and store it in the soil as long as 
those land use and management practices are maintained. Agro-forestry systems will vary by region. 
However, crops and forests together will elevate the carbon conserving capacity of the agro-ecosystem 
of a region.

Figure 3.9 Agro-forestry and carbon sequestration 

Source: IGUTEK (2011)

i.  Technology definition 

Agro-forestry, as defined by the World Agro-forestry Centre, is “a dynamic, ecologically based, natural 
resources management system that, through the integration of trees on farms and in the agricultural 
landscape, diversifies and sustains production for increased social, economic, and environmental benefits 
for land users at all levels”. On the other hand, the Association for Temperate Agro-forestry describes it as 
“an intensive land management system that optimises the benefits from the biological interactions created 
when trees and/or shrubs are deliberately combined with crops and/or livestock” (IGUTEK, 2011).

ii.  Technology description

Agro-forestry is one of the important terrestrial carbon sequestration systems. It involves a mixture of trees, 
agricultural crops, and pastures to exploit the ecological and economic interaction of an agro-ecosystem. 
Agro-ecosystems play a central role in the global carbon cycle and contain approximately 12% of world 
terrestrial carbon (Dixon, 1995). Increased C sequestration by agro-forests is an important element of a 
comprehensive strategy to reduce GHG emissions. According to Richards and Stokes (2004), forest land 
can fix about 250 million metric tonnes of carbon each year (12% of total CO2 emissions), crop land can 
sequester about 4-11% of atmospheric C/yr, and grazing land can sequester about 5% of atmospheric 
C/yr in the USA. The system of planting trees in strategic locations on farms to compensate for the 
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lost carbon due to cutting of trees for agriculture is called agro-forestry. It has the biggest potential for 
increasing agricultural carbon sequestration in tropical countries (Youkhana and Idol, 2009).

Figure 3.10 Agroforestry in Burkina Faso with Borassus akeassii, Maize and Faidherbia albida

Source: Marco Schidt http://commons.wikimedia.org/wiki/File:Faidherbia_albida.JPG?uselang=en-gb

Increasing agroforestry may involve practices that increase emissions of GHGs including shifting cultivation, 
pasture maintenance by burning, paddy cultivation, N fertilisation, and animal production. On the other hand, 
several studies have shown that including trees in agricultural landscapes often improves the productivity of 
systems while providing opportunities to create C sinks (Albrecht and Kandj, 2003). The trees play various 
functions, including shading crops, erosion control, and nutrient cycling. Shading crops and the rhizosphere 
by the trees would significantly reduce evapotranspiration (ET) of the cropped area although overall ET of 
crops plus trees may increase. The soil organic carbon content increases at the rate of 50kg ha-1 yr-1 in the 
top 10cm depth of an improved forestry plantation of Cassia siamia where the high rate of litter fall under 
Cassia (5 to 7 Mg ha-1 yr-1) helps to maintain high soil organic carbon content (Lal et al., 1998b).

Bamboo is an especially effective agro-forest sink of CO2 with a C sequestration rate as high as 47% 
amounting to 12-17 t CO2 per hectare per annum. It also generates 35 per cent more oxygen than other 
timber species (Aggarwal, 2007). Additionally, bamboo plantations generate income, provide a livelihood 
for forest dependent people. Degraded lands can be used for plantations of fast growing clones of bamboo 
species up to an altitude of 1,800m. Bamboo grows much faster than other trees with some species 
growing up to 150ft in just six weeks, occasionally more than 4ft per day. Bamboo is a pioneering plant 
that can also grow in over grazed soil using poor agricultural techniques (Aggarwal, 2007).
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iii.  Advantages and disadvantages

Advantages	

1.	 Trees act as a buffer against storms to prevent crop destruction.

2.	 Dry land forests apparently manage to sequester carbon by reducing respiration rates and growing 
rapidly in early spring to take advantage of temperatures most favorable for growth (Rotenberg and 
Yakir, 2010).

3.	 Trees send their roots considerably deeper than crops, thereby placing organic matter at deeper 
depths in the soil where tillage won’t accelerate its decomposition and the release of CO2. In some 
instances trees have extracted water from deeper depths which has become redistributed at 
shallower depths with positive effects on the growth of understory plants. In other cases of negative 
effects have also been reported, so the phenomenon remains controversial (Prieto, et al., 2012). 
While such redistributions could be ecologically important, allowing some species to survive that 
would otherwise perish, it is less clear that the amounts of water involved would enable significant 
increases in the yield of agronomic crops.

4.	 Leaf litter generates compost and serves as mulch that reduces runoff from rainfall. It also slows soil 
water loss from evaporation into the atmosphere.

5.	 Agro-forestry trees also improve land cover in agricultural fields in addition to providing carbon 
inputs (root biomass, litter and pruning) to the soil. These often reduce soil erosion, which is a crucial 
process in soil carbon dynamics.

6.	 Carbon sequestration continues beyond harvest if boles, stems, or branches are processed into 
durable products that do not decompose and release CO2.

7.	 An agro-forestry induced micro-climate improves quality and increases the yield of some crops, 
although it is difficult to provide an estimation of the yield increase (Ebeling and Yasue, 2008).

8.	 Increasing soil carbon greatly benefits agricultural productivity and sustainability.

9.	 Cost of carbon sequestration through agro-forestry appears to be much lower than through other 
CO2 mitigating options (Albrecht and Kandji, 2003). 

Disadvantages

1.	 This technology involves a very slow process of marginal carbon conservation.

2.	 Soil carbon increases only in drier sites and actually decreases in wetter sites of agro-forestry regions 
(Jackson et al., 2002). As a result, the net carbon balance was marginally positive for the dry sites 
but negative for the wet sites.

3.	 Under dry environments, the tree-crop competition for water usually results in low crop yields, which 
makes this technology unattractive for dryland farmers. Under dryland conditions, trees with their 
effective rooting systems take more water compared to crops with relatively less effective rooting 
systems, so the crops are more vulnerable to water stress with consequent lower yields (Schroeder, 
1995).  

4.	 Various species of damaging insects, pests, and diseases have been associated with dead or dying 
trees. These are a major threat to the development of agro-forestry in the tropics.
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5.	 Emissions of other greenhouse gases such as N2O and CH4 in the atmosphere may increase, which 
reduces overall mitigation potential.

iv.  Economics and mitigation potential

According to Lal et al. (1998a), a small agro-forestry enterprise following nutrient recapitalisation had a cost 
of $87 per tonne of carbon sequestered in East African Highlands. Sudha et al. (2007) carried out a cost-
benefit analysis of baseline (chili crops – best alternative to agro-forestry and the dominant pre-plantation 
crop) and agro-forestry (Eucalyptus clones) scenarios in the Khammam district, India. Costs and benefits 
under both the scenarios can be seen in Table 3.9.

Table 3.9 Costs and benefits under baseline and project scenarios for the period 2006–2035

Baseline scenarioa Project scenario

Present Value (PV) of cost (US$/ha) 297 108

PV of benefit (US$/ha) 423 235

Net Present Value (NPV) of benefit (US$/ha/year) 126 178

Benefit–cost ratio 1.42 2.18

aThe best alternative to plantations (chilli crop) has been used for the baseline scenario.

Note: Present value (PV) is the value on a given date of a payment or series of payments made at other times. While net present 
value (NPV) of a time series is defined as the sum of the present values of the individual cash flows (both incoming and 
outgoing) of the same entity.
Source: Sudha et. al., 2007

Takimoto et al. (2008) experimented with two types of agro-forestry systems (live fence and fodder bank) 
at the Segou region, Mali. The live fence treatment showed US $96 net present value (NPV), 1.53 benefit 
cost ratio (BCR) and 25.5% internal rate of return (IRR), while fodder bank project showed $159 NPV, 1.67 
BCR and 29.5% IRR.

Promotion of agro-forestry can reduce the amount of carbon emitted to the atmosphere annually by 
700,000 million tonnes (Rabindra Nath and Sudha, 2004). This can happen due to controlled grazing, fire 
management, use of fertilisers, improved cultivars, and re-vegetation of reclaimed lands. 

According to Rottenberg and Yakir (2010), agro-forestry in semi-arid regions can sequester as much 
carbon as forests in temperate regions. Every tonne of carbon added to and stored in plants or soils 
removes 3.6 tonnes of CO2 from the atmosphere. 

v.  Examples/locations where presently practiced

Agro-forestry is practiced to some extent all over the world. It is especially used for crops that benefit 
from the quality improvements associated with shading. However, the other benefits, including carbon 
sequestration, are being more recognised, and agro-forestry appears to be growing in popularity. One such 
system with high yield 2-year clonal eucalyptus crop and annual wheat intercrop polyculture developed at 
Punjab in India is shown in Figure 3.11.
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Figure 3.11 Agro-forestry system in Punjab, India 

Source: GIT forestry 2008

vi.  Barriers to dissemination

Light is a limiting factor for crop production in agroforestry system, and most crops yield less when  shaded 
with higher plants. Therefore, unless the several advantages such as quality improvement and carbon 
sequestration can overcome the yield depression, agro-forestry is not likely to become widespread. In 
addition, most farmers have the equipment to accommodate only a few similar crops. Adapting to growing 
both small stature and large stature tree crops presents a greater challenge for them.
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Livestock farming was responsible for over one-third of global methane emissions in 2005 and for two-
thirds of total agricultural methane emissions (Figure 2.6). While a number of methane mitigation strategies 
exist, there has been limited experience to date in the implementation of policies to encourage the adoption 
of such strategies.

Mitigation technologies

Mitigation options for enteric methane fall into three general categories:

1.	 Improved feeding practices. Feed conversion efficiency can be enhanced by increasing the energy 
content and digestibility of feedstuffs so that less feed is converted to methane and more is utilised 
as product output.

2.	 Use of specific agent and feed additives. Methane emissions can be reduced by substituting 
concentrates for forage in animal diets, by adding oils or oilseeds to the diet and by improving 
pasture quality. Natural or synthetic dietary additives (such as growth hormone bovine somatotropin 
(bST) and antibiotics) can assist animals to use more of the potential energy available in their feed 
and to suppress methanogenesis.

3.	 Changes in animal management and breeding (IPCC, 2007a). Increasing animal productivity through 
breeding and improved management can also reduce methane emitted per unit of output. For 
example, if meat-producing animals reach slaughter weight at a younger age, lifetime methane 
emissions can be reduced.

Reductions in total emissions are dependent on a sufficient decrease in total animal numbers. Such a 
reduction may be an approach to methane mitigation if coupled with improved animal productivity so that 
milk and meat outputs may still increase to meet consumer demands.

4.1	 Improved feeding practices

4.1.1	 Reducing enteric CH4 emission by extension of ammoniated straw and silage 

i.  Technology definition

Straw ammonisation: a process by which low-value forage such as corn stalks, rice straw, wheat straw, 
and straw of other crops is ammoniated. Adding liquid ammonia, urea, or ammonium bicarbonate as 
ammonia sources result in the straw lignin being completely degraded, while the nutrients are enhanced. It 
is made more easily digestible by rumen microorganisms, which increases the digestibility of forage.

4.	 Livestock Management
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Straw silage: It refers to forage that is prepared through the fermentation of chopped fresh green fodder, 
forage grass, and all kinds of vines and other materials by lactobacillus in the anaerobic conditions of an 
airproof silage container (tower or silo).

ii.  Technology description

a)  Straw ammonisation

The cellulose part of the straw can be digested and utilised by ruminant animals, while the lignin part cannot 
be digested. The main function of ammonisation is to generate ammonolysis reaction using ammonia 
and straw, by damaging the ester bonds between lignin and polysaccharide, so that it can contact with 
digestive enzymes more easily, with an improvement in digestibility of straw. The digestibility and feed 
intake of ammoniated straw can be increased by approximately 20%, and the content of crude protein in 
ammoniated straw can be increased by two to three times (Guo, 1996).

Straw ammonisation mainly includes the following procedures: 

Selection of raw materials
all kinds of crop straw with good quality, no mould, and a water content of no more than 13%, such as 
straw, corn stalks, and wheat straw and other agricultural by-products such as rice husk and cotton seed 
hull can be used as the raw materials for ammonisation.

Ammonia source and its dosage
Ammonia source includes liquid ammonia, urea, and ammonium bicarbonate, of which urea is the 
most commonly used. The dosages of urea and ammonium bicarbonate are about 3-5% and 8-12%, 
respectively.

Ammonisation container
Containers can be: a cement ammonisation pond (cellarage), plastic (Figure 4.1), water tank, basin, etc.

Ammonisation method
According to the ammonia source used, the ammonisation method is divided into liquid ammonia treatment 
method, urea treatment method, ammonia water treatment method, ammonium bicarbonate treatment 
method, urea and lime treatment method, and so on, of which urea treatment method is promoted with 
the fastest speed by China and other developing countries (See figure 4.1). The urea treatment method 
is more flexible, and it can be carried out in stacking, ammonisation furnace, and other ammonisation 
containers.

Ammonisation time
The length of ammonisation time is closely related to the ambient temperature, which is generally 2-3 
weeks in summer, 3-6 weeks in spring and autumn, and 8 weeks or longer in winter. It is stored in a 
bag at the temperature of 20-30°C for 7-14 days, however it takes only 5-7 days when the atmospheric 
temperature is higher than 30°C.

The preservation and utilisation of ammoniated straw
Ammoniated straw can be stored in the stack or other containers for more than six months. If the straw 
is treated with urea or other ammonia sources, the moisture content of straw is relatively high. It should 
be taken out from the ammonisation container according to the desired feed quantity before feeding, and 
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then dried in a well-ventilated place for 10-24 hours to let the remaining ammonia volatise. It cannot be fed 
until there is no ammonia odor to irritate eyes and noses, but it should not be over dried to avoid adverse 
influence on the ammonisation effect. The ammonisation container should be resealed each time material 
is taken out.

Figure 4.1 Process of straw ammonisation

Source: http://www.hbav.gov.cn/structure/zwxx/hygz/qszw_679_1.htm

b)  Straw silage

To make straw silage, fresh plants are tightly packed in the airtight container, and the sugar contained 
in the raw materials is converted into organic acids (mainly lactic acid) via the anaerobic fermentation 
of microorganisms (mainly lactobacillus). When the lactic acid in the silage material reaches a certain 
concentration (pH lower than 4.2), the activities of other micro-organisms are inhibited and the nutrients 
in the materials are prevented from being broken down or destroyed by micro-organisms. For this reason 
the nutrients in the forage can be retained. A great deal of heat is produced during the process of lactic 
fermentation. When the temperature of silage material rises to 50°C, the activities of lactobacillus stop, 
and the fermentation is over. As the forage for silage is stored under airtight conditions with no microbial 
activities, it can remain unchanged for a long time.

Straw silage production mainly includes the following procedures:

Selection of silage materials
Forage for silage can come from a wide variety of sources. Generally gramineous crops, leguminous crops, 
root tubers, stem tubers, aquatic feeds, and leaves can all be used for silage. Currently the most frequently 
used material is silage corn (with ears), followed by the snapped corn, sorghum stalks, fresh sweet potato 
vines, wild grass, and alfalfa.

Timely harvest
Corn stalks are reaped for silage when wax ripe and yellow-green leaves both account for half.the stalk 
itself. The method of reaping vines before frost and harvesting sweet potatoes after frost should be adopted 
for the silage of sweet potato vines. Gramineous and leguminous forage grass should be reaped at the 
heading and full flower stage, respectively, and then they are mixed into the green corn stalks with the 
proportion of 1:2 for silage.
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Regulation of moisture content 
If the harvested silage materials have high moisture content, they can be appropriately dried in the field 
for 2-6 hours after being harvested to reduce the water content to 65%-70%. If the crop straw has low 
moisture content, they can be added with water or mixed and filled with the newly-cut green materials to 
adjust the moisture content.

Silage container
It mainly includes silage tower, silage trench, silage pillar, silage bag, or bale silage. Silage sites should be 
chosen in high and dry places with good drainage and convenience to prepare and access silage (See 
Figure 4.2).

Chopping
After the forage is transported to the selected place, it must be promptly chopped by the chaff cutter. The 
chopping length depends on the type of forage. Generally, green corn stalk is chopped to 1.5-2.5cm and 
fresh sweet potato vine to 2-4cm. The shorter the cutting length is, the tighter it can be compressed when 
filling, which is more conducive to eliminating air. This will also shorten the period of aerobic activities of 
microorganisms during the silage process to ensure the formation of an anaerobic environment.

Filling and compaction 
The silage materials should be chopped and filled at any time, and compacted well at a depth increment 
of 20-30cm. If the compaction is interrupted for a long period due to other reasons, the upper layer should 
be compacted for a second time when it is refilled to prevent the forage from rebounding. The function of 
compaction is to exhaust air and create the fermentation conditions for anaerobic lactobacillus for silage. 
The tighter the silage materials are filled, the more thoroughly the air is removed, and the better the quality 
of silage is. The filling and compaction time should be short, which is generally less than three days.

Sealing and management 
The silage material should be stacked 50-60cm higher than the pillar (tank) mouth and covered with a layer 
of plastic film. Then it is covered and compacted with earth to form the steamed bun appearance. The soil 
sealing is about 40-50cm thick. There may be cracks that form about one week after storage, and they 
should be repaired quickly to prevent the leakage of water and gas. Sinking usually stops at the tenth day 
after storage. Then the cellar can be earthed up so that the pillar top is 30-40cm above the ground. The 
pillar top should be reworked into the shape of steamed bun, and then finished with plaster. In addition, 
we should prevent trampling by livestock, control rodents, and resist water filtration.

Figure 4.2 Plastic silage bags

Source: Authors
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iii.  Advantages and disadvantages

Advantages of straw ammonisation

1.	 Saving grain, and reducing the dependence of animal husbandry on grain.

2.	 Improving palatability and the feed intake of forage by livestock.

3.	 Increasing the digestibility of organic matters in forage by 10%-12% and doubling the content of 
crude protein. 

4.	 The materials are easily accessed with simple methods.  

5.	 Reducing feeding costs and increasing economic benefits.

Disadvantage of straw ammonisation 

1.	 The ammonia utilisation efficiency is as low as approximately 50%. The surplus ammonia is discharged 
into the environment after the ammonisation facilities are opened, which causes environmental 
pollution and threatens the health of animals and human beings.

Advantages of straw silage

1.	 Minimal loss of nutrients (generally by less than 10%), and effectively maintains the freshness of 
green feed.

2.	 Fragrant, soft, and juicy, and therefore, highly palatable to livestock.

3.	 Expands the application scope of feed sources.

4.	 Easy to store in large quantities for a long time, as an economical and safe approach for silage.

5.	 Less restricted by climate and season during storage.

6.	 The preparation process of silage can kill pathogenic insects, weed seeds, etc. 

7.	 Improved feed digestibility and reduced methane emissions.

Disadvantage of straw silage

1.	 The straw silage production process needs to be done quickly.

2.	 The high degree of mechanisation requires a high investment cost.

iv.  Economics and mitigation potential

Methane emissions of ruminant animals are produced through the normal fermentation of the feed taken 
by animals in the digestive tract. The energy loss in the form of methane by ruminant animals accounts 
for about 2%-15% of the total energy intake (IPCC, 2000). Generally, the amount of methane emissions 
by a single animal increases with the weight of the animal. Higher level methane emission are observed 
under greater the feed intake and with lower feed digestibility. Therefore, the improvement of feed quality 
and animal productivity is an effective approach to reduce methane emissions of ruminant animals (Dong, 
et al., 2008).
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Straw ammonisation and silage can significantly improve the digestibility of forage. One experiment indicated 
that the feed intake was increased by 53% and 32.8%. In addition, the average daily weight gain was 
increased by 126% and 97.4%, by feeding the beef cattle with ammoniated straw and silage, respectively, 
than those by feeding dry corn stalks (Wang, et al., 2008). Dong, et al. (2004) calculated and compared 
methane emissions of ruminant animals after the straw was treated with ammonisation and silage technology 
using the IPCC method, The results showed that the methane emissions were reduced by 16%-30% by 
feeding treated straw than by feeding dry straw. Methane emissions of beef cattle that were fed dry corn 
stalks and corn stalk silage were 229L/d and 196L/d, respectively, under the conditions of identical energy 
intake level and the same ratio of fine feed to coarse feed; the methane emissions of the silage were reduced 
by 14.4% compared to the dry stalk (Fan et al., 2006). Na Renhua et al. (2010) showed that corn straw after 
treatment of silage technology can help improve feed digestibility and reduce methane production through 
in vitro digestion test; with identical ratio of fine feed to coarse feed, the methane emission was decreased 
by 30% by feeding silage than by feeding dry corn. In China, the proportion of silage and ammoniated straw 
feeding is only 44% at present. Feed saving, improvement of feed conversion efficiency, and reduction in 
methane emission can all be achieved by constantly increasing the proportion of silage to ammoniated straw. 
The potential for methane emission reductions is also tremendous.

The investment in straw ammonisation and silage technology is concentrated on expenses in construction 
of storage facilities, machinery, and covers. More economic benefits are reaped mainly by increasing daily 
weight gain and milk yield of animals fed with treated forage. Wang et al. (2008) showed through the 
experiment of beef cattle  with corn stalks conducted with different treatment methods that the cost of 
coarse feed per head of cow increased by 45.5% and 51.6% with the use of ammoniated straw and silage, 
respectively. However, the corresponding revenues increased by 153% and 68.8% . The research result by 
Li wenbin et al. (2010) showed that the profit of breeding beef cattle with silage increased by 51.5% more 
than that with dry corn stalks. It can be concluded that considerable economic benefits are achieved by 
feeding animals with ammoniated straw and straw silage.

v.  Examples/locations where presently practiced

Since 1985, China has promoted straw ammonisation technology, and it has already been applied in 
various regions throughout the country. According to the 2009 national survey and evaluation report of 
crop straw resources, the theoretical amount of crop straw resources in China was 820 million tonnes. By 
demonstrating and promoting feeding ruminant animal with forage, the use of feed straw in China rose 
from 110 million tonnes in 1992 to 211 million tonnes in 2009. Of this, the amount of straw processed 
through ammonisation and silage was about 92 million tonnes, accounting for 44% of the total amount of 
forage (MOA, 2010). Promoting and applying this method, 60 million tonnes of grain feed can be saved 
annually. Milk production and quality has also been increased effectively, with the costs of feed and labour 
reduced and the breeding efficiency improved. At the same time, straw contains high levels of energy and 
nutrients. This technology has great development and utilisation potential with bright prospects for further 
development (China Husbandry Yearbook, 2006).

vi.  Barriers to dissemination

In China, the promotion and application of straw ammonisation and straw silage is mainly on large-scale 
cattle farms. Households and small farms are the main ruminant producers in China. Since these farms 
operate on a small scale, with no supporting ammonisation and silage facilities, the farmers cannot fully 
grasp the key technical points of scientific processing methods for straw ammonisation and silage, so 
further support on application of this technology is currently restricted.
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4.1.2	 Reducing enteric CH4 emission by feed optimisation

i.  Technology definition

The methane emissions of ruminant animals are a result of their unique digestive systems. Their stomach 
can be divided into rumen, reticulum, omasum and abomasum. Lyford (1988) reported that the rumen 
volume of an adult bovine is about 56.9L, generally occupying the left half of the entire abdominal cavity, 
and taking up 78% to 85% of the stomach’s total volume (Li, 2007). After the feed enters the rumen, 
carbohydrates (mainly composed of crude fibers) in the feed are converted into carbon dioxide and 
hydrogen after a series of fermentation and decomposition steps by anaerobic microbes, which are then 
used by methanogens to generate methane as substrate. The amount of methane emissions is mainly 
affected by feed type, feed intake, ambient temperature, rate of consumption of feed, the balance of 
nutrients in the feed for microbial growth and the balance of micro-organisms that develop (bacteria, 
protozoa and fungi) which largely depend on the chemical composition of diet (Ding, 2007). 

The principle of nutrition regulation technology to reduce methane emissions is: to optimise the concentrate 
to forage ratio in diet by controlling the crude fiber content of the diet or the fermentation process to 
reduce methane emission while ensuring normal production performance of ruminant animals without 
increasing production cost. This way, the rumen fermentation pattern or rumen microbial populations 
(such as methanogens, ciliates) and pH characteristics are altered to reduce methane emissions. At 
present, nutritional regulation is one of the most feasible approaches to reduce methane emissions and 
much research is being carried out to reduce methane emissions by changing the concentrate to forage 
ratio in diet.

ii.  Technology description

The diet of ruminant animals (mainly cattle, sheep, buffalo, camels, etc.) is primarily made up of forage 
and concentrate. Forage mainly refers to grass or hay with crude fiber content over 18%, most commonly 
including corn straw, alfalfa, and silage. Forage provides the animals with crude fiber, which plays an 
essential role in maintaining normal rumen fermentation, providing body energy and sustaining normal 
microbial flora, as well as promoting the synthesis of milk fat by  the milk cow. At the same time, concentrates 
mainly supply the animals with protein, fat, minerals, and vitamins. Therefore both forage and concentrate 
are necessary for ruminant animals. Moreover, the ratio of concentrate to forage in diet will substantially 
affect the ruminant animal’s growth performance, rumen’s fermentation function, methane emission, and 
health condition. 

Generally, when the proportion of forage feed is larger, the cellulolytic bacteria proliferate, and acetic acid 
fermentation is the dominant fermentation type in rumen with a large amount of hydrogen produced. 
As a consequence, partial pressure of hydrogen increases, which stimulates the massive proliferation of 
methanogens, with an increase in methane emissions. When soluble carbohydrates or starch are fed, 
i.e., the proportion of dietary concentrate increases, then rumen pH values decline, thereby inhibiting 
the propagation of methanogens and ciliates, while increasing propionic acid production (Demeyer and 
Henderickx, 1967). Since propionic acid fermentation consumes hydrogen, which reduces the raw 
materials needed for methane formation, methane emissions are lowered. An appropriate increase of the 
proportion of concentrate in the ruminant animals’ diet can increase the proportion of propionic acid in 
rumen, while reducing the content of acetic acid, and improving feed utilisation efficiency and production 
performance of animals. Propionic acid is mainly converted into body composition by the liver, and then 
it provides energy for breeding, growth, milk production, and meat production. Methane emissions and 
propionic acid production are negatively correlated (Church, 1979). Hence, controlling the concentrate 
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and forage ration can not only reduce the amount of methane emitted, but also improves the production 
performance of ruminant animals. 

iii.  Advantages and disadvantages

The production of methane during rumen fermentation is a necessary byproduct, which can not be 
completely eliminated. The control of concentrate to forage ratio in ruminant animals’ daily diet to reduce 
methane emissions has certain advantages and disadvantages.

Advantages of straw ammonisation

1.	 There is no additional cost of methane reduction.

2.	 Methane reduction and improvement of productivity could be consistently realised. 

3.	 The technology could be applied in any animal production system by using feed optimisation.

Disadvantages of straw ammonisation

1.	 Improper ratio of concentrate to forage feed may result in abnormal rumen fermentation and increase 
of CH4 production.

2.	 The technician is required to produce the best possible results of feed optimisation.

3.	 Monitoring the characteristics of the forage and concentrate is required.

iv.  Economics and mitigation potential

There are considerable potentials to improve animal production performance such as yield per unit, and to 
reduce methane emissions by using feed optimisation techniques. Many experimental tests have shown 
that with the improvement of feeding technology, methane emissions per unit of livestock is reduced (You, 
2007; Na, 2010).

It is reported that when daily milk production increases from 25kg to 30kg, then the methane emissions per 
unit milk product decreases by 10% (Yang, 2000).  When the average daily gain increases from 0.65kg to 
0.8kg, the methane emitted per unit of weight gain can be reduced by 14%. According to the Na (2010) 
studies, when milk yield of milk cow increases from 11kg to 13kg, the methane emission per unit of milk 
product decreases by around 39%.

According to the Shiyo report (Shiyo, 2000), the regression relationship between 4% fat corrected milk 
(FCM), yield (Y)  and grain supply (X) has the equation Y=1.962X + 3.492. This indicates that with 
every additional 1kg of grain feed intake, the milk production could increase by 2kg. Moreover, the 
regression relationship between methane production per unit of FCM and grain supply was expressed as  
Y=-2.546X + 46.442. This also indicates that with every additional 1kg of cereal feed intake, the methane 
emission per kg of FCM can be reduced by about 2.5 litres.

For analysis of economic benefits brought by reducing methane emissions of ruminant animals through 
changing the concentrate to forage ratio, the case study of Na (2010) in a small (30 cows) dairy farm is 
considered. In this study, 12 healthy Chinese Holstein dairy cows with average weight of 525 ± 40kg were 
selected as test animals. The average age of test animals was 3.5 years old. Animal groups were randomly 
allocated to three different rations (Rations A, B and C) featuring different forage types and concentrate 
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to forage ratios (CTFR). On dry matter (DM) basis, Rations A and B had 40:60 CTFR whereas Ration C 
had 60:40 CTFR. The forage ingredient for Ration A was corn stalk. The forage component for rations B 
and C was corn silage. The animals in each dietary regimen were fed fixed amounts daily, consisting of 
5.33±0.05kg, 4.83±0.26kg, and 7.63±0.29kg head-1 d-1 of  concentrate and 8.10±0.07kg, 27.75±0.07kg, 
and 18.58±0.28kg head-1 d-1 of forage for rations A, B and C respectively. The concentrate was delivered 
twice daily and the forage was delivered three times daily. The cows had free access to drinking water at 
will, and they were milked twice a day. The results show that the methane outputs of Ration A, B and C 
were 353, 283, 263 kg head-1d-1, respectively. Ration A differed significantly from Ration B and C (p ▪ 0.05), 
while rations B and C show no significant difference (p ▪ 0.05). The milk yield of the three feed regimes are 
10.73,12.56,12.97 kg head-1d-1, respectively. The milk production of rations B and C increased by 17.05% 
and 20.88%, respectively, compared to Ration A. Ration C increased by 3.26% compared to Ration B, 
without anomalies detected in rumen fermentation. Analysis of specific economic benefits is presented in 
Table 4.1.

Table 4.1 Cost analysis of methane emission reduction of cows fed with the three diets

Items
Treatment

Ration A Ration B Ration C Notes

Amount of concentrate (kg d-1 head-1) 5.33 4.83 7.63

Labor wage 
and water 
and electricity 
cost

Price of concentrate (RMB/kg) 2 2 2

Cost of concentrate (RMB d-1 head-1) 10.66 9.66 15.26

Amount of forage (kg d-1 head-1) 8.10 27.75 18.58

Price of forage (RMB/kg) 0.6 0.9 0.9

Cost of forage (RMB d-1 head-1) 4.86 24.98 16.72

Other cost (RMB d-1 head-1) 20 10 10

Cost per head (RMB/head) 35.52 44.64 41.98

Milk production (kg/d-1 head-1) 10.73 12.56 12.97

Price of milk (RMB/kg) 4 4 4

Benefit from milk (RMB/d) 42.92 50.24 51.88

Profit per head (RMB/d) 7.4 5.6 9.9

CH4 emissions (L d-1 head-1) 353 283 263

CH4 emissions per milk production (L/kg) 32.90 22.53 20.28

Source: Na, 2010

From Table 4.1, since there is a need for corn stalk chopping in Ration A, the labour cost of this diet is 
higher than the other two rations. The daily profit per cow per day of Ration C increases by 4.3 yuan 
compared to Ration B, with a reduction of methane emissions by 7%. The methane production for each 
kg of milk decreases with the increase of the proportion of dietary concentrate.
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v.  Examples/locations where presently practiced

There are several studies showing that changing concentrate to forage ratio to reduce methane 
emissions of ruminant animals is feasible technically. Fan (2006) has shown that the rank of methane 
output of beef cattle fed different concentrate to forage ratios on methane output of intestines of 
beef cattle is 0:100>25:75>50:50. Han et al. (1997) tested the methane emissions of bullocks fed 
diets with concentrate to forage ratio of 0:100, 25:75, 50:50, 75:25. The methane emissions of 
bullock was 208L/d, 201 L/d, 194 L/d, and 171 L/d, respectively. Similarly Sun et al. (2008) found 
similar results of methane output of Holstein cows with diets with different concentrate to forage 
ratios varied significantly. The methane emissions from cattle fed diets with different concentrate 
to forage ratios were 70: 30>60: 40>20: 80>30: 70>40: 60>50: 50. These results from Sun et 
al. (2008) suggest that the optimum concentrate percentage in diets is 40%  to 50%, and that 
if the concentrate percentage becomes greater than 60%, the concentration of propionic acid 
in the rumen rises but such diets likely cause dyspepsia syndrome However,  if  the concentrate 
percentage becomes lower than 30%, the concentration of acetic acid in the rumen increases, 
which leads to higher methane emissions.

vi.  Barriers to dissemination

There are constraints in promoting methane emission reductions by changing the proportion of fine feed 
to forage feed in daily diet. First, the concentrate to forage ratio in daily diet refers to the proportion of 
the dry matter contained, and the actual feed intake of animals may not be consistent with the calculated 
proportion. Secondly, corn stalks are not palatable to animals, so the ammonia treatment or silage process 
is necessary, and there should be a process of adoption. Thirdly, methane emissions may increase if the 
proportion of dietary concentrate is out of suitable range (40% to 50%) (Sun et al., 2008). Furthermore, 
farm  management sees no direct benefits in methane reduction. There is therefore a need to explore new 
financial mechanisms under climate conventions to encourage the application of feed optimisation for 
reducing the methane emissions. 

4.2	 Long term structural and management changes and animal breeding

4.2.1	 Development of genetically modified rumen bacteria that produce less methane

i.  Technology definition

To optimise the synthetic or metabolic pathway of micro-organisms related to methane synthesis by 
employing modern molecular biotechnology to obtain genetically modified microorganisms. Then he 
genetically modified micro-organisms are introduced back into the rumen ecosystem to establish a 
relatively stable microbiota that can replace or compete with the original pathway of  methanogenesis, to  
reduce  methane synthesis in the rumen. 

ii.  Technology description

Most methane emissions from ruminants are synthesised by methanogenic archaea in rumen. The 
methanogens mainly use carbon dioxide and hydrogen to synthesise methane. Protozoa and other 
microbes involved in cellulose-degrading or glucose-metabolic pathways provide carbon dioxide and 
hydrogen, and other mono carbon compounds necessary for methanogens. Therefore, the process 
of methane synthesis is implicated with complex symbiotic relationships of ruminal microbes and 
improper manipulation may break metabolic homeostasis in rumen. However, the development of 
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modern molecular biotechnology and gene engineering technology provides a great opportunity for the 
improvement of rumen microbiota to bring about optimal reduction in methane emissions.  

With respect to the process of feed degradation and methane synthesis, there are some possible links 
in realising the methane-mitigating goal with the application of developing genetically modified micro-
organisms. First, digestibility is one of the important factors influencing methane synthesis in the rumen. 
Cellulose, semi-cellulose and lignin contents are high in forage and they are difficult to degrade completely, 
and therefore they are positively associated with methane emissions. Based on mutagenic breeding 
methods and transgenic technology,  high-efficiency exogenous genes could be introduced into microbial 
genomes, and then express high-efficiency degrading enzymes in rumen. As a consequence, the cellulose 
decomposition bacteria are strengthened to better degrade refractory carbon structure in forage, thus 
resulting in high efficient feed digestibility and energy use. Since more energy is obtained from an equal 
quantity of feed and animal production is improved, methane emission per unit of product could be reduced.

The reaction of carbon dioxide and hydrogen to form methane is a key step to decrease the hydrogen 
partial pressure in the rumen, so finding new hydrogen competitor or methane oxidative pathway could 
reduce methane production. For example, acetogens can also utilise hydrogen as substrate and have been 
found to be dominant in kangaroos’ rumen. If acetogens that can out compete methanogens in hydrogen 
intake are selected by genetically modified technology and then form stable microflora in rumen, less 
methane would be produced from ruminants. Methane oxidation may be another possible solution to solve 
this problem. Methanotrophic bacteria can oxidize methane to carbon dioxide, and they inhabit widely 
diverse environments. Through genetic modification, bacteria with high methane-oxidative efficiency can 
be obtained. Once these bacteria are introduced into rumen and form stable microflora, methane will be 
used to form carbon dioxide without affecting ruminal fermentation. 

iii.  Advantages and disadvantages

Advantages

1.	 Improving digestibility, fermentation, energy utilisation efficiency of feed, and animal performance. 

2.	 Methanogens and other micro-organisms form symbiotic relationships and benefit mutually (Thiele 
et al, 1988; Joblin et al, 1989), so introducing genetically modified microbes favours the homeostasis 
of microbial diversity and complexity of symbiotic relationship in rumen, avoiding side effects on 
rumen ecosystems.

3.	 Many approaches for reducing methane emissions have been tried, including research on feed 
preparation, vaccines, and additives (Han et al, 1997; Beauchemin et al, 2005; Yvette et al, 2009; 
Wright et al, 2004; Machmüller et al, 2001; Animut et al, 2007). However, these approaches lack 
sustainability and heritability. In comparison, once the genetically modified microbes survive in 
rumen, they will be carried by ruminants as long as they live and can be inherited by their offspring, 
without any extra costs to maintain methane mitigation. 

4.	 Although chemical inhibitors or antibiotics can reduce methane synthesis, the long-term adoption 
may cause residues of organic matter or antibiotics in meat and milk and bad health conditions of 
animals. However, genetic modification of micro-organisms in rumen can eliminate all the adverse 
effects mentioned above and achieve methane emission reduction on the premise that food security 
is guaranteed.
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Disadvantages

In spite of the advantages of genetic modification of rumen micro-organisms in reducing methane emissions 
in rumen, several problems and technical barriers remain.

1.	 Most of the microorganisms in rumen are hard to isolate or culture. Mutagenic screening and genetic 
modification require more information on the mechanism and ecological functions of microbial 
metabolism and are still at a trial stage. 

2.	 Relevant reports indicate that technical barriers exist for introducing genetically modified strains 
into the rumen ecosystem, as well as for establishing a stable microflora and a stable symbiotic 
relationship (Wallace et al., 1994; Cotta et al., 1997; McSweeney et al., 1994). 

iv.  Economics and mitigation potential 

Genetic modification of rumen organisms is a systems engineering problem involving nutrition, molecular 
biology, physiology, genetics, microbiology, biological chemistry, and so on. Though this field has just 
started, the perspective of methane mitigation in ruminants has been highlighted by this technology. Since 
the research on genetic modification of rumen micro-organisms is based on the principles of genetics, this 
modification is, in theory, supposed to be inheritable, which is the greatest advantage of this technology. 
Once this technology can be put into actual application, ruminants will not only reduce methane emissions 
but also be capable of passing their ability in methane reduction to their offspring, permanently. Compared 
to others, this technology could change the rumen methane problem once and for all, in theory. If this is 
so, it would remarkably reduce production costs and achieve considerable economic benefits because no 
more extra expense would be required to maintain long-term methane mitigation. 

v.  Examples/locations where presently practiced

Methane emissions of ruminants has been a focus of wide concern nowadays. It has been reported 
that the total methane emissions of cattle and sheep in the world is equivalent to 140.8 × 106 tonnes 
of CO2e, with a large impact on the atmospheric environment (Environmental Protection Agency, 2010). 
The research on methane reduction of ruminants has now become a frontier science. Compared with 
other approaches, the genetic modification of rumen organisms started later, and it still has problems 
to be solved. Over the past ten years, researchers have been focused on searching for appropriate 
modification carriers and metabolic regulation of micro-organisms. So far, several research findings 
have shown good application prospects. Several studies have been conducted on the classification and 
metabolism of acetogens and several types of specific acetogens have been found (Shink et al., 1994; 
Breznak et al., 1994 and 1995; Drake et al., 2002). These acetogens can compete with methanogens 
for hydrogen (Joblin et al., 1996 and 1999). Experimental results indicate that by introducing acetogens 
into aseptic sheep rumen, comparatively satisfactory experimental results can be achieved. On the 
premise that food intake and volatile fatty acids (VFAs) synthesis of sheep is unaffected, it has been 
proven that acetogens can replace methanogens as metabolic receptors of hydrogen in the rumen, with 
potential for reducing methane emissions (Fonty et al, 2007). When other rumen micro-organisms, such 
as Veillonella parvula and Megasphaera elsdenii, are selected for genetic modification, their fermentation 
products are more likely to be propionic acid. The ratio of acetic acid to propionic acid in VFAs is thus 
significantly lowered (Yang et al., 2007; Sun et al., 2010), which indicates fewer methane emissions. 
E. coli has also been selected in some other studies of genetic modification in an attempt to mitigate 
methane emissions by promoting nitrous reduction (Sar et al., 2005a and 2005b and 2005c). On the 
whole, the genetic engineering of rumen micro-organisms to achieve methane reduction in ruminants is 



69

still at the initial stage. Currently, the emphasis is still being placed on basic research, and there is a long 
way to go to realise actual application.

vi.  Barriers to dissemination

At present, the researchers worldwide engaging in methane emission mitigation of ruminants mainly 
focus on nutrition regulation, optimisation of feed formula and application of additives. In comparison, 
the methane mitigation in ruminants using genetic modification is only just now being investigated. This 
technology, marked by complexity of operation, excessively high up-front investment and long period of 
study, requires multi-disciplinary cooperation. All these factors together restrict the development of genetic 
modification of micro-organisms to reduce methane emissions.
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5.1	 Improved storage and handling 

5.1.1	 Covering manure storage facilities to reduce GHG emissions 

i.  Technology definition

Manure coverage is the practice of covering the surface of manure with materials of certain thickness 
instead of the traditional method of piling up manure to be exposed to air. Manure coverage changes the 
amount of manure surface in contact with air. Due to some reactions, i.e., a series of physical, biological 
and chemical reactions, it can reduce GHG emissions.

ii.  Technology description

By covering manure with materials of a certain thickness (such as plastic sheeting, organic matter and 
expanded clay), the manure’s surface in contact with air is altered. This method can reduce the emission 
of GHGs and store nutrients in the manure. 

Generally, covers are classified as impermeable or permeable. Impermeable covers do not allow gases 
coming from the manure to be emitted  to the atmosphere. Permeable covers permit the transmission 
of some gases. Permeable covers usually include straw, geotextile, expanded clay, corn stalk, etc. 
The impermeable covers include floating plastic, suspended plastic, concrete, etc. Impermeable 
covers offer the opportunity to collect and use methane gas for fuel and power generation. A covered 
lagoon is a good example of a manure storage basin with an impermeable cover. It’s a large anaerobic 
lagoon, which can stably digest manure, reduce odour, and supply nutrient-rich effluent for application 
on fields and crops. Pathogens and weed seeds are reduced and biogas can be produced for use on 
the farm.

The effects on GHG emissions reduction vary for different covering materials and techniques. The principles 
of emission reduction are also different. For instance, impermeable materials such as plastic sheets can 
isolate manure from the external environment, thereby preventing loss of volatilised gases into the air. An 
anaerobic environment is also created within the manure. Since the first stage of N2O generation is the 
aerobic nitrification reaction of ammonia nitrogen, the adoption of manure covering technology prevents 
exposure to oxygen. By stopping this first reaction, N2O emissions are lowered. 

Factors, such as temperature, moisture content, and pH of the manure also have a significant impact on 
the mitigation effect of storage covering technologies. The moisture content of manure greatly affects the 
generation of CH4. When the moisture content is high, anaerobic fermentation dominates, with greater 
production of CH4 and less production of CO2. When the moisture content is low, aerobic fermentation 
dominates, with CO2 generated as the major fermentative products and basically no CH4 is generated. The 
moisture content also affects nitrification and denitrification of manure. Neither extremely good nor poor 
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permeability is conducive to the generation of N2O in nitrification or de-nitrification processes. Therefore, in 
both cases of very low moisture content of animal manure and long-time submergence under water, N2O 
emissions are very low. However, the dry-wet alternation of manure promotes the generation and emission 
of N2O. Suitable pH environments vary for different microorganisms. In this sense, adjusting the pH value of 
liquid manure to affect the process of biochemical reaction and then lower the GHG emissions is another 
approach for emission mitigation. 

iii.  Advantages and disadvantages

Advantages of covering manure

1.	 The advantages are low cost, simplicity of operation, and ease of implementation. 

2.	 Commonly used materials such as straws, expanded clay, thin films, etc. are low-cost and readily 
available. This makes it possible for animal farms to change the storing method of manure easily and 
conveniently.

Disadvantages of covering manure

1.	 Covering and compacting manure creates an anaerobic environment within manure, which increases 
methane emissions although the generation of nitrous oxide is inhibited, i.e., a case of swapping one 
form of pollutant for another (Monteny, 2006).

2.	 The potential for emission reductions is greatly affected by manure properties, temperature, and 
other factors for which there is currently limited understanding. Different covering materials should 
be selected for solid and liquid manure. Many experimental results indicate that covering liquid 
manure with organic matter, including straw, will greatly increase the amount of methane emissions, 
generating more methane in anaerobic fermentation of straws instead of reducing emissions. 
To adapt to the differences in climatic types (temperature, precipitation), manure properties and 
covering materials, experiments should be conducted to analyse and test the potentials of various 
combinations of these parameters to reduce greenhouse gas emissions. 

iv.  Economics and mitigation potential

Chadwick (2005) conducted an experiment to test the impact of compaction and covering methods of 
cattle manure on GHG emissions. Experimental results showed that compaction and covering with plastic 
film can reduce emissions of ammonia and N2O from manure by 90% and 30%, respectively. However, 
compaction and coverage created an anaerobic environment inside the manure, increasing the amount of 
methane emissions (Chadwick, 2005).

Additionally, by decreasing the surface area of the manure heap and by timely transport of manure to an 
enclosed storage chamber, the amount of NH3 and CH4 emissions can be reduced effectively (Weiske et 
al., 2006). 

Generally, reducing ammonia volatilisation and preventing odour can be achieved by covering liquid manure 
with straw, which may also increase methane emissions. Berg (2006) achieved GHG emission reductions 
by combining straw coverage with an acidising technique. Experimental results showed that methane 
emissions were reduced by 40% by adjusting the pH value of liquid manure to less than 6 with lactic acid 
and integrated covering with straws.
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A hard crust is naturally formed during the storage of manure, which prevents ammonia produced 
by manure from escaping. An experiment by Smith et al. (2007) showed that ammonia emissions 
from manure with naturally formed crust can be reduced by over 60% compared to the emissions 
from manure without the crust. Besides slowing ammonia loss, the hard crust on manure slurry 
also reduces methane emissions. Sφren (2006) proved that methane-oxidising bacteria exist in the 
hard crust of manure slurry, which oxidise methane into CO2, thus achieving an emission reduction 
because methane is a more potent greenhouse gas than CO2. When the concentration of methane is 
500-50,000 ppmv, the amount of emission reduction by methane-oxidising bacteria is -1~-4.5 gCH4 
m-2d-1) (Sφren, 2006). 

Permeable covers are less expensive than impermeable covers, but they do not last as long and are 
not as effective at reducing the emissions of odours and gases. However they can provide reductions in 
odour, ammonia and hydrogen sulfide emissions from manure storage facilities. A wide variety of organic 
and manmade materials have been utilised to construct permeable covers with variable results. Costs 
range from $1.10 to $18.80 per m2 installed. Straw shown in Figure 5.1 is the least expensive permeable 
cover material with an approximate cost of $1.10 per m2 installed. The installed costs of  longer lasting 
materials such as lightweight expanded clay aggregate (LECA) presented in Figure 5.2 can exceed  
US $10.80 per m2 installed (Burns, 2008). Impermeable covers may cost US $21.50 per m2 installed 
(Powers, 2006).

If impermeable covering materials are adopted, then the mass transfer between manure with the outside 
is cut off. Meanwhile, an anaerobic environment is created within the manure, promoting the generation 
of methane. Then gas collection devices can be installed to capture methane for cooking and heating 
purposes. In addition, the use of covering materials can effectively prevent the emission of nitrogen-
containing gases such as ammonia, thereby retaining nutrients in the manure. After a period of storage, it 
can be applied onto farmland as organic fertiliser.  

v.  Locations where presently practiced

So far, research has been carried out in covering manure storage technology yielding results relating to 
covering materials, external temperature, and composition of manure (Berg et al., 2006). In China, several 
experiments have been performed, which utilised straw and expanded clay to cover beef manure (Lu, 
2007) and swine waste water (Li, 2008). In practice, however, due to a limited area of farms, and a lack 
of storage facilities for manure, the manure is discharged directly, digested by biogas plants, or applied to 
farmland.  

In developed countries, the regulations concerning the management of animal manure and odour emissions 
are very rigid. With complete storing facilities, manure storage, and a large number of storage pools in 
animal farms, the loss of manure nutrients is prevented and odour emissions are controlled by extensive 
application of covering measures.

vi.	 Barriers to dissemination

Although, impermeable materials such as concretes and thin films are relatively stable and long-lasting, 
high initial investment expenses are a barrier to their widespread adoption. On the other hand, although 
permeable covering materials such as straw are inexpensive, they are not stable and have short service 
lives which makes their use seem futile and therefore also a barrier to adoption. Moreover, some covering 
materials, including straw, decompose when they come in contact with manure slurry, and then they 
themselves become an emission source.
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Figure 5.1 A permeable straw cover 

Source: Burn R. 2008

Figure 5.2 Lightweight expanded clay aggregate (LECA) cover on a concrete manure storage 
tank

Source: Burn R. 2008

5.1.2	 Biocovers of landfills	

i.	 Technology definition

An inexpensive way to reduce greenhouse-active methane emissions from existing Municipal Solid Waste 
(MSW) landfills is to exploit the natural process of microbial methane oxidation through improved landfill 
cover design. Landfill top covers, which optimise environmental conditions for methanotrophic bacteria 
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and enhance biotic methane consumption, are often called ‘biocovers’ and function as vast bio-filters. 
Biocovers are typically spread over an entire landfill area. They are often waste materials, such as diverse 
composts, mechanically-biologically treated waste, dewatered sewage sludge or yard waste.

Methane oxidation in compost materials shows high oxidation capacity. Manipulation of landfill covers to 
maximise their oxidation capacity provides a promising complementary strategy for controlling methane 
emissions.

ii.	 Technology description

Simple but well-engineered biocovers can mitigate methane emissions from landfills. Mature composts 
show higher microbial methane consumption relative to conventional landfill soil, which can most probably 
be related to nutritional factors provided by the compost or to changes in the microbial ecology. Physical 
factors such as the increased porosity, water-holding capacity, or thermal insulation properties of compost 
seem to be responsible for much of the observed positive effects. 

The minimum recommended thickness of a final compost cover to mitigate methane emissions on 
bioreactor landfills is 1.2m in the construction phase for climatic conditions in middle Europe (Huber-
Humer et al., 2008). Bogner et al. (2005) tried to determine a minimum biocover design made of recycled 
materials capable of mitigating methane emissions in subtropical environments.

The function of biocovers and their long-term durability and bio-active lifetime will reduce the rate of 
methane emission from MSW landfills. However, the temperature, moisture, gas fluxes and gas ratio may 
influence the role of compost cover for the mitigation of methane emissions.

iii.	 Advantages and disadvantages

Advantages

1.	 Optimised and well-adapted biocovers are relatively less expensive in terms of operation and 
installation compared to a conventional gas collection system, whose cost can be high compared 
to the value of the captured fuel.

2.	 These biocovers have low maintenance requirements and they can be maintained by a relatively 
untrained person. Thus, they are suitable for both high and low income countries.

Disadvantages

1.	 Biocovers need to be designed and modified for local, landfill site-specific conditions.

2.	 Landfill chambers require homogeneity of gas fluxes and special cover material properties which still 
require significant research and development efforts.

3.	 Due to the shifting of methane oxidation layer downwards, the mats get clogged due to microbially-
produced biomass and therefore much labour is required to sweep the chamber’s basal gravel layer. 
However, the sweeping of the chamber basal gravel layer can be done by relatively untrained persons.

iv.	 Economics and mitigation potential

Future CH4 emission scenarios indicate rising shares of MSW and coal bed methane (CBM), where 
mitigation technologies have good penetration potential. 
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v.	 Examples/locations where presently practiced

Landfills exist all over the world. While soil is probably the most used landfill cover, a Google search reveals 
numerous reports of tests underway to determine the best approaches to utilise biocovers at specific sites 
in order to reduce GHG emissions.

vi.	 Barriers to dissemination

A lot of site-specific research needs to be done worldwide to determine availability of suitable materials, 
the thickness of material to apply, longevity and so on.

5.2	 Anaerobic decay of agriculture waste

5.2.1	 Household biogas digesters with CH4 recovery and utilisation

i.	 Technology definition

Biogas is a flammable gas produced by organic materials after it has been decomposed and fermented 
by anaerobic bacteria in tightly sealed environmental digesters under certain temperature, humidity, acidity 
and alkalinity conditions. The process in which biogas bacteria decompose organic materials to produce 
biogas is known as biogas fermentation. Manure-based biogas digesters refer to fermentation tanks 
which are used to treat animal manure including human waste via anaerobic fermentation. The methane 
concentration of biogas is around 60%, so the recovery and utilisation of biogas from digested slurry in a 
biogas digester will reduce CH4 emissions from just escaping from the manure. In addition, the biogas can 
be used to provide electricity or thermal energy and reduce CO2 emissions from fossil fuel (coal) displaced 
by biogas.

ii.	 Technology description

A biogas digester is composed of six parts: fermentation chamber, gas storage, inlet tube, outlet chamber, 
removable or sealed cover, and a gas pipe line (see in Figure 5.3).

The mechanics of biogas generation can be described as follows:

•	 The captured gas is stored in the upper part of the digester tank (gas storage area), which is 
constructed in an arc shape. The generation of biogas will gradually increase the pressure in the 
stored area. When the volume of the captured gas is larger than the amount consumed, the pressure 
in the gas storage will increase and slurry will be pushed into the outlet chamber. If the amount of 
gas consumed exceeds gas availability, the slurry level drops and the fermented slurry flows back 
into fermentation chamber.

•	 The placement of the digester tank (underground fermentation) keeps the temperature in the tank 
relatively stable ensuring that the slurry can be fermented at adequate temperatures throughout the 
year without requiring additional heating.

•	 The bottom of the digester inclines from the material-feeding inlet to the material-outlet, allowing free 
flow of the slurry.
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•	 The digester has been designed to allow the effluent to be removed without breaking the gas seal, 
taking the effluent liquid out through the outlet chamber.

As stated in the Technology definition section above, biogas fermentation is a process in which certain 
bacteria decompose organic matter to produce methane. In order to obtain normal biogas fermentation and 
a fairly high gas yield, it is necessary to ensure the basic conditions required by the methane bacteria are 
met for them to carry out normal vital activity (including growth, development, multiplication, catabolism etc.).

Strict anaerobic environment
Microbes that play a major role in biogas fermentation are all strict anaerobes. In an aerobic environment, 
the decomposition of organic matter produces CO2; however, in an anaerobic environment, it results in 
CH4. A strict anaerobic environment is a vital factor in biogas fermentation. Therefore, it is essential to build 
a well-sealed, air-tight biogas digester (anaerobic digester) to ensure a strictly anaerobic environment for 
artificial biogas production and effective storage of the gas to prevent leakage or escape.

Sufficient and suitable raw materials for fermentation
Sufficient raw materials for biogas fermentation constitute the material basis for biogas production. The 
nutrients that methane bacteria draw from the raw materials are carbon (in the form of carbohydrates), 
nitrogen (such as found in protein, nitrite, and ammonium), inorganic salts, etc. Carbon provides energy, 
and nitrogen is used in the formation of cells. Biogas bacteria require a suitable carbon-nitrogen ratio (C:N). 
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Figure 5.3 Schematic of ‘Three in One’ combination of household biogas digesters

Source: Department of Science , Education, Ministry of Agriculture, China. 2003
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The suitable carbon-nitrogen ratio for rural biogas digesters should be 25~30:1. The carbon-nitrogen ratio 
changes with different raw materials, and one must bear that fact in mind when choosing a mix of raw 
materials for the digester.

Appropriate dry matter concentration
The appropriate dry matter concentration in the raw materials for biogas fermentation in rural areas should 
be 7%-9%. Within this range, a low concentration of raw materials may be selected in summer, while in 
winter a higher value is preferred.

Appropriate fermentation temperature
Biogas fermentation rates depend greatly on the temperature of the fermenting liquid in the digester. 
Temperature directly affects the digestion rate of the raw materials and gas yield. Biogas fermentation 
takes place within a wide temperature range (Xu Zengfu, 1981). The higher the temperature, the quicker 
the digestion of the raw materials will be, and the gas production rate will also become higher. Based on 
real fermentation conditions, we have identified the following three temperature ranges for fermentation:

•	 High temperature fermentation: 47°C~55°C.

•	 Medium temperature fermentation: 35°C ~38°C.

•	 Normal temperature fermentation: ambient air temperature of the four seasons. 

Selecting the temperature range for bio-gas fermentation depends on the type, sources, and quantities of 
raw materials; the purposes and requirements of processing organic wastes; and their economic value. 
Most household biogas digesters are normal temperature fermentation.

Appropriate pH Value
The pH value of the fermenting liquid has an important impact on the biological activity of biogas bacteria. 
Normal biogas fermentation requires the pH value to be between 7 and 8. During the normal process of 
biogas fermentation in a rural digester, the pH value undergoes a naturally balanced process, in which 
it first drops from a high value to a low value, then rises again until it almost becomes a constant. This 
process is closely related to the dynamic balance of three periods of biogas fermentation. After feeding the 
biogas digester, the time that the pH value takes to reach its normal level depends on the temperature and 
the kinds and amounts of raw materials that are fed in.

iii.	 Advantages and disadvantages

Advantages

1.	 Reducing GHG emissions by reducing CH4 emissions from manure management and CO2 emissions 
from coal burning  or other carbon based fuel source. 

2.	 Saving on energy costs for cooking and lighting by providing biogas which is clean energy.

3.	 Fertiliser saving by applying the effluent from biogas digesters by replacing commercial fertiliser.

4.	 Improving local environmental conditions in rural areas.



79

Disadvantages

1.	 Medium to high capital costs and the initial investment cost are the main constraints for installing a digester. 

2.	 Skilled and trained labour is required for the construction of a biogas digester. 

3.	 Requires availability of animal excrements for optimal biogas production.

4.	 There are sometimes cultural prejudices against using gas from human waste. 

iv.	 Economics and mitigation potential 

Biogas technology can reduce emissions from farmyard manure, and its price ranges from US$12-40 per t 
CO2e saved. Biogas technology becomes suitable for mitigating GHG emissions if there are high amounts of 
organic inputs at a price of approximately US$12 per t CO2e saved (Wassmann and Pathak, 2007).

Each household biogas digester (8~15 m3) costs between US$500-1,000 depending on the digester size.

It is estimated that an 8 m3 household biogas tank can treat the manure from 4 to 6 pigs, yielding around 
385 m3 biogas annually. It can save 847-1,200 kg of coal based on the calculation of effective heat 
equivalent. According to the methodology recommended by IPCC in 2006, if a household biogas digester 
treats the manure of 4 pigs, it can reduce GHG of 1.5~5.0 tonnes CO2e.

v.	 Examples/locations where presently practiced

Figure 5.4 shows the development trends of household biogas projects in China. By the end of 2008, the 
number of the overall household biogas digesters had reached 30.49 million. One can see that during the 
period of 1990-2008, the implementation of household biogas digesters increased 6.4 fold. Unfortunately, 
due to limited finances, most farmers have not been able to afford a biogas digester.

Figure 5.4 Household biogas numbers during the period 1990-2008 in China

Source: Author estimate
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vi.	 Barriers to dissemination

The dissemination of biogas digesters face investment and technical barriers.

Investment barrier
The cost of each household biogas digester (8-16 m3) ranges from US$500 to US$1,000 depending on 
the digester size. Most rural households within developing countries have low disposable income and 
weak financial capacity for making such a large investment. In addition, the household will continue to pay 
a biogas digester maintenance cost. By contrast, the current practice of deep-pit treatment method is by 
far considered the most attractive option for manure treatment given that it requires very limited additional 
investment and labour input. 

Technical barrier
The biogas digesters have to be located in many cases in the remote rural areas, where farmers lack 
ready access to improved technologies and management methods. According to current experiences in 
China, the performance of some digesters are unstable, with varying levels of gas production. This is due 
to the lack of experience among the individual households, limited resources for biogas service support, 
and insufficient farmer training. Expertise is required to ensure that the digesters function properly, so 
maintenance and management of biogas digesters require adequate support services and trained staff, 
which is not available in rural areas. 

5.2.2	 Off field crop residue management 

i.	 Technology definition

Crop-residue management is an important mitigation technology using biomass, vermi-compost etc. 
processed under aerobic conditions which is being utilised as a commercial option to reduce greenhouse 
gas emissions. Vermi-composting is a modified method of composting using earthworms to eat and digest 
farm waste and turn it into a high quality vermi-compost in two months or less. It is different from other 
composts due to the presence of worms such as earthworms, red wigglers, white worms etc. (Satavik, 
2011).

ii.	 Technology description

Most byproducts of cereals, pulses, and oilseeds are useful as feed and fodder for livestock. Byproducts 
of other crops like cotton, maize, pigeon pea, castor, sunflower, and sugarcane are used as low calorie fuel 
or burnt to ashes or left in the open to decompose over time. Modest investments in decentralised facilities 
for aerobic digestion of agricultural residue through vermi-composting and biogas generation can meet the 
needs of energy-deficit rural areas.

Crop residue management is an important component of organic farming that helps the conservation 
of carbon in the rhizosphere thereby mitigating the emissions of GHG to the atmosphere. It includes 
leguminous cover crops grown as green manure to provide a cost-effective source of N to subsequent 
crops. Organic farming relies heavily on inputs of organic residues in the forms of green manure (i.e., cover 
crops), plant compost, and composted animal manures added to the soil along with integrated biological 
pest and weed management, crop rotation, and mechanical cultivation to sustain and enhance soil 
productivity and fertility without the use of synthetic N fertiliser and pesticides (Table 5.1). The handling of 
crop residues also has an impact on net carbon gains. Removal of straw or stover can result in significant 



81

loss of soil organic carbon (SOC). If they are used as bedding for livestock, then much of the carbon may 
be returned to the soil as manure (Lal et al., 1998b).

Table 5.1 Estimated crop residues (million tonnes) in India (2006-2007)

Crop residue Dry weight

Cotton stalks 16.36

Maize cobs 2.72

Pigeonpea 6.93

Sunflower 2.46

Castor 1.41

Source: Dixit et al., 2010

iii.	 Advantages and disadvantages

Advantages

1.	 When crop-residue is incorporated into soil, the soil’s physical properties and its water-holding 
capacity are enhanced.

2.	 Organic residues and N fertilisers increase soil organic carbon and subsequently improve soil structure 
and aggregate stability. By stabilising soil aggregates, soil organic matter is more protected from 
microbial decay (Six et al., 1999). The use of organic residue management cover crops and manures 
can lead to soil organic carbon accumulation by improving aggregation as well as reducing the need 
for synthetic fertiliser application while providing crops with equally adequate amounts of nutrients.

3.	 Addition of organic residue to the soil reduces environmental pollution potential while maximising the 
N-use efficiency and providing crops with sufficient N.

Co-benefits of organic amendments applied to soil are a reduced need for herbicides by reducing weed 
emergence and enhancing soil quality, which provides better habitat for beneficial soil fauna. For example, 
decomposers such as earthworms can help in organic amendments. The castings and the channels that 
earthworms create improve root growth, water infiltration, and the physical structure of the soil. Earthworms 
also stabilise soil organic matter and contribute to the formation of stable soil aggregates. 

Disadvantages

1.	 The carbon and nitrogen mineralization rate of these manures and organic residues are relatively low 
for the recovery of N, which ranges between 5-18% of total N for manures and 8% for compost. 
Thus, these organic amendments would need to be applied in huge amounts in order to considerably 
increase the short term N supply, which would lead to higher costs. 

iv.	 Economics and mitigation potential

Tschakert (2004) estimated the cost-effectiveness of crop residue (millet) based compost application for 
soil carbon sequestration in small-scale dry land farming systems for three resource-endowment groups 
at Old Peanut Basin, Senegal, for a 25-year project period (Table 5.2). 
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Table 5.2 Cost benefit analysis of crop residue (millet) based compost application at Old 
Peanut Basin, Senegal, for a 25-year project period

Poor households
First year costs ($/ha)

Input 1076

Labor 123

Per year costs Y 2–25 ($/ha)   129

  First year benefit ($/ha)   54

  Per year benefit Y 2–25 ($/ha)   262

  Undiscounted net benefits (in $/tC/ha)   3983

  Net present values (in $; 20% discount rate)   -643

Medium-rich 
households

First year costs ($/ha)
Input 139

Labor 93

Per year costs Y 2–25 ($/ha)   26

  First year benefit ($/ha)   54

  Per year benefit Y 2–25 ($/ha)   96

  Undiscounted net benefits (in $/tC/ha)   2926

  Net present values (in $; 20% discount rate)   22

Source: Tschakert, 2004

Crop residue management through vermi-composting brings about 463 mg CO2e m-2 hr-1 compared to 
their anaerobic digestion value of 694 mg CO2e m–2 hr-1. The experiments done by Chan et al., (2011) 
in Australian cities clearly confirm the reduction in GHG emissions through crop residue and vermi-
compost management. There will be ample opportunity for farmers to reduce GHG emissions in vermi-
compost production by reducing the use of chemical fertilisers which generally initiate the emission of 
N2O and CH4.

v.	 Examples/locations where presently practiced

Off-field management of crop residues by composting or digesting is not widely practiced.

vi.	 Barriers to dissemination

Lack of availability of proper chipping and soil incorporation equipment to ensure that proper height of crop 
residue is cut, is one of the major reasons for the colossal wastage of agricultural biomass. 

Increased cost of labour and transport is another reason for lack of interest in utilising the crop-residue 
management technologies.
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i.  Technology definition

Organic agriculture is a production system which avoids or largely excludes the use of synthetic fertilisers, 
pesticides and growth regulators. It can sequester carbon using crop rotations, crop residues, animal 
manure, legumes, green manure, and off-farm organic waste (Lampkin et al., 1999).  It can also reduce 
carbon emissions by avoiding the use of fossil fuels used in the manufacture of the chemicals used to 
make synthetic materials. 

ii.  Technology description

Organic farming restricts the use of artificial fertilisers and pesticides, and it promotes the use of crop 
rotations, green manures, compost, biological pest control and mechanical cultivation for weed control. 
These measures use the natural environment to enhance agricultural productivity. Legumes are planted 
to fix nitrogen into soil, and natural insect predators are encouraged. Crops are rotated to renew soil, and 
natural materials such as potassium bicarbonate, and mulches are used to control diseases and weeds. 
Crop diversity is a distinct feature of organic farming. However, organic farming originated as a small-scale 
enterprise with operations from under 1 acre (4,000m2) to under 100 acres (0.40km2). Crop rotation, cover 
cropping, reduced tillage, and application of compost are varieties of methods used in organic agriculture. 
Organic agriculture is one of the important options of carbon sequestration which can reduce greenhouse 
gases. 

Organic farmers use several different techniques. The most effective ones are fertilisation by animal manure, 
by composted harvest residues, and by leguminous plants such as (soil) cover and (nitrogen) catch crops. 
Introducing grass and clover into rotations for building up soil fertility, diversifying the crop sequences, and 
reducing ploughing depth and frequency also augment soil fertility. All these techniques increase carbon 
sequestration rates in organic fields, whereas in conventional fields, soil organic matter is exposed to more 
tillage and consequent greater losses by mineralisation. The annual sequestration rate increases up to 3.2 
tonnes of CO2/ha-1 yr-1 by organic farming (Smith et al., 2007).

Although not limited to organic farming, the use of N from manure and compost or fixed from the air by 
leguminous plants has a mitigation potential that amounts to 4.5-6.5Gt CO2e yr-1 (out of 50Gt CO2e yr-1 
global GHG emissions) or about 9-13% of the total GHG emissions. The mitigation is accomplished by 
sequestering C in soils due to intensive humus production (Smith et al., 2007). Regular applications of 
livestock manure can induce substantial increases in soil organic carbon over the course of a few years 
(Lal et al., 1998b). Organic agriculture has lower N2O emissions i.e., 1.2-1.6 Gt CO2e yr-1. In organic 
agriculture, biomass is not burned. It reduces the N2O emissions by 0.6-0.7Gt CO2 e yr-1 in comparison to 
conventional agriculture (Smith et al., 2007). Organic systems are highly adaptive to climate change due 
to: (a) the application of traditional skills and farmers’ knowledge, (b) soil fertility-building techniques, and 
(c) a high degree of diversity.

6.	 Organic Agriculture
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Organic farming could considerably reduce the GHG emissions of the agriculture sector and make agriculture 
almost GHG neutral (Niggli et al., 2009). Greenhouse gas emissions due to the applications of synthetic 
fertilisers are estimated to be 1,000 million tonnes annually. These emissions would not occur using an 
organic approach. GHG emissions of agriculture would be reduced by roughly 20 per cent. Another 40 per 
cent of the GHG emissions of agriculture could be mitigated by sequestering carbon into soils at rates of 
100kg of C ha-1 yr-1 for pasture land and 200kg of C ha-1 yr-1 for arable crops. By combining organic farming 
with reduced tillage, the sequestration rate can be increased to 500kg of C ha-1 yr-1 in arable crops as 
compared to ploughed conventional cropping systems, but as the soil C dynamics reach a new equilibrium, 
these rates will decline in the future. This would reduce GHG emissions by another 20 per cent. Organic 
farming is an important option in a multifunctional approach to climate change.

Historically, agriculture was organic, relying on the recycling of farm wastes and manures. Very little or 
negligible amounts of external inputs were applied. Sustainable farming practices and cycles evolved 
over centuries, integrated with livestock rearing. For instance, farmers of ancient India are known to have 
evolved nature-friendly farming techniques and practices such as mixed cropping and crop rotation.

iii.  Advantages and disadvantages

Advantages

1.	 Organic agriculture aims to improve soil fertility and N supply by using leguminous crops, crop 
residues and cover crops, to eliminate fossil fuel used to manufacture N fertiliser. The addition of the 
crop residues and cover crops leads to the stabilisation of soil organic matter at higher levels and 
increases the sequestration of CO2 into soils.

2.	 Organic agriculture increases soil’s water retention capacity, which would enable a crop to go longer 
into a drought cycle assuming an initial full profile. This should provide an adaptation to unpredictable 
climatic conditions. Soil C retention is more likely to withstand climatic challenges and soil erosion, 
an important source of CO2 losses.

3.	 Organic agriculture can contribute to agro-forestry production systems, which offer additional means 
to sequester carbon.

4.	 Organic systems are highly adaptive to climate change due to the application of traditional skills and 
farmers’ knowledge, soil fertility-building techniques and a high degree of diversity.

5.	 Organic agriculture as a water protector reduces water pollution due to the absence of pesticides 
and chemical fertilisers. 

6.	 Organic agriculture is compatible with conservation tillage, thereby enabling even greater C 
sequestration potential by incorporating this mitigation technology.

Disadvantages 

1.	 Organic agriculture is less productive compared to intensive conventional agriculture. Consequently, 
the yield of highly demanding crops such as potatoes, grape fruits and horticultural crops is too low 
and energy input becomes relatively more on per unit of crop production bases (Smith et al., 2007).

2.	 Quality of organic-grown produce is often lower due to insect damage, which is less in conventional 
agriculture with its use of pesticides.

3.	 Highly dependent on nutrients derived from livestock. 
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Figure 6.1 Leguminous crops as green manure in organic farming 

Source: International trade Center UNCTAD/WTO, Monograph, Organic farming and climate change, 2007.

iv.  Economics and mitigation potential

Organic agriculture requires 28% to 32% less energy compared to conventional systems. Input costs 
for seed, fertiliser, pesticides, machinery, and hired labour are approximately 20% lower in a rotation that 
includes a legume compared with a conventional rotation system (Figure 6.2), (Kimble et al., 2007). 

Figure 6.2 Annual input costs for the legume and conventional grain rotations

Source: Kimble et al., 2007

In the East African Highlands, animal manure application leads to 2,820 kg ha-1 yr-1 carbon inputs with 
$156 per ha cost and 5.5% carbon sequestration efficiency (Woomer et al., 1998). The sequestration of 
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one tonne of soil carbon using cattle manure requires $260, but return will increase by $1,066 (4.1 return 
ratio) as a result of the addition. Some experts estimate the cost of manure to be around $1,000, in which 
case the additional returns would almost vanish. Maize stover leads to 1,830 kg ha-1 yr-1 carbon inputs with 
$37 per ha cost and 5.4% carbon sequestration efficiency. The sequestration of one tonne of soil carbon 
using maize stover requires $374, but this application also suppresses crop yields resulting in a loss of 
$112 (-1.3 return ratio). 

Annual global sequestration potential of organic agriculture amounts to 2.4-4Gt CO2e yr-1, and it can be 
improved to 6.5-11.7Gt CO2e yr-1 by using new technologies in organic agriculture (Smith et al., 2008).

Organic agriculture has lower methane and nitrous oxide emissions of 0.6-0.7Gt CO2e yr-1 in comparison 
to conventional agriculture, which includes the burning of crop residue (Smith et al., 2007).

Organic agriculture has a significant potential to provide on-farm energy by biogas production from 
slurry and compost, although this would detract from the quantities of organic material to return to 
the soil. 

If all agriculture were organic, the elimination of nitrogen fertilisers would save substantial emissions. 
For example, in case of UK 1.5% of national energy consumption and 1% of national greenhouse gas 
emissions would be saved (Mae-Wan and Ching, 2008). Earlier studies showed that GHG emissions 
would be 48-66% lower per hectare in organic farming systems in Europe. The lower emissions were 
attributed to zero input of chemical N fertilisers, less use of high energy consuming feed stock, low input 
of P (phosphorus) and K (potassium) mineral fertilisers, and elimination of pesticides. However, productivity 
likely would be lower.

v.  Examples/locations where presently practiced

There are around 76,000ha of organic farmland in India. Uttrakhand and Sikkim have declared their states 
as organic states out of 28 states in India. In Nagaland 3,000ha are under organic farming with kholar, 
maize, ginger, soybean, large cardamom, passion fruit, and chillies. Tribal regions where organic farming 
has been practiced are high priority areas to promote continuation of the practices. The regions include 
the tribal areas in Orissa, M.P. and North East, delicate ecosystems in Himalaya and Western Ghat, rainfed 
dry areas, and green revolution areas (Masood, 2009).

According to Willer et al., (2008; http://orgprints.org/8535/), organic agriculture is developing rapidly and 
is now practiced in more than 130 countries. At the end of 2006, 30.4 million hectares of agricultural land 
were managed organically, constituting a growth of 1.8 million hectares compared to 2005. Oceania is 
the region which has the largest proportion of its land devoted to organic agriculture, followed by Europe 
and Latin America. Currently, the country with the largest organic area is Australia (more than 12 million 
hectares) followed by China (2.3 million ha), Argentina (2.2 million ha), USA (1.6 million ha) and Italy (1.1 
million ha). Other countries are below 1 million ha. 

Global demand for organic products remains robust, with sales increasing by over US$5 billion a year. 
Organic Monitor estimates international sales reached US$38.6 billion in 2006, double that of 2000, when 
sales were at US$18 billion. An analysis of the global organic data for the countries on the list of recipients 
of Official Development Assistance (DAC List) shows that more than one quarter of the world’s organic 
agricultural land (8.8 million ha) is in countries on this list. Most of this land is in Latin America followed by 
Asia and Africa.
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vi.  Barriers to dissemination

Besides overcoming a tradition of recently adopted synthetic fertilisers and pesticides, the primary barriers 
to adoption of organic farming are the lower productivity and consequently higher prices, as well as lower 
produce quality in the marketplace. Greater education of farmers and the public needs to be done to show 
that the environmental and long-term sustainability advantages of organic agriculture are worth to the 
added current costs.

Organic Agriculture
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7.1	 Agriculture for biofuel production

i.  Technology definition 

Biomass from the agriculture sector can be used to produce biofuels – solid, liquid and gaseous. Biofuels 
substitute fossil fuels for energy delivery. If biomass is grown in a sustainable cycle to produce biofuels, 
such agriculture practices mitigate GHG emissions due to fossil fuel not being combusted. Biofuels can 
be derived from biomass sources such as corn, sugar cane, sorghum, soybean, crop residues, oil palm 
(Elaeis guineensis), switch grass, Miscanthus, bioengineered algae, and Jatropha curcas seeds, trees, and 
grasses. First generation biofuel crops (such as sugarcane and maize) from which sap or grain ethanol are 
obtained are already being used. In addition, second generation cellulosic ethanol crops (e.g., Miscanthus) 
appear promising. Third generation biofuels, where micro-algae is grown on CO2 and water to directly 
produce biodiesel, are covered in Section 7.1.2  in this guidebook.  

ii.  Technology description

Agricultural crops and residues are the major sources of feed stocks for energy to displace fossil fuels. A 
wide range of materials such as grain, crop residue, cellulosic crops (e.g., switch grass, sugar canes and 
various tree species) are used for the production of biofuel (Paustian et al., 2004; Eidman 2005). These 
products are processed further to generate liquid fuels such as ethanol or diesel fuel (Richter, 2004). 
These fuels release CO2 when burned, but this CO2 is of recent atmospheric origin (via photosynthesis) 
and displaces CO2 which otherwise would have come from fossil carbon. The net benefit to atmospheric 
CO2, however, depends on energy used in growing and processing the bioenergy feed stock (Spatari et 
al., 2005). 

iii.  Advantages and disadvantages

Advantages

1.	 Some of the biofuel production such as Jatropha and oil-palms can be grown in dry land and fallow 
area, through commercial experiences.

2.	 About 70-88 million biogas plants can be run with fresh/dry biomass residues.

3.	 The substrate such as cattle waste and biomass used for this technology are easily available. Their 
availability to biogas plants can meet the requirement of 12-30 million families.

Disadvantages

1.	 A larger area of land will be required to satisfy global biofuel demand. Projected growth of biofuel 
crops until 2030 may require over 30 million hectares of land (IEA, 2009). However, Field et al. (2008) 
suggested a need for 1,500 million hectares of land under cultivation of biofuel crops. Melillo et al. 
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(2009)’s calculations show biofuel crops would require 1,600-2,000 million hectares by the year 
2100 assuming most fuel demand would be met by biofuels by this time. It is practically impossible 
to spare such a large area of cropland to grow biofuel plants.

2.	 The land requirement for biofuel crops would compete with that for food and feed crops, causing 
food prices to increase.

3.	 In many cases for current ethanol production from grain, the fossil fuel associated with use of 
chemical fertilisers, tractor power and so on, results in an unacceptably small net reduction in fossil 
fuel use (e.g., Scharlemann and Laurance, 2008).

4.	 Production systems with suitable enzymes for utilising cellulosic feedstocks have not yet become 
commercially viable.

5.	 The resources for biogas generation are not properly managed to generate its maximum biogas 
potential.

6.	 The lack of availability and the structural operation of biogas digesters are not able to generate and 
develop family-size biogas plants. 

iv.  Economics and mitigation potential

The use of husks as a fuel appears to be a promising mitigation option. Husk could be used for direct 
burning, in biomass gasifier, as briquettes or as solid char. Its relative cost is around US$4 per t CO2e 
saved and the reduction potential ranges from 0.9-1.2t CO2e ha-1 (depending on the level of biomass 
production). Rice husk can easily be collected at milling facilities, so that this source of renewable energy 
seems even more promising than utilisation of straw (Junginger, 2000;Wassmann and Pathak, 2007).

The potential for mitigation is huge, particularly if cellulosic biomass sources can be commercialised. 
However, the economics are such that biofuels have required help from legislation and subsidies to 
penetrate the market, at least in parts of the US where currently a proportion of gasoline must be ethanol 
at certain times of the year more to mitigate air pollution from ozone than to mitigate GHG emissions (e.g., 
Regalbuto, 2009) and there is a legislative mandate for 16 billion gallons of cellulosic ethanol by 2022 
(Robertson et al., 2008). Similarly, Europe has a mandate that 10% of all transport fuels be from renewable 
sources by 2020 (Robertson et al., 2008).

v.  Examples/locations where presently practiced

Brazil probably leads the world in the use of biofuels with about 25% of its ground transportation fuel 
coming from sugar cane ethanol (Somerville, 2006). As mentioned above, in the US ethanol (mostly from 
corn) is blended in gasoline to reduce air pollution in parts of the country at certain times of the year.

vi.  Barriers to dissemination

As already mentioned, a significant barrier to production of biofuels from grain is the competitive need of 
the grain for food and feed. Systems to utilise cellulosic biomass are not yet commercially viable, although 
much research and subsidies are being implemented to stimulate its use. Even if research at the laboratory 
scale is promising, challenges exist in scaling up the infrastructure to provide a feasible supply chain for 
cellulosic bioenergy (Richard, 2010).
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7.2	 CO2 mitigation by micro-algae

i.  Technology definition

Micro-algae are a group of unicellular or simple multicellular fast growing photosynthetic microorganisms 
that can conserve CO2 efficiently from different sources, including the atmosphere, industrial exhaust gases, 
and soluble carbonate salts. Micro-algae act as a major system for converting atmospheric CO2 into lipids 
under sunlight and increase the output of algal oil. The enzyme acetyl Co-A carboxylase (ACCase) from 
micro-algae catalyses the key metabolic step in the synthesis of oil in algae. 

Micro-algal technology for mitigating carbon dioxide
About 3,000 species out of 200,000 species were found to be useful for sequestration of CO2 and the 
production of biodiesel (Keffar, 2003). Micro-algae are a promising alternative to CO2 mitigation by CO2 
fixation, biofuel production, and wastewater treatments. CO2 fixation by photoautotrophic algal cultures 
has the potential to diminish the release of CO2 into the atmosphere, thereby helping to alleviate the trend 
toward global warming (Figure 7.1). Biofuel is derived from microbes that can live on land unfit for crops 
and generate nearly engine-ready chemicals which are considered to be third generation biofuels (New 
Scientist, 2011). 

Micro-algae, when fed with CO2 and sunlight, produced large amounts of lipids and hence increase the 
output of algal oil. The enzyme Acetyl CoA Carboxylase (ACCase) from micro-algae helps to catalyse and 
transform CO2 in the synthesis of oils in algae.

Figure 7.1 A conceptual micro-algal system for combined biofuels production, CO2 bio-
mitigation, and N/P removal from wastewater. Inputs: carbon source, CO2; nitrogen and 
phosphorus sources, N/P rich wastewater; energy source, solar energy. Outputs: low

Source: Wang et al., (2008).
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Figure 7.2 Microalgal biomass conversion to secondary products

Modified from: Tsukahara and Sawayama, 2005.

Technological developments, including advances in photo bioreactor design, micro-algal biomass 
harvesting, drying, and other downstream processing technologies are important areas that may lead to 
enhanced cost-effectiveness and therefore, effective commercial implementation of the biofuel using a  
micro-algae strategy.

ii.  Technology description

Micro-algae can fix carbon dioxide from different sources, which can be categorised as:

1.	 CO2 from the atmosphere.

2.	 CO2 from industrial exhaust gases (e.g., flue gas and flaring gas).

3.	 Fixed CO2 in the form of soluble carbonates (e.g., NaHCO3 and Na2CO3).

4.	 Can be grown in closed systems, which could result in savings of precious freshwater resources.

The systems for using micro-algae for CO2 sequestration involve the following sub systems:

1)  The open pond system

The size of open pond micro-algae production systems typically ranges from 0.22-0.4ha (Pedroni et al., 
2001). An even larger (900ha) single algae production system has been reported from Mexico City (Becker, 
1994). Similarly, the Arizona Department of Environmental Quality reported an algal growing pond of 
1,406ha in Florida (Arizona Department of Environmental Quality, 1995). Advantages for utilising the open 
pond system are low initial and operational costs. Disadvantages of open pond system are the enormous 
size of the area required, which is not affordable in many regions, and a high water requirement.
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Figure 7.3 Azolla algae production in open pond

Source: NAIP (ICAR), Annual report 2009, CRIDA, Hyderabad, India

2)  The closed photo-bioreactor system

Photo-bioreactors provide advantages such as large surface/volume ratios, a barrier to minimise 
contamination, a capacity to achieve a high density of biomass, a high biomass productivity, and 
therefore, high CO2 fixation rate (Rosello et al., 2007). The tubular photo-bioreactor is one of the most 
popular configurations of photo –bioreactors used in algal carbon sequestration process (Travieso et 
al., 2001).

Advantages

1.	 The photo-bioreactor system has a higher potential productivity due to better environmental control 
and harvesting efficiency.

2.	 Even though the open pond systems seem to be favored for commercial cultivation of micro-algae 
at present due to their low capital costs, closed systems offer better control over contamination, 
mass transfer, and other cultivation conditions. 

3.	 Closed photo-bioreactors require less fresh water than open ponds. However, cooling systems 
that utilize water may be needed to cool the reactors under excessively warm conditions, although 
poorer quality water may be utilised for the cooling.

Disadvantages

1.	 Photo-bioreactors are highly uneconomic due to their prohibitive cost. 

2.	 Photo-bioreactors can be used only for micro algal strains that are easily harvested.

3)  Environmentally controlled system

Another strategy explored for CO2 sequestration use by algae is to build moderate environmentally 
controlled systems, such as greenhouses. Growers can control the environment inside greenhouses while 
construction costs are not as high as a photo-bioreactor with a solar collector system.

Bionergy
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iii.  Advantages and disadvantages

Advantages

1.	 Micro-algal CO2 bio-mitigation can be made more economic, cost-effective, and environmentally 
sustainable, especially when it is combined with other processes such as wastewater treatment. 
The utilisation of wastewater for micro-algae cultivation will bring about remarkable advantages 
including the following:

a)	 Micro-algae have been shown to be efficient in nitrogen and phosphorus removal (Mallick, 2002), 
as well as in metal ion depletion, and combination of micro-algae cultivation with wastewater 
treatment will significantly enhance the environmental benefit of this strategy.

b)	 It will lead to savings by minimising the use of chemicals such as sodium nitrate, potassium and 
phosphorus as exogenous nutrients.

c)	 Micro-algae have much higher growth rates and CO2 fixation abilities compared to conventional 
forestry, agricultural, and aquatic plants (Li et al., 2008).

2.	 Some micro-algae species, such as Chlorella, Spirulina and Dunaliella have commercial values. It is 
expected that commercial profit from biomass production will offset overall operational costs for CO2 
sequestration.

3.	 Species such as Chlorella can grow under 20% CO2 conditions, and therefore, they can use industrial 
exhaust gases for a CO2 source, and they can be used as a health food (Becker, 1994).

4.	 Some micro-algae (eg. Dunaliella) use CO2 to produce secondary metabolites such as β-carotene, 
fertilisers, and biofuels as byproducts of economic importance. These products are used as food, 
medicine and cosmetic products. They also produce cost-effective biofuel (Graham and Wilcox, 
2000).

5.	 Micro-algae are also considered as multifunctional systems which are used as waste treatment, 
especially for the removal of nitrogen and phosphorus from effluents (Mallick, 2002) and in aqua 
culture farms, as well as being an environmental friendly technology. 

6.	 The high growth rate of micro-algae makes it possible to satisfy the massive demand for biofuels, 
using limited land resources without causing potential biomass deficit. 

7.	 Micro-algal cultivation in closed systems consumes less water than land crops.

8.	 The tolerance of micro-algae to high CO2 content in gas streams allows high-efficiency CO2 
mitigation. (Table 7.1).

9.	 Nitrous oxide release could be minimised when micro-algae are used for biofuel production.

10.	Micro-algal farming could be potentially more cost-effective than conventional farming.

11.	Micro-algal farming can be coupled with flue gas CO2 mitigation and wastewater treatment. 
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Table 7.1 CO2 tolerance of various micro-algae species

Species Known maximum CO2 concentration References

Cyanidium caldarium 100% Seckbach et al., 1971

Scenedesmus sp. 80% Hanagata et al., 1992

Chlorococcum littorale 60% Kodama et al., 1993

Synechococcus elongatus 60% Miyairi, 1995

Euglena gracilis 45% Nakano et al., 1996

Chlorella sp. 40% Hanagata et al., 1992

Eudorina spp. 20% Hanagata et al., 1992

Dunaliella tertiolecta 15% Nagase et al., 1998

Nannochloris sp. 15% Yoshihara et al., 1996

Chlamydomonas sp. 15% Miura et al., 1993

Tetraselmis sp. 	 14% Matsumoto et al., 1995

Disadvantages

1.	 A low biomass concentration in the micro-algal culture must be maintained in order not to limit 
light penetration which in combination with the small size of algal cells makes the harvest of algal 
biomasses relatively costly.

2.	 The cost of production is very high.

iv.  Economics and mitigation potential

As per Schenk et al. (2008) and Benemann and Oswald (1996) the cost of algal oil production comes 
in the range of US$52–$91 per barrel. This estimate was based on 400 hectares of open ponds, using 
either pure CO2 or flue gas from a coal-fired power station and productivity assumptions of 30-60 g m−2 

day−1 with 50% algal lipid yield. Such high yields are theoretically possible but to date have not been 
demonstrated. Another analysis (Huntley and Redalje, 2006) estimated algae oil production costs to be 
US$84 bbl. This scenario was based on the infrastructure cost assumptions utilising a hybrid system with 
an aerial productivity of 70.4 g m−2 day−1and 35% algal lipid yield. 

v.  Examples/locations where presently practiced

Obtaining biofuels from micro-algae is a research topic at several locations around the world. However, 
commercial production does not yet exist. According to Wijffels and Barbosa (2010), current worldwide 
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micro-algal manufacturing infrastructure can produce only about 5,000 tonnes of dry algal biomass per 
year, and that is devoted to extraction of high value products, such as carotenoids and omega-3 fatty 
acids for food and feed ingredients.

A biotechnology company Joule Unlimited of Cambridge, Massachusetts has set up a plant with 
photosynthetic cynobacteria with modified DNA. Unlike normal cynobacteria which accumulates 
greater oil content within their cells, these secrete alkanes – the primary components of diesel – 
which simplifies collection efforts. Previous scientific studies provide evidence that some microbes, 
including a number of cynobacteria, can synthesise alkanes. The genetic pathways involved have 
been unclear, but it has been found that enhanced expression of genes and in species such as 
Thermosynechococcus elongates (which inhabit hot springs) encouraged the microbes to secrete 
their alkanes (New Scientist, 2011).

vi.  Barriers to dissemination

The main barrier is the enormous cost of production, as well as practical aspects, such as harvesting and 
drying. Wijffels and Barbosa (2010) estimate an area the size of Portugal would be needed to supply the 
transport fuel needs of Europe from micro-algae, so the scale of production would have to increase by 
three orders of magnitude. They also state that a concomitant decrease in the cost of production by a 
factor of 10 is needed.
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i.  Overcoming barriers

There are significant opportunities for greenhouse gas mitigation in agriculture, but numerous barriers 
need to be overcome. Many recent studies have shown that actual levels of greenhouse gas mitigation 
are far below the technical potential for these measures (Smith et al., 2005a). The gap between technical 
potential and realised greenhouse gas mitigation is due to barriers to implementation, including climate 
and non-climate policies, as well as institutional, social, educational, and economic constraints. The mix 
of agricultural mitigation options that are adopted in the future will also depend upon the price of carbon 
dioxide equivalents. The total biophysical potential of approximately 5,500-6,000Mt CO2e yr-1 will never 
be realised due to these constraints, but with appropriate policies, education, and incentives, it may be 
possible for agriculture to make a significant contribution to climate mitigation by 2030. 

ii.  Co-benefits

Mitigation of greenhouse gases through agricultural actions that increase soil C reduces vulnerability to 
drought and other stresses. It also improves the water holding capacity due to increase in soil C content 
to help in sustainable agriculture. Efficient use of N fertilisers would improve falling yields and control of 
N2O emissions.

Policies that are the most effective at reducing emissions may be those that also achieve other social goals 
such as rural development, poverty elimination, improved water management, and agro-forestry. These 
other goals are synergistic with mitigation. Mitigation policies that encourage efficient use of fertilisers, 
maintain soil C, and sustain agricultural production are likely to have the greatest synergy with sustainable 
development. Reductions in emissions per unit of production can be achieved by increases in crop 
yields and animal productivity. This is possible by better management of crops, cultivation, nutrients, and 
irrigation, genetically modified crops, improved cultivars, precision agriculture, improved animal breeds, 
improved animal nutrition, dietary additives and growth promoters, improved animal fertility, bio-energy 
feed stocks, and anaerobic slurry digestion and methane capture systems. Here precision agriculture is 
not only nutrient management but also involves many other activities such as irrigation, cultivar types, 
soil management, integrated pest management and other activities involving agricultural systems. These 
technological improvements could potentially counteract the negative impacts of climate change on 
cropland and grassland soil carbon stocks. Therefore,  technological improvements are  a key factor in 
future mitigation of greenhouse gas emissions.

iii.  Carbon crediting

Carbon sequestration and emissions reductions achieved through many of these technologies can also 
avail carbon credit benefits through the carbon market. A few projects have been successfully registered 
for Clean Development Mechanism (CDM) benefits so far. Intermittent irrigation, alternate wetting 
and drying and direct seeded rice technologies already have an approved CDM methodology titled 
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‘Methane emission reduction by adjusted water management practice in rice cultivation’ (AMS-III.AU) 
methodology (UNFCCC, 2012b). One project in Java, Indonesia based on this methodology is listed in 
the CDM project pipeline. The project includes an area of 5,250ha and 8,900ha during the first two years 
and 12,500ha for subsequent years. The project is still at validation stage and proposes to generate 
49,209 carbon credits per year for a crediting period of 7 years (UNFCCC, 2006a; CD4CDM, 2012). 
‘Consolidated baseline methodology for GHG emission reductions from manure management systems’ 
(AMC0010) and ‘Methane recovery in animal manure management systems’ (AMS-III.D) methodologies 
are applicable to manure and bio-solid management (UNFCCC, 2012a; UNFCCC, 2012c). Many CDM 
projects have been registered using these methodologies. One such project is ‘Ramirana Emission 
Reduction Project of Agrícola Super Limitada’ in Chile. This involves use of advanced treatments for 
swine waste and proposes to generate 58,684 carbon credits per year for a crediting period of 7 years 
(UNFCCC, 2006b; CD4CDM, 2012). 

However uncertainties regarding the future of the Kyoto Protocol and unavailability of approved 
methodologies for other technologies (like agriculture biotechnology, cover crop, nutrient management, 
tillage/residue management, potassium fertiliser application, nitrogen inhibitor application, application of 
electron acceptor, agro-forestry, improved feeding practices and organic agriculture) that lead to either 
carbon sequestration or GHG emissions reduction suggest that a very large role for CDM is unlikely. In the 
future, however, the dissemination of many of the technologies listed in this guidebook  depends greatly 
on the progress in global climate negotiations with respect to financing of climate friendly technologies.

iv.  Adapting technologies 

Adapting the technologies to local conditions is necessary. Involving local farmers, extension agents and 
research institutions in technology design and dissemination is critical. The effectiveness of mitigation 
strategies also changes with time. Some practices, like those which elicit soil C gain, have diminishing 
effectiveness after several decades. Others, such as methods that reduce energy use, can reduce 
emissions indefinitely. 

v.  Research

The technologies available for mitigation are at different stages of development. Much research and 
development are required to make these technologies commercially viable and usable. International 
agencies can play an important facilitator role for appropriate technology development, demonstration, 
and subsequently increased penetration. Various research and implementation agencies representing 
different stakeholders in the country would have to work in close coordination to develop and utilise 
existing and innovative technologies for mitigation. For example, in identifying low methane-emitting rice 
systems the following need consideration: 

1.	 Characterising site specific settings for mitigation.

2.	 Developing packages of mitigation technologies on a regional basis.

3.	 Ascertaining synergies with improving productivity mitigation technologies to account for the balance 
between methane mitigation and N2O emissions.

4.	 Utilisation of the GIS database for identifying low methane-emitting rice cultivars and for their site 
characterisation.
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The agriculture sector is a significant contributor to GHG emissions and requires major consideration 
in global mitigation efforts. Despite this, not much progress has been made towards mitigation in this 
sector. A lack of awareness and guidance as well as a lack of economic strength of farmers have led 
to continuation of older and higher GHG-emitting agricultural practices. Suitable government policies 
and programmes are key requirements for better implementation of new GHG mitigation technologies, 
especially in developing countries. There are several policies already promoting GHG emissions 
reduction from this sector including land management practices, bio-energy plantation and utilisation, 
reduced tillage farming and other soil organic carbon management policies in some developed regions 
of the world. New policies should be adopted in developing regions which promote the execution of 
such mitigation technologies through imposition, incentives or subsidies. Policies encouraging research 
in this domain are also needed to understand adaptability of new technologies in various climatic and 
ecological conditions.

Conclusions





101

Abrol, I.P., R.K. Gupta and R.K. Malik (Editors) (2005): Conservation Agriculture. Status and Prospects. 
Centre for Advancement of Sustainable Agriculture, New Delhi pp. 242.

Achtnich C., Bak F., and Conrad R., (2005): Competition for electron donors among nitrate reducers, ferric 
iron reducers, sulfate reducers, and methanogens in anoxic paddy soil. Biology and Fertility of Soils 19, 
65-72.

Adhya T.K., Pathnaik P., Satpathy S.N., Kumarswamy S., and Sethunathan, N. (1998): Influence of 
phosphorus application on methane emission and production in flooded paddy soils. Soil. Biol Biochem 
30: 177-181.

Aggarwal, A. (2007): Monitoring of Carbon Sequestration Through Micro propagated Bamboo Plantation In 
Himalayan Region., pp-1-7, 2007 (Unpublished).

Ainsworth, E.A., C. Beier, C. Calfapietra, R. Ceulemans, M. Durand-Tardif, G.D. Farquhar, D.L. Godbold, 
G.R. Hendrey, T. Hickler, J. Kaduk, D.F. Karnosky, B.A. Kimball, C. Körner, M. Koornneef, T. Lafarge, A.D.B. 
Leakey, K.F. Lewin, S.P. Long, R. Manderscheid, D.L.McNeil, T.A.Mies, F. Miglietta, J.A. Morgan, J. Nagy, 
R.J. Norby, R.M. Norton, K.E. Percy, A. Rogers, J.F. Soussana, M. Stitt, H.-J. Wiegel, and J.W. White 
(2008). Next generation of elevated [CO2] experiments with crops: A critical investment for feeding the future 
world. Plant, Cell and Environment 31:1317-1324.

Albrecht, A. & Kandji, S.T. (2003). Carbon sequestration in tropical agroforestry systems. Agriculture, 
Ecosystems & Environment. 99:15-27.

Animut G., R. Puchala, and A. L. Goetsch (2008): Methane emission by goats consuming diets with different 
levels of condensed tannins from lespedeza. Animal Feed Science and Technology 144(3-4):212-227.

Arizona Department of Environmental Quality (1995) Arizona guidance manual for constructed wetlands for 
water quality improvement. Arizona Department of Environmental Quality, Arizona.

Babu, J.Y., Nayak, D.R., and Adhya, T.K. (2006): Potassium Application Reduces Methane Emission from 
a Flooded Field Planted to Rice. Biol. Fertil. Soils. (2006), 42:532-54.

Barker T., I. Bashmakov, L. Bernstein, J. E. Bogner, P. R. Bosch, R. Dave, O. R. Davidson, B. S. Fisher, S. 
Gupta, K. Halsnæs, G.J. Heij, S. Kahn Ribeiro, S. Kobayashi, M. D. Levine, D. L. Martino, O. Masera, B. 
Metz, L. A. Meyer, G.-J. Nabuurs, A. Najam, N. Nakicenovic, H. -H. Rogner, J. Roy, J. Sathaye, R. Schock, 
P. Shukla, R. E. H. Sims, P. Smith, D. A. Tirpak, D. Urge-Vorsatz, and D. Zhou (2007): Technical Summary. 
In: Climate Change 2007: Mitigation. Contribution of Working Group III to the Fourth Assessment Report 
of the Intergovernmental Panel on Climate Change [B. Metz, O. R. Davidson, P. R. Bosch, R. Dave, L. A. 
Meyer (eds)], Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA. Available 
at www.mnp.nl/ipcc/pages_media/FAR4docs/final_pdfs_ar4/TS.pdf

References



Technologies for Climate Change Mitigation – Agriculture Sector

102

Beauchemin K. A., and S. M. McGinn (2005): Methane emissions from feedlot cattle fed barley or corn 
diets. Journal of Animal Science, 83: 653-661.

Becker, E. W. (1994) Microalgae: Biotechnology and microbiology. Cambridge University press, Cambridge, 
Great Britain. p293.

Bedard, C. and Knowles, R. (1989): Physiology, biochemistry and specific inhibitors of CH4, NH4
+ and CO 

oxidation by methanotrophs and nitrifiers. Microbiol Rev 53: 68-84.

Benemann, J. & Oswald, W., (1996). Systems and Economic Analysis of Microalgae Ponds for Conversion 
of CO2 to Biomass. Final Report to the US Department of Energy. Pittsburgh Energy Technology Center.

Berg W., and Pazsiczki I. (2006): Mitigation of methane emissions during manure storage. International 
Congress Series, 1293: 213-216.

Bhatia A, Sasmal S, Jain N, Pathak H, Kumar R and Singh A (2010): Mitigating nitrous oxide emission 
from soil under conventional and no-tillage in wheat using nitrification inhibitors. Agriculture, Ecosystems & 
Environment, 136(3-4): 247-253.

Bogner J., K. Spokas, J. Chanton, D. Powelson, J. Fleiger, and T. Abichou, (2005): Modeling landfill Methane 
Emissions from Biocovers: A combined theoretical-empirical Approach. Proceedings Sardinia `05 – Tenth 
International Waste Management and Landfill Symposium, 3 – 7 October 2005, CISA, Cagliari, Italy.

Bollag, J.M. and Czlonkowski, S.T. (1973): Inhibition of methane formation in soil by various nitrogen 
containing compounds. Soil Biol Biochem 5: 673-678.

Bouwman AF, Boumans LJM and Batjes NH (2002a): Emissions of N2O and NO from fertilized fields: 
summary of available measurement data. Glob Biogeochem Cycles 16(4):1080-1107.

Breznak J. A. (1994): Acetogenesis from carbon dioxide in termite guts, p.303–330. In H. L. Drake (ed.), 
Acetogenesis. Chapman and Hall, New York, NY.

Bronson, K.F. and Mosier, A.R. (1991): Effect of encapsulated calcium carbide on dinitrogen, nitrous oxidem 
methane and carbon dioxide emissions from flooded rice, Biol. Fertil. Soils. 11.

Bronson, K.F. and Mosier, A.R (1994): Suppression of methane oxidation in aerobic soil by nitrogen fertilisers, 
nitrification inhibitors and Urease inhibitors. Biol. Fertil. Soils 17: 263-268.

Brookes, G., and P. Barfoot. (2009): “GM Crops: global socio-economic and environmental impacts 1996- 
2007”. PG Economics Ltd, UK, May.

Brown, L.R. (2008). Introduction. In Goddard, T., Zoebisch, M.A., Gan, Y.T., Ellis, W., Watson,A. and 
Sombatpanit, S. (eds.) Zero-till Farming Systems. Special Publication No. 3, World Association of Soil and 
Water Conservation, Bangkok. pp. 3-6.

Burn R. and Moody L. (2008): A Review of permeable cover options for manure storage. Retrieve April 
2, 2011, from http://www.extension.org/pages/24017/ a-review-of-permeable-cover-options-for-manure-
storage.



103

CAST (2004): council for agricultural science and technology (CAST). Climate change and greenhouse gas 
mitigation: challenges and opportunities for agriculture. Paustian K, Babcock B (Cochairs) Report 141.

CD4CDM, 2012. CDM Pipeline Overview.Available at  <cdmpipeline.org/publications/CDMpipeline.xlsx.>

Chadwick D.R., (2005): Emissions of ammonia, nitrous oxide and methane from cattle manure heaps: effect 
of compaction and covering. Atmosphere Environment, 39: 787-799.

Chan K.Y., Conyers M.K., Li G.D., Helyar K.R., Poile G., Oats A. and Barchia I.M. (2011). Soil carbon 
dynamics under different cropping and pasture management in temperate Australia: Results of three long 
term experiments. Soil Research, 49, 320-328.

China husbandry yearbook committee (2006). China husbandry yearbook committee -2006. Beijing, China 
Agriculture Press (in Chinese). 

Church (1988): Digestive physiology and nutrition of ruminants. Englewood Cliffs: Prentice Hall. 

CIMMYT (2010): Resource conserving technologies in South Asia: Frequently asked question. Jat ML, 
Singh RG, Sidhu HS, Singh UP, Malik RK, Kamboj BR, Jat RK, Singh V, Hussain I, Mazid MA, Sherchan DP, 
Khan A, Singh VP, Patil SG, Gupta R. pp 1-32.

Conant, R.T., K. Paustian, and E.T. Elliott, (2001): Grassland management and conversion into grassland: 
Effects on soil carbon. Ecological Applications, 11, pp. 343-355.

Cotta M. A., T. R. Whitehead and M. A. Rasmussen. (1997): Survival of the recombinant Bacteroides 
thetaiotaomicron strain BTX in vitro rumen incubations. Appl Microbiol, 82: 743-750.

Crutzen, P J., Mosier, A R., Smith K A. and Winiwarter W. (2008): N2O release from agrobiofuel production 
negates global warming reduction by replacing fossil fuels. Atmos, Chem, Phys.8:389-395.

Czernik,S and Bridgwater A.V. (2004): ‘Overview of Applications of Biomass Fast Pyrolysis Oil’, Energy 
Fuels: 590-8.

Das K and Baruah K K. (2008): Methane emission associated with anatomical and morphophysiological 
characteristics of rice (Oryza sativa L.) plant. Physiologia plantarum 134: 303-312.

De Datta SK (1986): Technology development and the spread of direct-seeded flooded rice in southeast 
Asia. Experimental Agriculture, 22(4):417-426. 

Demeyer, Henderickx. (1967): The effect of C18 unsaturated fatty acids on methane production in vitro by 
mixed rumen bacteria. Biochimica et Biophysica Acta (BBA) - Lipids and Lipid Metabolism, 137 6:484-497 
(in Chinese).

Denier van der Gon H.A.C. and Neue, H.U. (1995): Influence of organic matter incorporation in the methane 
emission from a wetland rice field. Global Biogeochem Cycles 9: 11-22.

Department of  Science and Education, Ministry of Agriculture, China  (2003): Biogas user Manual. China 
Agriculture Press, Beijing

References



Technologies for Climate Change Mitigation – Agriculture Sector

104

Ding X.Z. (2007): Effect of Tannic Acid on in Vitro Rumen Fermentation Characteristics and Methane 
Emission of Sheep. Dissertation, Gansu Agriculture University (in Chinese).

Dinnes D.L. (2004): Assessment of practices to reduce Nitrogen and potassium non-point source pollution 
of Iowa’s surface waters, Iowa Dept. of National resources, Des Moines, LA.

Dixit S., Prasad J.V.N.S., Raju B.M.K. and Venkateswarlu B. (2010): Towards a carbon-Neutral rural India. 
Part 1 challenges and opportunities in Agriculture. India Infrastructure Report, pp393-406, 2010.

Dixon, R.K (1995): Agroforestry systems: sources or sinks of greenhouse gases? Agroforestry Systems 31, 
99–116.

Dong H, Tao X, Xin H, and He Q (2004). Comparison of enteric methane emissions in China for different 
IPCC estimation methods and production schemes. Transactions of the ASAE, 47(6), 2051-2057. 

Dong H, Li Yue, Tao Xiuping, P XiaoPei, (2008). China greenhouse gas emissions from agricultural activities 
and its mitigation strategy. Transaction of the CSAE, 24(10), 269-273 (in Chinese).

Drake H. L., K. Kusel and C. Matthies. (2002): Ecological consequences of the phylogenetic and physiological 
diversities of acetogens. Antonie Leeuwenhoek, 81, 203–213.

Drury CF, Yang XM, Reynolds WD and McLughlin NB (2008): Nitrous oxide and carbon dioxide emissions 
from monoculture and rotational cropping of corn, soybean and winter wheat. Can J Soil Sci 88(2):163-174.

Ebeling, J. and Yasue, M. (2008). Generating carbon finance through avoided deforestation and its potential 
to create climatic, conservation and human development benefits. Philosophical Transactions of the Royal 
Society B: Biological Sciences. 363 (1498): 1917-1924.

Eidman, V.R., (2005): Agriculture as a producer of energy. In Agriculture as a producer and consumer of 
energy. (ed. J.L. Outlaw, K.J. Collins and J.A.Duffield), pp.30-67, Cambridge, MA: CABI Publishing.

Environmental Protection Agency. (2010): Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-
2008. 1200 Pennsylvania Avenue, N.W. Washington, DC 20460. U.S.A, 

Fan X., Dong H.M. and Han L.J., (2006): Experimental study on the factors affecting methane emission of 
beef cattle. Transaction of CSAE, 22: 197-182 (in Chinese).

Field CB, Campbell JE, Lobell DB (2008): Biomass energy: the scale of the potential resource. Trends in 
Ecology and Evolution, 23:65-72.

Fonty G., K. Joblin, M. Chavarot, R. Roux, G. Naylor and F. Michallon. (2007): Establishment and Development 
of Ruminal Hydrogenotrophs in Methanogen-Free Lambs. Appl Environ Microbiol, 73: 6391-6403

Forster P, Ramaswamy V, Artaxo P, Berntsen T, Betts R, Fahey DW, Haywood J, Lean J, Lowe DC, Myhre 
G, Nganga J, Prinn R, Raga G, Schulz M and Van Dorland R (2007): Changes in atmospheric constituents 
and in radiative forcing. Climate change 2007: the physical science basis. Contribution of working group I 
to the Fourth Assessment Report of the IPCC. Solomon S, Qin D, Manning M, Chen Z, Marquies M, Averyt 
KB, Tignor M, Miller HL (eds) Cambridge University Press, Cambridge, United Kingdom and New York, NY, 
USA, IPCC.



105

Galinato, S., Yoder, J. and Granatstein, D., 2011. The economic value of biochar in crop production and 
carbon sequestration. Energy Policy, 39, pp.6344–6350.

Gerald Rys, Methanet and NZoNet, Ministry of Agriculture and forestry, NewZealand.“A pathway to methane 
and Nitrous oxide mitigation discovery for Pastoral Agriculture in New Zealand”.   http://unfccc.int/files/
meetings/workshops/other_meetings/application/pdf/rys.pdf

Git-forestry Consulting (2008): Eucalyptus in India: Timber and Wheat  Polyculture <http://git-forestry-blog.
blogspot.com/2008/12/eucalyptus-in-india-timber-and-wheat.html>

Glaser, B., Lehmann, J. and Zech, W. (2002), ‘Ameliorating physical and chemical properties of highly 
weathered soils in the tropics with charcoal –A review’, Biology and Fertility of Soils 35, 219–230.

Goose, R.J. and Johnson, B.E. (1993): Effect of urea pellet size and dyciandiamide on residual ammonium 
in field microplots. Comm.Soil Sci. Plant Anal. 24: 397-409.

Graham, L. E. and Wilcox, L.W. (2000): Algae, Prentice-Hall, Inc., Upper Saddle River, NJ. pp 640.

Groenigen, J.W. van, G.J. Kasper, G.L. Velthof, A. van den Pol – van Dasselaar and P.J. Kuikman (2004) 
Nitrous Oxide Emission Factors from Silage Corn Fields Under Different Mineral Nitrogen Fertiliser and Slurry 
Applications. Plant Soil (accepted for publication).

Guo Tingshuang. (1996)  Straw Husbandry. Shanghai, Shanghai Science and Technology Press (in Chinese).

Han J. F., Feng Y. L., Zhang X. M., Mo F., Zhao G.Y. and Yang Y. F.. (1997): Effects of Fiber Digestion and 
VFA in the Rumen on the Methane Production in Steers of Different Type of Diets. Chinese Journal of 
Veterinary Science, 17:278-280.

Hanagata, N., Takeuchi, T., Fukuju, Y., Barnes, D. J. and Karube, I. (1992): Tolerance of microalgae to high 
CO2 and high temperature. Phytochemistry 31(10):3345-3348.

Hossain, M.F., Salam, M.A., Uddin, M.R., Pervez, Z., and Sarkar, M.A.R. (2002). A comparison study of 
direct seeding versus transplanting method on the yield of aus rice. Pakistan Journal of Agronomy 1:86-88.

Houghton Jt, Meira Pilho LG, Callander BA, Harris N, Kattonberg A and Maskeel K (eds). (1996): climate 
change 1995: The science of climatic change IPCC, 572pp, Cambridge University Press, Cambridge, UK.

Huang, M., Zou, Y., Jiang, P., Xia, B., Feng, Y., and Mo, Y. (2012). Effect of tillage on soil and crop properties 
of wet-seeded flooded rice. Field Crops Research 129:28-38.

Huber-Humer M. and Lechner P. (2008): Impact of Different Biocover Designs on Methane Mitigation. In: 
Pawlowska M., Pawlowski L. (Eds.): Management of Pollutant Emission from Landfills and Sludge. Selected 
Papers from the international workshop on Management of Pollutant Emission From Landfills and Sludge, 
Kazimierz Dolny, Polen, 16 - 19 September, 2006. Taylor and Francis Group, London, UK; ISBN13: 978-0-
415-43337-2 (hbk), 978-0-203-93218-6 (ebook); pp. 21-36.

Hultgreen G and Leduc P. (2003): The effect of nitrogen fertiliser placement, formulation, timing, and rate 
on greenhouse gas emissions and agronomic performance. Saskatchewan Department of Agriculture and 
Food. Final Report Project No.5300G, ADF#19990028. Regina, Saskatchewan, Canada.

References



Technologies for Climate Change Mitigation – Agriculture Sector

106

Huntley, M.E. & Redalje, D.G. (2006): CO2 Mitigation and Renewable Oil from Photosynthetic Microbes: A 
New Appraisal. Mitigation and Adaptation Strategies for Global Change, 12(4):573-608.

IEA (2009): The impact of the financial and economic crisis on global energy investment. IEA Background 
paper for the G-8 Energy Ministers Meeting in Rome, 24-25 May 2009; available at: www.g8energy2009.it/
pdf/IEA_ Paper_for per cent20G8-Impact_of_the_crisis_on_energy_investment.pdf.

IGUTEK (2011) : Agroforestry. Available at. http://igutek.scripts.mit.edu/terrascope/?page=Agroforestry

IPCC (2000): IPCC Good Practice Guidance And Uncertainty Management In National Greenhouse Gas 
Inventories. Chapter 4.  IPCC National Greenhouse Gas Inventories Program Technical Support Unit, 
Kanagaw, Japan.

IPCC (2007a): Agriculture, in: Climate Change 2007. Working Group III: Mitigation. Cambridge, Cambridge 
University Press.

IPCC, (2007): Climate Change 2007: Synthesis Report. Contributions of Working Groups i, ii, and iii to the 
Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Geneva: IPCC.

IPCC (2007): Climate change 2007: the physical science basis. In S Solomon, D Qin, M Manning, Z Chen, 
M Marquis, KB Averyt, M Tignor, H L Miller, eds, Contribution of Working Group I to the Fourth Annual 
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University Press, 
Cambridge, UK, pp 996.

IRRI (2002): Potentials of Water-saving Technologies in Rice Production: An Inventory and Synthesis of 
Options at the Farm Level. Available at <http://www.iwmi.cgiar.org/assessment/FILES/word/proposals/
Project%20Proposals/IRRIproposalDPP2002-26.pdf>

IRRI (2009):  Every drop counts. Rice Today, Vol 8, No. 3;16-19.

Jastrow, JD, Miller, RM, and Lussenhop, J. (1998): Contributions of interacting biological mechanisms to 
soil aggregate stabilization in restored prairie 30:905-916.

Jackson RB, Banner JL, Pockman WT and Walls DH (2002): Ecosystem carbon loss with woody plant 
invasion of grasslands. Nature, 418: 623–626

Joblin, K. N., G. P. Campbell, A. J. Richardson and C. S. Stewart (1989): Fermentation of barley straw by 
anaerobic rumen bacteria and fungi in axenic culture and in co-culture with methanogens.  Ltrs. in Appl. 
Microbiol. 19:195-197. 

Joblin K. N. (1996): Options for reducing methane emissions from ruminants in New Zealand and Australia, 
In W. J. Bouma, G. I. Pearman, and M. R. Manning (ed.), Greenhouse: coping with climate change. CSIRO 
Publishing, Collingwood, Australia,. 437-449.

Joblin K. N. (1999): Ruminal acetogens and their potential to lower ruminant methane emissions. Aust J 
Agric Res, 50: 1307-1313.

Junginger, M., (2000): Setting up fuel supply strategies for large-scale bio-energy projects using agricultural 
and forest residues. A methodology for developing countries. NW&S Report number: NW&S-E-2000-16 
Utrecht, The Netherlands, p. 59, (ISBN 90- 73958-58-X).



107

Kasterine A and Vanzetti D (2010): The effectiveness, efficiency and equity of market-based instruments to 
mitigate GHG emission from the agri-food sector, in UNCTAD Trade and Environment Review 2009/2010, 
Geneva. Available at http://www.intracen.org/uploadedFiles/intracenorg/Content/Exporters/Sectors/Fair_
trade_and_environmental_exports/Climate_change/TER_UNCTAD_KasterineVanzetti.pdf. 

Keerthisinghe, D.G., Freney, J.R. and Mosier, A.R., (1993): Effect of wax-coated calcium carbide and 
nitrapyrin on nitrogen loss and methane emissions from dry-seeded flooded rice Biol Fertil Soils 16:71-75.

Keffar, J.E., and Kleinheinz, G.T. (2002): Use of chlorella vulgaris for CO2 mitigation in photobioreactor. J. 
Industr. Microbiol. and Biotech. 29:275-280.

Kimble, JM, Rice CW, Reed D, Mooney S, Follett RF, and Lal R. (2007): Soil Carbon Management, Economic, 
Environmental and Social Benefits. CRC Press, Taylor & Francic Group.

Kimura, M., Asai, K. Watanabe A, Murase J and Kuwatsuka S (1992): Suppression of methane fluxes from 
flooded paddy soil with rice plants by foliar spray of nitrogen fertilisers. Soil Sci Plant Nutr 38:735-740.

Kodama, M., Ikemoto, H. and Miyachi, S. (1993): A new species of highly CO2-tolreant fast growing marine 
microalga suitable for high-density culture. Journal of marine biotechnology 1:21-25.

Ko JY and Kang HW (2000): The effects of cultural practices on methane emission from rice fields. Nutrient 
Cycling in Agroecosystems 58: 311–314.

Kuikman PJ, Groot W, Hendriks R, Verhagen J and de Vries F (2003): Stocks of C in soils and emissions of 
CO2 from agricultural soils in The Netherlands. Wageningen, Alterra. Alterra-report 561, 37pp.

Kuikman, P.J., Velthof, G.L. and Oenema, O. Alterra, (2003): Controlling Nitrous Oxide Emissions From 
Agriculture: Experiences In The Netherlands. Wageningen UR, 6700 AA Wageningen, The Netherlands.

Ladha JK, Kumar V, Alam M, Sharma S, Gathala M, Chandna P and Balaubramanian V (2009): Integrating 
crop and resource management technologies for enhanced productivity, profitability, and sustainability of 
the rice-wheat system in South Asia. In: Ladha JK, Erenstein O, Yadvinder- Singh F, Hardy B (eds) Integrated 
crop and resource management in the rice-wheat system of South Asia. International Rice Research 
Institute, Los Ban˜os (Philippines), pp 69–108.

Lal R (2004): Soil Carbon Sequestration Impacts on Global Climate Change and Food Security. Science. 
304(5677): 1623-1627.

Lal, R. (2005): Carbon sequestration and climate change with special reference to India. Proc International 
Conference on Soil, Water and Environmental Quality-Issues and Strategies, Indian Soc. Soil Sci., Division 
of SS and Ac, IARI, New Delhi, India, 295-302.

Lal, R. (1998). Land use and soil management effects on soil organic matter dynamics on Alfisols in Western 
Nigeria. In Lal, R, Kimble JM, Follett RF, and Stewart BA. Soil Processes and the Carbon Cycle. CRC Press 
LLC. 109-126.

Lal, R., Kimble, J.M.,  Follett, R.F. and  Stewart, B.A., 1998a. Management of carbon sequestration in soil, 
CRC Press LLC.

References



Technologies for Climate Change Mitigation – Agriculture Sector

108

Lal, R., Kimble, JM, Follet, RF, and Cole, CV. (1998b): The Potential of U.S. Cropland to Sequester Carbon 
and Mitigate the Greenhouse Effect, Ann Arbor Press, Chelsea, Michigan, USA. Lal, R, Kimble JM, Follett 
RF, and Stewart BA. (1998c) Soil Processes and the Carbon Cycle. CRC Press LLC.

Lampkin, N.H. (1999). Organic farming in the European Union: Overview, policies and perspectives. Pp23-
30 in Organic farming in the European Union: Overview, policies and perspectives for the 21st century, 
proceedings of a joint EU and Austrian conference, 27-28 May (Baden/Vienna: Avalon Foundation and 
Eurotech Management).

Lehmann, J. (2007): A Handful of Carbon, Nature, 447:143-4.

Lehmann J, Gaunt J & Rondon M (2006): Bio-Char Sequestration In Terrestrial Ecosystems – A Review. 
Mitigation and Adaptation Strategies for Global Change (2006) 11: 403–427. C Springer 2006, DOI: 
10.1007/s11027-005-9006-5.

Lehmann, J. and Rondon, M. (2005): ‘Bio-char soil management on highly-weathered soils in the humid 
tropics’, in N. Uphoff (ed.), Biological Approaches to Sustainable Soil Systems, Boca Raton, CRC Press, in 
press.

Li J.G. (2007):  Modern dairy cattle production. Beijing: China Agriculture University Press, 169 (in Chinese).

Li N. (2008): Study on greenhouse gas emission from slurry storage of swine farm. Dissertation. Beijing: 
China Academy of Agriculture Sciences (in Chinese).

Li Wen-bin,Yan Xiao-bo,Xu Jian-feng,Huang Jian-wei,Guo Li-na and Wang Jin (2010). Report on fattening 
cattle fed with corn stalk processed by different methods. China Cattle science, 36, 16-18,27 (in Chinese).

Li Y. Horsman M., Wu N, Lan CQ and Dubois-Calero N (2008): Biofuels from microalgae. Biotech Prog (in 
press) ASAP Article, DOI 10.1021/bp070371kS8756-7938(07)00371-2

Lindau, C.W., Bollich, P.K., DeLaune R.D., Mosier, A.R. and Bronson K.F. (1993): Methane mitigation in 
flooded Louisiana rice fields. Biol Fertil Soils 15: 174-178.

Liu x, Mosier A, Halvorson A and Zhang F (2006): The impact of nitrogen placement and tillage on NO, N2O, 
CH4 and CO2 fluxes from a clay loam soil. Plant Soil 280(1):177-188.

Long, S.P., Ainsworth, E.A., Rogers A., and Ort D.R., (2004): Rising Atmospheric Carbon Dioxide: Plants 
FACE the future. Annu. Rev. Plant Biol.,55: 591-628.

Lu, R., Y. E. Li, Y. Wan, Y. Liu, and L. Jin (2007): Emission of greenhouse gases from stored dairy manure 
and influence factors. Transactions of CSAE, 23, 198-204 (in Chinese).

Lueders T. and Friedrich M W. (2002): Effects of Amendment with Ferrihydrite and Gypsum on the 
Structure and Activity of Methanogenic Populations in Rice Field Soil. APPLIED AND ENVIRONMENTAL 
MICROBIOLOGY, 68(5):2484-2494.

Lyford S.L. (1988): Growth and development of the ruminant digestive system. The ruminant animal. 
Digestive Physiology and Nutrition, Church D.C. edited, Prentice Hall. 



109

Machmüller A, C.R. Soliva and C.R. Soliva. (2001): Diet composition affects the level of ruminal methane 
suppression bymedium-chain fatty acids. Australian Journal of Agricultural Research, 713-722.

Mae-Wan Ho and Lim Li Ching (2008): Mitigating Climate Change through Organic Agriculture and Localized 
Food Systems, ISIS Report 31/1/08.

Mallick N (2002) Biotechnological potential of immobilized algae for wastewater N, P and metal removal: a 
review. BioMetals 15:377–390.

Masood. S., (2009): Peri carbon agriculture, agriculture by Twenty 20 and beyond (in association with Shere 
Kashmir University).

Matsumoto, H., Shioji, N., Hamasaki, A., Ikuta, Y., Fukuda, Y., Sato, M., Endo, N. and Tsukamoto, T. 
(1995) Carbon dioxide fixation by microalgae photosynthesis using actual flue gas discharged from a boiler. 
Applied biochemistry and biotechnology 51/52, 681-692.

Mc Taggart, I.P., Clayton, H. and Smith, K.A. (1994): Nitrous oxide flux from fertilized grassland: strategies 
for reducing emissions. In Non- CO2 Greenhouse Gases (Ed. J. van Ham, L.J.H.M. Jassen and R.J.Swart), 
Kluwer, Dordrecht, 421-426.

McBride, B.C. and Wolfe, R.S. (1971): Inhibition of methanogenesis by DDT. Nature 234:551.

McSweeney C S, Mackie R I and White B A. (1994): Transport and intracellular metabolism of major feed 
compounds by ruminal bacteria: the potential for metabolic manipulation. Aust J Agric Res, 45, 731-756.

MDA (2011): Conservation Practices, Minnesota Conservation Funding Guide, Minnesota Department of 
agriculture. Available at: http://www.mda.state.mn.us/protecting/conservation/practices/constillage.aspx

Megraw, S.R. and Knowles, R. (1987): Methane consumption and production in a cultivated humisol. Biol 
Fertil Soils 5: 56-60.

Melillo, Jerry M., John M. Reilly, David W. Kicklighter, Angelo C. Gurgel, Timothy W. Cronin, Sergey Paltsev, 
Benjamin S. Felzer, Xiaodong Wang, Andrei P. Sokolov, and C. Adam, (2009): Indirect Emissions from 
Biofuels: How Important? Science 326: 1397-1399.

Metra-Corton TM, Bajita JB, Grospe FS, Pamplona RR, Asis CA, Wassmann R and Lantin RS (2000): 
Methane emission from irrigated and intensively managed rice fields in Central Luzon (Philippines), Nutrient 
Cycl. Agroecosys. 58, 37-53.

Millar N., Robertson GP. grace PR., Gehl RJ. and Hoben JP. (2010); Nitrogen fertiliser management for 
nitrous oxide mitigation in intensive corn (Maize) production  : an emissions reduction protocol for US 
Midwest agriculture. Mitig Adapt Strateg Glob Change (2010) 15:185-204.

Minami K (1995): The effect of nitrogen fertiliser use and other practices on methane emission from flooded 
rice. Fertiliser Research. 40: 71-84.

Miura, Y., Yamada, W., Hirata, K., Miyamoto, K. and Kiyohara, M. (1993) Stimulation of hydrogen production 
in algal cells grown under high CO2 concentration and low temperature. Applied biochemistry and 
biotechnology 39/40:753-761.

References



Technologies for Climate Change Mitigation – Agriculture Sector

110

Miyairi, S. (1995): CO2 assimilation in a thermophilic cyanobacterium. Energy conversion and management 
36(6-9):763-766.

Monteny G.J., Bannink A. and Chadwick D. (2006): Greenhouse gas abatement strategies for animal 
husbandry. Agriculture, Ecosystems and Environment, 112:163-170.

Mosier A., C. Kroeze, C. Nevison, O. Oenema, S. Seitzinger, and O. van Cleemput (1998): Closing the 
global atmospheric N2O budget: Nitrous oxide emissions through the agricultural nitrogen cycle, Nutrient 
Cycling in Agroecosystems, 52:225-248.

Muchovej, R.M. (2001): Importance of mycorrhizae for agricultural crops. IFAS Extension Bulletin SS-
AGR-170, University of Florida, Gainesville, Florida, USA. 5 pp.

Na R.H. (2010): Effects of Diet Composition on Methane and Nitrogen Emissions from Lactating Cattle. 
Dissertation. Beijing: China Academy of Agriculture Sciences (in Chinese).

NA Ren-hua, DONG Hong-min, TAO Xiu-ping, MA Rui-juan and XI Jia-lin (2010): Effects of Diet Composition 
on in Vitro Digestibility and Methane Emissions of Cows, Journal of Agro-Environment Science, 29(8), 
1576-1581 (in Chinese).

Nagase, H., Eguchi, K., Yoshihara, K., Hirata, K. and Miyamoto, K. (1998): Improvement of microalgal NOx 
removal in bubble column and airlift reactors. Journal of fermentation and bioengineering 86(4), 421-423.

NAIP (ICAR), Annual report 2009, CRIDA, Hyderabad, India. NAIP (National Agricultural Innovation Project), 
ICAR, Annual report 2009, Sustainable rural livelihoods through enhanced farming systems productivity 
and efficient support systems in rainfed areas. Central Research Institute for Dryland Agriculture (CRIDA), 
Hyderabad, India

Nakano, Y., Miyatake, K., Okuno, H., Hamazaki, K., Takenaka, S., Honami, N., Kiyota, M., Aiga, I. and 
Kondo, J. (1996) Growth of photosynthetic algae Euglena in high CO2 conditions and its photosynthetic 
characteristics. ActaHort 440, 49-54.

Natural Resources Conservation Service (NRCS) (Unknown) Tillage Equipment: Pocket Identification Guide 
ftp://ftp-fc.sc.egov.usda.gov/IA/intranet/Tillage.pdf

Nelson, D.W., and Huber, D. (2001): Nitrification inhibitors for corn production, National Corn Handbook 
NCH-55, Iowa State University, Ames, Iowa, USA. 6 pp.

Nelson, G.C., Robertson, G., Msangi, S., Zhu, T., Liao, X. and Jawagar, P.(2009): Greenhouse Gas Mitigation: 
Issues For Indian Agriculture: Int. Food. Pol. Res. Inst. Pp 1-60.

NEWS LETTER, CRIDA, pp-3, Jan-Jun, 2010.

New Scientist (2011) : The rush towards renewable oil. New Scientist 21 May 2011.

Niggli, U.; Fließbach, A.; Hepperly, P. and Scialabba, N. (2009). Low greenhouse gas agriculture: Mitigation 
and adaptation potential of sustainable farming systems, Rev. 2. Rome, FAO, April; available at: ftp://ftp.
fao.org/docrep/fao/010/ai781e/ai781e00.pdf.



111

Olivier, J.G.J., L.J. Brandes, J.A.H.W. Peters, P.W.H.G. Coenen and H.H.J. Vreuls (2003): Greenhouse 
Gas Emissions in The Netherlands 1990 – 2001. National Inventory Report 2003. RIVM, Bilthoven, The 
Netherlands. RIVM report 773201007, pp 229.

Parashar, D.C. and Bhattacharya S (2002): Considerations for methane mitigation from Indian paddy fields. 
Indian Journal of Radio and Space Physics. 31: 369-375.

Patel G.B.,* Agnew B.J., and Dicaire C.J. (1991): Inhibition of Pure Cultures of Methanogens by Benzene 
Ring Compounds. Applied and Environmental Microbiology, 57,10, 2969-2974.

Pathak H. and Wassmann R. (2007): Introducing greenhouse gas mitigation as a development objective 
in rice-based agriculture: I. Generation of technical coefficients. Agricultural Systems 94 (2007) 807-825. 

Pathak H (2010): Mitigating greenhouse gas and nitrogen loss with improved fertiliser management in rice: 
quantification and economic assessment. Nutr Cycl Agroecosyst, 87:443-454.

Pathak H, Byjesh, K., Chakrabarti, B. and Aggarwal, P.K. (2011). Potential and cost of carbon sequestration 
in Indian agriculture: Estimates from long-term field experiments. Field Crops Research, 120(1), pp.102–
111.

Paustian, K., B.A. Babcock, J. Hatfield, R. Lal, B.A. McCarl, S. McLaughlin, A. Mosier, C. Rice, G.P. Robertson, 
N.J. Rosenberg, C. Rosenzweig, W.H. Schlesinger and D. Zilberman (2004): Agricultural Mitigation of 
Greenhouse Gases: Science and Policy Options, Council on Agricultural Science and Technology (CAST) 
Report, R141 2004, ISBN 1-887383-26-3, 120 pp.

Paustion, K., Cole C.V., Sauerbeck D and Sampson N. (1995): CO2 mitigation by agriculture: An overview> 
climatic change. 40(1):135-162.

Pedroni, P., Davison, J., Beckert, H., Bergman, P. and Benemann, J. (2001): A proposal to establish an 
international network on biofixation of CO2 and greenhouse gas abatement with microalgae. Journal of 
energy and environmental research 1(1): 136-150.

Petersen SO, Regina K, Pollinger A, Rigler E, Valli L, Yamulki S, Esala M, Fabbri C, Syvasalo E and Vinther 
FP (2006): Nitrous oxide emissions from organic and conventional crop rotations in five European countries. 
Agriculture, Ecosystems & Environment, 112(2): 200-206.

Powers W. (2006): Covering nutrients during manure storage. Retrieve April 2, 2011, from 
ht tp: / /www.an imalagteam.msu.edu/LandAppl icat ion/ManureandNutr ientManagement/
ConservingNutrientsDuringManureStorage/tabid/306/Default.aspx

Powlson, D.S., Goulding KWT, Willison TW, Webster CP and Hutsch BW (1997): The effect of agriculture on 
methane oxidation in soil. Nutr Cycl Agroecosys 49:59-70.

Prieto, I., Armas, C., and Pugnaire, F.I. (2012): Water release through plant roots: new insights into its 
consequences at the plant and ecosystem level. New Phytologist 193:830-841.

Rath A.K., Swain, B., Ramakrishnan, B., Panda, D., Adhya, T.K., Rao, V.R. and Sethunathan, N. (1999): 
Influence of fertiliser management and water regime on methane emission from tropical rice fields. Agric 
Ecosyst Environ 76: 99-107.

References



Technologies for Climate Change Mitigation – Agriculture Sector

112

Raupach, Michael R. , Gregg Marland,Philippe Ciais,Corinne Le Quéré, Josep G. Canadell, Gernot Klepper, 
and Christopher B. Field (2007): Global and regional drivers of accelerating CO2 emissions. Proc. Natl. 
Acad. Sci. U.S.A. 104 (24): 10288–93. Bibcode 2007PNAS..10410288R. doi:10.1073/pnas.0700609104.

Regalbuto, J.R. (2009). Cellulosic biofuels – got gasoline? Science 325:822-824.

Rehman A (2007): Zero tillage technology for rice and wheat crops. Quoted from site  www.archives.dawn.
com

Richter, B. (2004): Using ethanol as an energy source. Science 305, 340.

Richard, T.L. (2010). Challenges in scaling up biofuels infrastructure. 329:793-796.

Richards KR & Stokes C (2004): A Review of Forest Carbon Sequestration Cost Studies: A Dozen Years of 
Research. Climatic Change 63: 1–48, 2004.

Rillig, M.C., (2004): Arbuscular mycorrhizae, glomalin, and soil aggregation. Can. J. Soil Sci. 84: 355–363.

Robertson, G.P., (2004): Abatement of nitrous oxide, methane and other non- CO2 greenhouse gases: the 
need for a systems approach. In The global carbon cycle. Integrating Humans, Climate, and the Natural 
World, C.B. Field, and M.R. Raupach (eds.). SCOPE 62, Island Press, Washington D.C., pp. 493-506.

Robertson, G.P., Dale, V.H., Doering, O.C., Hamburg, S.P., Melillo, J.M., Wander, M.M., Parton, W.J., 
Adler, P.R., Barney, J.N., Cruse, R.M., Duke, C.S., Fearnside, P.M., Follett, R.F., Gibbs, H.K., Goldemberg, 
J., Mladenoff, D.J., Ojima, D., Palmer, M.W., Sharpley, A., Wallace, L., Weathers, K.C., Wiens, J.A., and 
Wilhelm, W.W. (2008). Sustainable biofuels redux. Science 322:49-50.

Rosello Sastre R, Csogor Z, Perner-Nochta I, Fleck-Schneider P and Posten C (2007) Scale-down of 
microalgae cultivations in tubular photo-bioreactors—a conceptual approach. J Biotechnol 132:127–133

Rotenberg R and Yakir D (2010) Contribution of semi-arid forests to the climate system. Science, 327, 451-
454 DOI: 10.1126/science.1179998.  (Perspective: Drylands in the Earth System. D.S. Schimel. Science, 
327, 418-419).

Rys, G. Unknown. A pathway to methane and Nitrous oxide mitigation discovery for Pastoral Agriculture 
in New Zealand. Available at . http://unfccc.int/files/meetings/workshops/other_meetings/application/pdf/
rys.pdf

Sar, C., B. Mwenya, B. Santoso, K. Takaura, R. Morikawa, N. Isogai, Y. Asakura, Y. Toride and J. Takahashi. 
(2005a): Effect of Escherichia coli W3110 on ruminal methanogenesis and nitrate/nitrite reduction in vitro. 
Anim. Feed Sci. Technol. 118: 295-306.

Sar, C., B. Mwenya, B. Santoso, K. Takaura, R. Morikawa, N. Isogai, Y. Asakura, Y. Toride and J. Takahashi. 
(2005b): Effect of Escherichia coli wild type or its derivative with high nitrite reductase activity on in vitro 
ruminal methanogenesis and nitrate/nitrite reduction. J. Anim. Sci. 83:644-652.

Sar, C., B. Mwenya, B. Pen, K. Takaura, R. Morikawa, A. Tsujimoto, N. Isogai, Y. Asakura, I. Shinzato, Y. 
Toride and J. Takahashi. (2006): Effect of wild type Escherichia coli W3110 or Escherichia coli nir-Ptac on 
methane emission and nitrate toxicity in nitrate-treated sheep. International Congress Series, 1293:193-196.



113

Sudha, P.; V. Ramprasad; M.D.V. Nagendra; H.D. Kulkarni and N.H. Ravindranath (2007): Development 
of an agroforestry carbon sequestration project in Khammam district, India. Mitigation and Adaptation 
Strategies for Global Change, 12(6), pp.1131-1152. 

Sahrawat, K.L. and Parmar, B.S. (1975): Alcohol extract of neem (Azadirachta indica L) seed as a nitrification 
inhibitor. J Indian Soc Soil Sci 23:131-134.

Satavik (2011): Vermicomposting. Available at <http://www.satavic.org/vermicomposting.htm> 

Scharlemann, J.P.W., and Laurance, W.F. (2008): How green are biofuels? Science 319:43-44.

Schenk, Peer M., Thomas-Hall, Skye R., Stephens, Evan, Marx, Ute C., Mussgnug, Jan H., Posten, 
Clemens, Kruse, Olaf and Hankamer, Ben (2008): Second Generation Biofuels: High-Efficiency Microalgae 
for Biodiesel Production. BioEnergy Research, 1(1), pp.20-43.

Schroeder, W.R. (1995). Improvement of conservation trees and shrubs. PFRA Shelterbelt Centre Supp. 
Rpt. #95-1, 42 p

Schneider, W.A. and Pushpam Kumar (2008): Greenhouse gas mitigation through agriculture. Choices 
23(1).

MOA (Ministry of Agriculture, Science and Education Department), (2010). National survey and evaluation 
report of crop straw resources (in Chinese). (2010). National survey and evaluation report of crop straw 
resources (in Chinese).

Seckbach, J., Gross, H., Nathan, M. B. (1971): Growth and photosynthesis of Cyanidium caldarium cultured 
under pure CO2. Israel journal of botany 20, 84-90.

Setyanto, P., Mulyadi, and Zaini, Z. (1997). Emisi gas N2O dari beberapa sumber pupuk nitrogen di lahan 
sawah tadah hujan. Jurnal Penelitian Tanaman Pangan 16:14-18.

Shink B. (1994): Diversity, ecology and isolation of acetogenic bacteria, In H. L. Drake (ed.), Acetogenesis. 
Chapman and Hall, New York, NY, p.197–235.

Sirin A., Chistotin M., Suvorov G., Glagolev M., Kravchenko I., and Minaeva T. (2010): Drained peatlands used 
for extraction and agriculture: biogeochemical status with special attention to greenhouse gas fluxes and 
rewetting. Geophysical Research Abstracts Vol. 12, EGU2010-11623, 2010. EGU General Assembly 2010.

Six, J., Elliott, E. T., and Paustian, K. (1999). Aggregate and soil organic matter dynamics under conventional 
and zero-tillage systems. Soil Sci. Soc. Am. J. 63, 1350–1358.

Skiba U, Fowler D & Smith K A (1997): Nitric oxide emissions from agricultural soils in temperate and tropical 
climates: sources, controls and mitigation options. Nutrient Cycling in Agroecosystems 48: 139-153.

Smith K., Cumby T., Lapworth J., Misselbrook,T. and Williams, A. (2007): Natural crusting of slurry storage 
as an abatement measure for ammonia emissions on dairy farms. Biosystems Engineering, 97, 464-471

Smith, P. (2004): Carbon sequestration in croplands: the potential in Europe and the global context. Eur.J. 
Argon. 20, 229-236.

References



Technologies for Climate Change Mitigation – Agriculture Sector

114

Smith, P., Andrén O., Karlsson T., Perälä P., Regina K., Rounsevell M., and Van Wesemael B., (2005)a: 
Carbon sequestration potential in European croplands has been overestimated. Global Change Biology, 
11:2153-2163.

Smith, P., Martino, D., Cai., Z., Gwary, D., Janzen, HH., Kumar, P., McCarl, B., Ogle S., O’Mara, F., Rice, 
C., Schloes, B. and Sirotenko, O. (2007): Agriculture. In climate change 2007: Mitigation. Contribution of 
working group III to the fourth assessment report of the intergovernmental Panel on Climate Change [B. 
Metz, O.R. Davidson, P.R. Bosch, R. Dave, L.A. Meyer (eds)], Cambridge University Press, Cambridge, 
United Kingdom and New York, NY, USA.

Smith P, Martino D, Cai Z, Gwary D, Janzen HH, Kumar P, Mccarl B, Ogle S, O’mara F, Rice C, Scholes 
RJ, Sirotenko O, Howden M, Mcallister T, Pan G, Romanenkov V, Schneider U, Towprayoon S, Wattenbach 
M and Smith JU (2008): Greenhouse gas mitigation in agriculture. Philosophical Transactions of the Royal 
Society B 363:789-813.

Snyder CS, Bruulsema TW and Jensen TL (2007): Greenhouse gas emissions form cropping systems and 
the influence of fertilisers management- a literature review. International Plant Nutrition Institute, Norcross.

Somerville, C. (2006). The billion-ton biofuels vision. Science 312:1277.

Spatari, S., Y. Zhang and H.L. Maclean, (2005): Life cycle assessment of switchgrass- and corn stover-
derived ethanol-fueled automobiles. Environmental Science and Technology 39, 9750-9758.

Sprott,G.D., Jarrell, K.L., Shaw, K.M. and Knowles, R. (1982): Acetylene as an inhibitor of methanogenic 
bacteria. J Gen Microbiol 128:2453-2462.

Subramanian, K.S., Tenshia, V., Jayalakshmi, K. and Ramachandran, V. (2009).  Role of arbuscular 
mycorrhizal fungus (Glomus intraradices) – (fungus aided) in zinc nutrition of maize. Journal of Agricultural 
Biotechnology and Sustainable Development 1(1):029-038.

Suddick E.C., Scow K.M., Horwath W.R., Jackson L.E., Smart D.R., Mitchell J, and Six J  (2010): The 
Potential for California Agricultural Crop Soils to Reduce Greenhouse Gas Emissions: A Holistic Evaluation. 
Advances in Agronomy 107:123-162.

Sun D.C., Zhao Z.L. and Wei M.L. (2008): Effect of different concentrate to forage ratio of TMR to dairy cattle 
rumen indices. Feed Research, 10, 47-50 (in Chinese)

Sun GQ., GW. Liu, X. Xing, XY. Pang, M. Long, X. Yuan, WY. Yang and Z. Wang. (2010): Metabolic 
Characterization of Megasphaera Elsdeniiand its Gene Deletion Engineering Bacteriain vitro. China animal 
husbandry and veterinary medicine, 37: 26-29. 

Sφren O.P. and Ambus P. (2006): Methane oxidation in pig and cattle slurry storages, and effects of surface 
crust moisture and methane availability. Nutrient cycling in agroecosystems, 74:1-11.

Takimoto, A., Nair, P.K.R. & Alavalapati, J.R.R. (2008). Socioeconomic potential of carbon sequestration 
through agroforestry in the West African Sahel. Mitigation and Adaptation Strategies for Global Change, 
13(7):745-761. 

Tenuta M and Beauchamp EG (2003): Nitrous oxide production from granular nitrogen fertilisers applied to 
a silt loam. Can J Soil Sci 83:521-532.



115

Thiele, J. H. and J.G. Zeikus. (1988): Control of interspecies electron flow during anaerobic digestion: 
Significance of formate transfer versus hydrogen transfer during syntrophic methanogenesis in flocs. Appl. 
Environ. Microbiol. 54: 20-29

Travis Lybbert& Daniel Sumner (2010): Agricultural Technologies for climate change mitigation and adaptation 
in developing countries: Policy options for innovation and Technology Diffusion. Issue Brief No.6, ICTSD-
IPC Platform on Climate Change, Agriculture and Trade. Available at http://ictsd.org/downloads/2010/06/
agricultural-technologies-for-climate-change-mitigation-and-adaptation-in-developing-countries_web.pdf

Travieso L, Hall DO, Rao KK, Benitez F, Sanchez E and Borja R (2001): A helical tubular photobioreactor 
producing Spirulina in a semicontinuous mode. Int Biodeterior Biodegrad 47:151–155.

Tschakert, P. (2004): The costs of soil carbon sequestration: an economic analysis for small-scale farming 
systems in Senegal. Agricultural Systems, 81:227–253.

Tsukahara K and Sawayama S (2005): Liquid fuel production using microalgae. J Jpn Petrol Inst 48:251–
259.

UNFCCC, 2006a. Bayer Tabela Direct Seeded Rice (DSR) in Java: Reduction of Methane Emissions by 
Switching from Transplanted to Direct Seeded Rice with Adjusted Water Management. Available at: http://
cdm.unfccc.int/filestorage/G/8/X/G8XUOQ9W3FEMCT7Y46S15I02JVZDBL/PDD%20version%201.
pdf?t=MjB8bTQ1aW91fDA_tXYI8ALRH-EIw7FbDls8.

UNFCCC, 2006b. Ramirana Emission Reduction Project of Agrícola Super Limitada. Available at: http://
cdm.unfccc.int/filestorage/C/B/J/CBJBBE4QYZMRIZAD1QHKKWQ1S30ZPZ.1/PDD_Ramirana_
v03_2006-04-1.pdf?t=c298bTQ1ajY3fDCHa5ao8L4wqmyaiTAmCzfh.

UNFCCC (2008a): Challenges and opportunities for mitigation in the agriculture sector. Technical paper 
FCCC/TP/2008/8, United Nations Framework Convention on Climate Change, Bonn.

UNFCCC, 2012a. Consolidated baseline methodology for GHG emission reductions from manure 
management systems. Available at: http://cdm.unfccc.int/filestorage/C/D/M/CDMWF_AM_
C3F7XHP7QE019P091PQEIZ862CDERC/EB42_repan08_ACM0010_ver05.pdf?t=cGt8bTQ1aXgwfDDX
CHVKEHWU9oi8uwFHmcex.

UNFCCC, 2012b. Methane emission reduction by adjusted water management practice in rice cultivation. 
Available at: http://cdm.unfccc.int/filestorage/W/H/Q/WHQ95K7JGOXRUDTYL0SN214B8V6ACP/EB66_
repan59_Revison%20of%20AMS-III.AU_ver02.pdf?t=NW58bTQ1aWJyfDD4jNBnrASoO_UCkgXO1FxH.

UNFCCC, 2012c. Methane recovery in animal manure management systems. Available at: http://cdm.
unfccc.int/filestorage/9/K/Y/9KYSPHV51TNF6MO8LRICJAB0GX3Z27/EB63_repan22_Draft%20
revision_AMS_III.D_ver18.pdf?t=MkN8bTQ1ajA1fDDhZwcubn-u3HmJ6EPZwCHc.

Uprety, D. C., Baruah, K.K and Borah L. (2011): Methane in rice agriculture, J. Sci. and Indust. Res. 
70(6):401-411.

Uprety, D. C., Chakravarty, N. V. K., Katiyal, R. K. and Abrol, Y. P. (1996): Proc. of workshop on “Climate 
variability of South Asia and its impact on Agriculture”. Narosa Publishing House, London/New Delhi. 262-278.

References



Technologies for Climate Change Mitigation – Agriculture Sector

116

U.S. Environmental Protection Agency (U.S. EPA): Sustainable Rice Productivity and Methane Reduction 
Research Plan. Washington, D.C. 1991. (EPA 1991).

Van Beek C. L., (2010): Environmental Science and Policy 13:89-96.

Velthof, G.L., P.J. Kuikman and O. Oenema (2003): Nitrous oxide emission from animal manures applied to 
soil under controlled conditions. Soil Biol Fertil 37: 221-230.

Velthof, G.L., P.J. Kuikman and O. Oenema (2002): Nitrous oxide emission from soils amended with crop 
residues. Nutr Cycl Agroecosyst 62:249 – 261.

Venterea RT, Burger M and Spokas KA (2005): Nitrogen oxide and methane emissions under varying tillage 
and fertiliser management. J Environ Qual 34:1467-1477.

Verma M.P. & Singh J. P. (2009): Zero Tillage Technology is an Alternate Method of Sowing- a case study. 
Quoted from site www.scribd.com.

Wallace R J. (1994): Ruminat microbiology, biotechnology and ruminant nutrition. J Anim Sci, 72, 2992-
3003.

Wang B., Li Y., Wu N. and Lan C Q. (2008): CO2 bio-mitigation using microalgae. Appl Microbiol Biotechnol 
79:707-718.

Wang Jinli, Yang Ruie and Gao Zhaoping. (2008): Comparison of the Effects of Different Treatments to Maize 
Straw on Fattenning Beef Cattle. J. Shanxi Agric. Unv. (Natural Science Edition), 28(3), 320-324 (in Chinese)

Wang ZY, Xu YC, Li Z, Guo YX, Wassmann R, Neue HU, Lantin RS., Buendia LV., Ding YP., and Wang ZZ 
(2000): Methane emissions from irrigated rice fields in northern China (Beijing). Nutr Cycling Agroecosyst 
58(1/3):55-6.

Wassman R., Lantin R.S., Neue H. U., Buendia L.V., Corton T.M. and Lu Y.(2000): Characterization of 
methane emissions from rice fields in Asia. III. Mitigation options and future research needs. Nutrient Cycling 
in Agroecosystems 58: 23–36.

Wassmann R and Pathak H. (2007): Introducing greenhouse gas mitigation as a development objective 
in rice-based agriculture: II. Cost- benefit assessment for different technologies, regions and scales. 
Agricultural Systems 94:826-840.

Weerakoon, W.M.W., Mutunayake, M.M.P., Bandara, C., Rao, A.N., Bhandari, D.C., Ladha, J.K (2011): 
Direct-seeded rice culture in Sri Lanka: Lessons from farmers. Field Crops Research, 121(1):53-63.

Weiske A., V abitsch A. and Olesen J.E., (2006): Mitigation of greenhouse gas emissions in European 
conventional and organic dairy farming. Agriculture, Ecosystems and Environment, 112, 221-232.

Why Files (2011): http://whyfiles.org/199_soil/4.html

Wikipedia (2012): Rice transplanter, http://en.wikipedia.org/wiki/Rice_transplanter.

Wijffels, R.H., and Barbosa, M.J. (2010). An outlook on microalgal biofuels. Science 329:796-799.



117

Willer, Helga, Minou Yussefi-Menzler and Neil Sorensen (2008): The World of Organic Agriculture. Statistics 
and Emerging Trends 2008. IFOAM, Bonn and FiBL, Frick. Hardcover edition: Earthscan, London. (http://
orgprints.org/8535/)

Woomer, P.L., Palm, C.A., Qureshi, J.N., and Kotto-Same, J. (1998): Carbon sequestration and organic 
resource management in African Smallholder agriculture. In Lal, R., Kimble, J.M., Follett, R.F., and Stewart, 
B.A. (eds.), Management of Carbon Sequestration in Soil, CRC Press, Boca Raton, Fl. 153-173.

Wright A. D., P. Kennedy, C. J. Neill, A. F. Toovey, S. Popovski, S. M. Rea, C. L. Pimm and L. Klein. (2004): 
Reducing methane emissions in sheep by immunization against rumen methanogens. Vaccine, 22, 3976-
85.

Xu Zengfu, (1981): Biogas technology.  China Agriculture Press, Beijing.

Yang S. R. (2000): Reducing methane emission of cattle from biology prospect. Agro-environment and 
Development, 1:47-48 (in Chinese).

Yang W. Y. (2007): Effects of veillonella parvula and its gene deletion engineering bacteria on the ruminal 
microbial fermentation. Dissertation. Jiling University.

Yoshihara, K., Nagase, H., Eguchi, K., Hirata, K. and Miyamoto, K. (1996): Biological elimination of 
nitric oxide and carbon dioxide from flue gas by marine microalga NOA-113 cultivation in a long tubular 
photobioreactor. Journal of fermentation and bioengineering. 82(4):351-354.

You Y.B. (2007): Studies on Methane Emission Measurement and Predicting Model of Beef Cattle. 
Dissertation. Beijing: China Academy of Agriculture Sciences (in Chinese).

Youkhana A & Idol T (2009): Tree pruning mulch increases soil C and N in a shaded coffee agroecosystem 
in Hawaii. Soil Biology & Biochemistry 41:2527–2534.

Yvette J. W., S. Popovski, S. M. Rea, L. C. Skillman, A. F. Toovey, K. S. Northwood and A. D. Wright. (2009): 
A Vaccine against Rumen Methanogens Can Alter the Composition of Archaeal Populations. Appl Environ 
Microbiol, 75:1860-1866.

Zehnder AJB. and Stumm W. (1988): Geochemistry and biochemistry of anaerobic habitats, p 1-38. In 
A.J.B. Zehnder (ed.), Biology of anaerobic microorganisms. Wiley Interscience, New York, N.Y.

Zou J, Huang Y, Jiang J Zheng X and Sass RL (2005): A 3-year field measurement of methane and nitrous 
oxide emissions from rice paddies in China: Effects of water regime, crop residue, and fertiliser application. 
Global biogeochemical cycles, vol 19 GB2021, doi:10.1029/2004GB002401, 2005.

References



TNA Guidebook Series

Technologies for
Climate Change Adaptation

– Coastal Erosion and Flooding –

 

TNA Guidebook Series

Technologies for
Climate Change Adaptation

– The Water Sector –

TNA Guidebook Series

Technologies for
Climate Change Adaptation

– Agriculture Sector –

TNA Guidebook Series

Technologies for
Climate Change Mitigation

– Transport Sector –

TNA Guidebook Series

Overcoming Barriers 
to the Transfer and Diffusion 

of Climate Technologies

other TNA guidebooks available








