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Introduction 

This analysis is a high level synthesis of global greenhouse gas mitigation opportunities 
associated with agriculture. It is provided as a technical annex to “Strategies for Mitigating 
Climate Change in Agriculture: Recommendations for Philanthropy.” 

The core purpose of this analysis is to support and further inform the recommendations 
made in “Strategies for Mitigating Climate Change in Agriculture” for philanthropic 
institutions interested in engaging in greenhouse gas mitigation efforts in the agricultural 
sector. This report provides details on the manifold practices that can reduce agricultural 
GHG emissions. 

This report was funded by the Climate and Land Use Alliance, a collaborative initiative of 
the ClimateWorks Foundation, the David and Lucile Packard Foundation, the Ford 
Foundation, and the Gordon and Betty Moore Foundation, that seeks to catalyze the 
potential of forested and agricultural landscapes to mitigate climate change, benefit 
people, and protect the environment. 

This analysis was conducted by California Environmental Associates (CEA). While any 
errors are our own, we benefitted greatly from interviews with dozens of experts as well 
as a technical advisory panel assembled to guide this work. Many thanks to the members 
of this panel:  
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• Achim Dobermann, International Rice Research 
Institute (IRRI) 

• Mario Herrero, The Commonwealth Scientific and 
Industrial Research Organization (CSIRO) 

• Jon Hillier, University of Aberdeen 
• Micheal Obersteiner, International Institute for 

Applied Systems Analysis (IIASA) 
 

 

• Philip Thornton, International Livestock Research 
Institute 

• Paul West, Institute on the Environment, 
University of Minnesota 

• Lini Wollenberg, University of Vermont and The 
CGIAR Research Program on Climate Change, 
Agriculture and Food Security (CCAFS) 
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Introduction 

This analysis is a high level synthesis of greenhouse gas mitigation opportunities 
associated with the global agricultural sector. The core purpose of the analysis  (in tandem 
with the emissions and opportunity assessment analyses) is to inform the Climate and 
Land Use Alliance’s future efforts in identifying the portfolio of regions, commodities, and 
interventions where philanthropy can have the greatest effect in reducing greenhouse gas 
(GHG) emissions from agriculture. Core questions for this emissions analysis include:  

• Where are the largest technical opportunities for reducing GHG emissions in 
agriculture? 

• How do they vary by commodity sector and geography? 

• What is the size of potential mitigation reductions? 

• What is the level of uncertainty associated with these potential reductions? 

• What are the benefits or trade-offs associated with these potential reductions? 

 

To conduct this work, CEA reviewed the published literature on mitigation opportunities 
(e.g., IPCC AR4, Smith et al., 2007, T-AGG, Hristov et al., 2013). We then conducted 
deeper assessments and a wide range of supporting expert interviews to pull together 
syntheses of mitigation in the main areas of interest: enteric fermentation, manure 
management, rice management, nutrient use on crops, carbon sequestration on 
croplands and grazing lands, avoided land use change, supply chain efficiencies, and 
changes in demand.  
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Executive summary: mitigation 

Mitigation in the agricultural sector can be approached from at least three distinct angles: 

 

1) Emissions reductions: Reducing the emissions intensity of agricultural production, including by avoiding land 
use change driven by agriculture. Based on interventions that are technically feasible, the portfolio of 
emissions reductions options available today has the potential to reduce current agricultural emissions by 
roughly 30% below a business as usual scenario. Beyond that 30%, it will be difficult to reduce GHG 
emissions further without reducing or substantially shifting the mix of agricultural production. Additionally, 
substantial emissions reductions are possible from reduced deforestation and land use change. 

2) Sequestration: Increasing the ability of agricultural lands (croplands and grazing lands) to serve as carbon 
sinks. When layered on top of these emissions reductions, sequestration in agricultural lands has the 
technical potential to make the agricultural sector nearly carbon neutral, at least in the near- to mid-term. 
In the longer term, the potential of many sequestration options begin to wane as soils become saturated 
with carbon. To reduce agricultural emissions more than 30% below the BAU trajectory in the longer term 
will require substantial changes to consumption. 

3) Demand shifts: Reducing overall agricultural production (e.g. by reducing food waste or demand for 
biofuels) or shifting away from high-carbon intensity agricultural products such as meat from ruminants. 
Major demand shifts have the technical potential to reduce overall emissions associated with agriculture by 
another roughly 55%. Losses from food waste approach 30% globally and remedying them could translated 
to reduced production. Just as importantly, shifting away from meat consumption, particularly ruminants, 
toward a “healthier” diet, and reducing biofuel demands for food crops have the promise to reduce current 
emissions by at least half.1  When demand reductions are combined with reductions in emissions intensity 
and sequestration, agriculture could be a substantially lower source of emissions than under a business as 
usual scenario and could feasibly be a net sink for several decades. 
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Sources: 1) Elke Stehfest et al., “Climate benefits of changing diet”, Climatic Change (2009) 95: 83-102. DOI 10.1007/s10584-
008-9534-6. These scenarios were generated using an integrated assessment model (IMAGE 2.4) and Pete Smith et al., “How 
much land-based greenhouse gas mitigation can be achieved without compromising food security and environmental goals?” 
Global Change Biology (2013), doi: 10.1111/gcb.12160. 
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Executive summary: emissions reductions 

1)   Emissions reductions 

• If we consider the emissions reductions options that are technically feasible, the overall mitigation potential 
appears to be on the order of 30% of direct agricultural emissions. These findings are in line with two major, 
independent studies published over the course of this work: the FAO’s study on livestock (Gerber et al., 
2013) and the IPCC’s synthesis research (Smith et al., 2013). 

• In our estimation, over 60% of the potential for emissions reductions (excluding sequestration) lies in four 
countries: China, India, Brazil and the US. China is the single country with the largest mitigation potential.  

• Globally, over 55% of the potential for emissions reductions (excluding sequestration) is from cattle. Across 
the livestock sector, enteric methane emissions can be reduced considerably by improved diets in animal 
populations that do not currently have good nutrition. Generally speaking, improving the productivity of 
herds is in line with the interests of producers and national governments, though interventions and 
incentives may be needed to help ensure that farmers have access to better feed (improved grazing lands or 
better fodder). Brazil and India are the countries with the largest opportunities. 

• About 20% of the emissions reduction potential comes from improved fertilizer management. In addition, 
improved industrial efficiencies in fertilizer production in China alone provide nearly 10% of our estimated 
emissions reduction potential.  

• The mitigation opportunity in rice is roughly proportional to its emissions (about 7%). There are cost 
effective ways to reduce emissions without harming yields for certain segments of producers. However, the 
opportunity is diffuse and can be risky for producers.  

• Looking across the AFOLU sector, reducing the role of agriculture in driving deforestation represents the 
largest opportunity for agricultural mitigation. Keeping agriculture out of standing forests will reduce 
emissions much more than any possible incremental improvement to the carbon footprint of agriculture 
production. There are a number of mitigation practices that result in intensifying agriculture. In theory, 
these practices have an additional benefit of reducing deforestation rates. In practice, they need to be 
pursued in tandem with strong land use policy to protect high value forests, lest the increased value of 
production cause greater demand for conversion of forested lands.  
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Sources: 1) Pierre Gerber et al., 2013.  Tackling climate change through livestock – A global assessment of emissions and mitigation opportunities. Food 
and Agriculture Organization of the United Nations (FAO), Rome. 2) Pete Smith et al., “How much land-based greenhouse gas mitigation can be achieved 
without compromising food security and environmental goals?” Global Change Biology (2013), doi: 10.1111/gcb.12160. 
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Executive summary: sequestration and demand shifts 

2)   Sequestration 

• Globally, we have the potential to store significantly more carbon in our agricultural soils (and, in the case of 
agroforestry, in above ground biomass). 

• Biochar application to cropland soils can mitigate 8-20% of global agricultural emissions in 2030. 

• Restoration of degraded lands is an area of possible carbon sequestration, but is likely to come at substantial 
cost. Increased soil carbon has multiple co-benefits, including increased yields for farmers, enhanced long-
term soil fertility. 

• Soil carbon sequestration is substantively different from emission reductions in that it represents a carbon 
stock rather than a flow. Increasing carbon in agricultural soils should not be pursued to the exclusion of other 
mitigation efforts. The rate of sequestration is likely to slow substantially after the initial decade as the soil 
reaches saturation. Further, there are concerns over the permanence of these practices, and controversy 
persists regarding some of the major soil carbon sequestration practices, notably reduced- and no-tillage.  

 

3)   Demand shifts 
• Mitigation efforts that address overall demand for agricultural products (e.g., reduced demand for biofuels, 

reduced food waste, decreased meat consumption) should be considered as they technically represent a 
larger opportunity than changing production practices. 

• Reducing global meat consumption, particularly beef and other ruminants, is the largest single mitigation 
option available from a technical perspective. A global convergence to a “healthy” diet would result in a 4.3 
Gt CO2e savings by 2050. Meat and dairy are high-carbon products, and consumption of these commodities is 
growing rapidly in developing countries. It is unclear whether it feasible to change mass consumption. 

• Reducing food waste is also a major opportunity (0.76 – 1.5 Gt CO2e by 2050). Food waste across the supply 
chain is as much as 40% in many countries. Substantially reducing waste should translate to reduced food 
production in many systems, though there are likely to be income effects that mitigate this benefit.  

• Demand from biofuels is largely policy driven and has led to notable increases in demand for agricultural 
crops. Generating a meaningful percentage of fuel from food crops (as opposed to non-food crops) will create 
additional land use conversion as well as direct emissions that may outweigh the GHG benefits. 

7 
Note: A “healthy diet” prescribes daily protein intake as: 10 g beef, 10 g pork, 46.6 g chicken and eggs, 25.6 g fish, for a total 
of 90 g per day, from Smith et al., 2013 and Stehfest et al., 2009.  
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There are several approaches to reducing emissions from agriculture 

Mitigation in the AFOLU sector can be approached from a number of different angles: 

1) Shifting demand for agricultural products away from high-carbon intensity products such as 
livestock or reducing overall demand (e.g., by cutting food waste) 

2) Reducing the emissions intensity of agricultural production 

3) Increasing the ability of agricultural lands (croplands and grazing lands) to serve as carbon sinks  
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Mitigation opportunities in agriculture, 2030 

10 

1) N2O and CH4 from direct agriculture, but not including methane from soils or fire 
emissions. Based on FAO emissions scaled by country and sector emissions growth 
factors predicted by EPA 2012. 2) Highly uncertain; estimated based on linear scaling 
of current ratio between of land use change/ agriculture emissions. Comparatively, 
GCAM estimates much lower LUC emissions in 2030, ~700 Mt CO2e-yr-1. 3) Includes 
the mitigation potential of both sequestration and avoided emissions from biochar 
production, as well as feedstocks from biomass crops on abandoned and degraded 
lands. 

5,576
8,000 

11,000 

5,500 

5,000 

7,500 

4,500 

0 

4,000 

7,000 

10,500 

10,000 

6,500 

9,500 

9,000 

8,500 

6,000 

MtCO2e-yr-1 

Diets 

-3,200 

Reduce 
food waste 

-2,100 

Biochar on 
croplands 

-1,135 

Grazing land 
soil carbon and 

agroforestry 

-500 

All crops, 
increase NUE 

efficiency 

Rice, water 
and straw 

management 

Livestock, 
enteric and 

stored manure 

Fertilizer 
production 

in China 

-1,200 

Projected 
emissions, 

2030 

10,626 

5,050 

-120 -325 

-160 Agric.1 

LUC2 

Potential reduction from 
direct agric. emissions, 
fossil fuel CO2, CH4, and 
N2O. 

Potential for land sparing through mitigation measures or 
yield growth has not yet been fully incorporated into this 
graphic, but will be, insofar as data is available. Likewise, bars 
indicating uncertainty/ a range of potential options will be 
added. 

Potential reduction in 
emissions (reduction 
source not specified); 
bars show high and low 
estimates 

KEY 

Demand measures Supply measures 
(focus of this report) 

Sequestration in soils 
and plants 

Note that these mitigation 
potentials will be lower than 
shown here if supply-side 
mitigation substantially reduces 
baseline emissions 

This chart shows technical mitigation potential i.e. how much 
emissions could be reduced through a full deployment of 
available best practices and technology. Realizable, economical 
potential is likely to be significantly lower. 
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•Biochar (conservative) 
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Includes, from top: 
• Enteric fermentation 
• Stored manure management 

 

Includes, from top: 
•Restoration of degraded grazing lands 
•Agroforestry on mixed systems 
•Additional grazing land sequestration 

 
 

Note: This chart shows technical mitigation potential, i.e. by how much emissions could be reduced through a full deployment of available best 
practices and technology. Realizable, economical potential is likely to be significantly lower. For details about the methodology, please see “Strategies 
for Mitigating Climate Change in Agriculture” report, Annex 3.  
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Global mitigation opportunities 

11 Source:  CEA synthesis of literature and expert interviews. 
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Mitigation opportunities by country 
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Mt CO2e-yr-1 in 2030 

Direct agricultural mitigation and sequestration measures might avoid as much as 3,000 Mt CO2e-yr-1 in 
2030. Demand side measures have the potential to avoid a comparable amount, though the mitigation 
potential of such measures are difficult to estimate. 

Livestock or crops Mitigation type World China India Brazil USA EU

Livestock Enteric fermentation emissions reductions from all ruminants 940 70 135 105 50 60

Livestock Emissions reductions from stored manure from all livestock 260 45 20 5 40 45

Livestock Grazingland soil sequestration - low 170

Livestock Grazingland soil sequestration - high 395

Crops Water and straw management in irrigated rice systems 120 25 15 0 0 0

Crops Improved nutrient management for all crops 325 150 75 10 20 10

Crops Emissions reductions from industrial fertilizer production 160 160

Crops and livestock Soil carbon (agroforestry in tropical mixed systems) 105

Crops Soil carbon sequestration from biochar applied to croplands - low 435 75 60 60 50 60

Crops Soil carbon sequestration from biochar applied to croplands - high 1135 205 155 90 125 140

Crops and livestock Reduced food waste 750

Crops and livestock Global adoption of healthy diets 2150

Subtotal - mitigation (ag production only) 1645 290 245 120 110 115

Subtotal - mitigation (incl. China fertilizer produciton) 1805 450 245 120 110 115

Subtotals - carbon sequestration (low) 710 75 60 60 50 60

Subtotals - carbon sequestration (high) 1635 205 155 90 125 140

Subtotals - demand side measures 2900

Total - low 5415 525 305 180 160 175

Total - high 6340 655 400 210 235 255

Source: CEA analysis. See Annex 3 of the full report for Methodology.  
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Mitigation opportunities by country 
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Mt CO2e-yr-1 in 2030 

Due to limited data, we were unable to complete country level analyses for all mitigation opportunities 
for all countries that we considered.   

Source: CEA analysis. See Annex 3 of the full report for Methodology. 

The Horn of Africa includes the following countries:  
Djibouti, Kenya, Somalia, Sudan (former)/ Sudan/ South Sudan, Uganda, Ethiopia 

  

Livestock or crops Mitigation type

Horn of 

Africa Indonesia Pakistan Argentina Australia Mexico Ethiopia Vietnam

Livestock Enteric fermentation emissions reductions from all ruminants 65 10 45 30 20 20 25 5

Livestock Emissions reductions from stored manure from all livestock 5 10 5 0 5 0 0 5

Livestock Grazingland soil sequestration - low

Livestock Grazingland soil sequestration - high

Crops Water and straw management in irrigated rice systems 0 10 5 0 0 0 0 10

Crops Improved nutrient management for all crops 0 0 15 0 5 0 5

Crops Emissions reductions from industrial fertilizer production

Crops and livestock Soil carbon (agroforestry in tropical mixed systems)

Crops Soil carbon sequestration from biochar applied to croplands - low

Crops Soil carbon sequestration from biochar applied to croplands - high

Crops and livestock Reduced food waste

Crops and livestock Global adoption of healthy diets

Subtotal - mitigation (ag production only) 70 30 70 30 25 25 25 25

Subtotal - mitigation (incl. China fertilizer produciton) 70 30 70 30 25 25 25 25

Subtotals - carbon sequestration (low) 0 0 0 0 0 0 0 0

Subtotals - carbon sequestration (high) 0 0 0 0 0 0 0 0

Subtotals - demand side measures

Total - low 70 30 70 30 25 25 25 25

Total - high 70 30 70 30 25 25 25 25
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Estimates of agriculture’s mitigation potential vary widely 
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Compared to other sources, CEA’s analysis suggests a lower mitigation potential for agriculture, 
largely because CEA’s estimate of the mitigation potential of soil carbon sequestration is much 
lower than many other sources. 
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CEA estimates a high potential for nutrient management, 
compared to other sources 
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Compared to other sources, CEA’s analysis suggests a relatively high mitigation potential for 
nitrogen use efficiency, based on an analysis that assumes global NUE of 55% (a fairly optimistic 
assumption); CEA estimate of rice methane mitigation potential tends to be lower than that of 
most other sources. 
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CEA estimates a low potential soil carbon sequestration, compared 
to other sources 
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Compared to other sources, CEA’s analysis suggests relatively low potential for soil carbon 
sequestration; the current sentiment among many scientists at the nexus of agriculture and climate 
is that earlier estimates of soil carbon sequestration potential may have been overly-optimistic. 

Global mitigation potential– Soil Carbon Sequestration 
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CEA estimates a high potential for livestock emissions reduction, 
compared to other sources 
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Compared to other sources, CEA’s analysis suggests relatively high mitigation potential for 
livestock and manure management practices. CEA’s methodology assumes that the best available 
technologies  are applied globally. 

Global mitigation potential– Livestock & Manure Management 
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Alternative estimate of livestock mitigation potential 

• Compared to CEA, Gerber et al., 2013 estimates a higher mitigation potential from livestock 

• Gerber et al., 2013 estimates higher mitigation potential on a absolute basis, but lower reduction 
potentials on a percentage basis. Note that neither the Gerber or the CEA analysis includes reductions in LUC 
emissions. 

• Gerber obtains estimates by assuming that all producers rise to the emissions efficiency of the top 
10 or 25 percent most efficient producers within the same geographical region, climate, and 
farming system (i.e., boiler chickens in temperate zones of East and Southeast Asia become as 
efficient as the most efficient boiler chickens in that region and production system). 

18 
1. Based on the highest available  emissions reduction potential, equivalent to “technical potential.” 2. High estimate uses top 
10% most efficient producers.  

% of emissions that can be mitigated Absolute mitigation potential estimate 
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Geography of enteric methane mitigation opportunities  
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Emissions from enteric fermentation 

• Methane (CH4) is a byproduct of the microbial fermentation of carbohydrates in 
animals that have a rumen (i.e., “ruminants,” most notably dairy and beef cattle).  

• CH4 from enteric fermentation accounts for 43 percent of global emissions from 
agriculture, not including land use change. 

 

 

 

21 Source: FAOSTAT 2010 (accessed 2013) 
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Mitigation options for enteric fermentation 

Ultimately, the best way to reduce enteric fermentation emissions is to reduce ruminant populations. Both 
feeding practices and herd management practices are targeted at lowering the number of animals necessary to 
sustain a given level of production. Improved feeding practices help animals get to slaughter weight faster, thus 
reducing the size of herd needed to support a given production level. Supplements and additives are 
appropriate for highly efficient systems. These practices attempt to change the microbiology of the rumen to 
reduce methane (usually without yield improvements). While there are many possible interventions to reduce 
enteric methane emissions, there is little confidence among researchers regarding the precise mitigation 
potential, duration of impact, and cost-effectiveness of many of these options. Key issues include the 
“adaptability” of the rumen ecosystem, the cost and availability of some interventions, and the negative health 
and productivity side effects from a few options. The most promising groups of practices, based on their 
demonstrated effectiveness and feasibility for adoption are listed here: 

• Feeding practices are the most promising area of intervention because they tend to be low-tech, low-cost, 
low-risk, and provide productivity gains. Improving forage quality and digestibility in grazing systems is the 
practice that seems to have the greatest mitigation potential and is receiving global attention.  

• Supplements and additives have shown some potential, but are still largely in the research phase, and/or 
are not cost effective. There is a great deal of uncertainty around their mitigation potential, with some 
indication that the rumen ecosystem adjusts over time to wipe out initial gains. Furthermore, health and 
productivity trade-offs exist with some options, which would reduce their attractiveness. Supplements and 
additives are difficult to deliver in extensive systems and appear best suited to industrialized, confined 
production systems in North America, Europe, and Australia.  

• Herd management and breeding beyond basic culling practices are complex, knowledge-based 
interventions; these interventions generally coincide with good husbandry and increased productivity. 
New breeds adapted to regions outside of the EU and U.S. have some potential, but will take additional 
time and funding to develop. 
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Key insights for mitigating enteric fermentation 

Substantial investments are already being made globally. Enteric methane is a significant portion of 
agricultural emissions, and there is a substantial amount of research going on to identify and 
implement mitigation solutions through the FAO, CSIRO (based in Australia), Animal Change (a 
collaboration funded by the EU), the Global Research Alliance (global research effort funded primarily 
by New Zealand), and the agricultural agencies of most major cattle-producing countries. 
 

The most reliable, effective, and affordable mitigation options are associated with improvements in 
the efficiency of animal diets, which enables economically viable slaughter at a younger age (for beef 
cattle) or increased number of years in lactation (for dairy cattle). These productivity increases 
generally result in reduced emissions per unit of animal product. However, if lower prices result from 
increased productivity, increasing global production could wipe out the potential mitigation 
opportunities. Ultimately, reduced emissions requires increased productivity and stable or declining 
ruminant populations. Methane is a natural part of ruminant digestion; few solutions have been 
identified that reduce methane without changing other factors. 
 

In developed countries, many of the “best practices” have already been implemented widely (EU, 
U.S., Australia). Increased productivity has a wide range of benefits, and accordingly government and 
industry have pursued productivity increases for many years. In developing countries, where livestock 
systems and social/economic systems are amendable to these changes, there is a huge opportunity for 
improved practices and reduced emissions. Some experts believe that emissions reductions of as much 
as 70 percent are possible.  
 

Latin America–including Brazil, Argentina and Uruguay - and India are likely to have significant 
mitigation potential for meat and dairy. The most promising regions for reducing emissions are those 
with very high concentrations of ruminants that have not yet implemented the range of productivity 
practices, particularly improved feeding practices, supplements where applicable, and basic herd and 
reproductive management techniques. In addition to Brazil and India, dairy operations in Asia, 
including the large concentrated dairies in China and Mongolia, also have potential for mitigation. 
Parts of Africa and Asia (where water buffalo is common) have highly GHG-inefficient meat and dairy 
production, but animals in these region often have multiple purposes (labor, insurance, economic 
status, etc.) and production changes may be less feasible.  
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Feeding practices 

  
Improved  

forages 
Feed processing Feeding of concentrates  Nutrient balancing  

Precision  
feeding  

Alkaline 
treatment  

Description 

Planting an improved 
mix of grasses and 

legumes; timing 
grazing for max 

digestibility; adjusting 
stocking rates and 

grazing rotation 

Forage particle 
size reduction 

through 
mechanical 

processing to 
improve 

digestibility 

Increase the feeding of 
grain-based concentrates, 
often replacing forages to 

increase rate of growth and 
lowering age of slaughter 

Addition of limiting 
nutrients (e.g., 

selenium, 
phosphorus, protein) 

to increase 
performance 

Intake 
measurement and 
modification, more 

precise feeding 
regimens designed 

for efficient 
production 

Increase the 
digestibility of 
feed through 

alkaline 
treatment 

Mitigation 
potential 

May reduce CH4   
emissions by up to 

30%; most applicable 
to grazing systems in 

temperate and 
tropical regions, but 

relevant to all 
ruminant systems 

May reduce CH4 
emissions by up 
to 10%, also may 
reduce manure 

CH4 and N2O 
emissions;  

difficult to deliver 
in extensive 

systems 

May reduce CH4 emissions 
by up to 30% if concentrates 

are >35% of the diet - at 
lower levels, not always a 
CH4 reduction except per 

unit of animal product due 
to early slaughter; not 
possible in extensive 

systems; if the GHGs from 
grain production are 

included, may not always be 
a net emissions reduction 

May reduce CH4 
emissions 10-30%; 

relevant where diets 
are currently poor;  

difficult to deliver in 
extensive systems; 

increases N and 
volatile solids in 

manure, thus 
manure can have 
increased CH4 and 

N2O emissions 

May reduce CH4 
emissions by up to 

10%;  may also 
reduce manure CH4 
and N2O emissions; 

impossible to 
deliver in extensive 

systems (largely 
limited to confined 
systems / feedlots) 

May reduce 
CH4 emissions 
by up to 10%; 

difficult to 
deliver in 
extensive 

systems; can 
increase NH3 
emissions if 
urea is used 

Increased 
productivity? 

Yes Yes Yes Yes Yes Yes 

Cost 

Cost can be low to 
moderate, but varies 
depending location 

and techniques 
adopted; requires 

education and ongoing 
attention 

Low to moderate 
cost; level of 
processing 

possible will 
depend on local 

economic 
feasibility 

Moderate cost; may not be 
affordable or available in 
many parts of the world 

Moderate cost; may 
not be available in 
some parts of the 

world 

Moderate to high 
cost; requires 
available and 

affordable feed 
resources, 

knowledge, and 
ongoing attention 

Low cost; 
depends on 
affordability 

and availability 
of alkaline 
treatment 

Risks / 
tradeoffs 

Low risk Low risk 
Low risk, but some 

uncertainty about net GHG 
reduction 

Low risk, but some 
uncertainty about 
net GHG reduction 

Low risk if 
knowledge used 

well in the 
appropriate 

livestock systems 

Low risk 
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Enteric fermentation: feeding practices 
 Improved forage provides a no-regrets opportunity in most livestock systems, and has 
significant greenhouse gas emissions reduction potential. Other feeding practices are 
worth exploring as well, depending on the production system and the region’s current 
feed baseline.  

      

25 Source: Hristov et al., 2013; Gerber et al., 2013; Archibeque et al., 2012; interviews. 

Positive attribute 

Somewhat positive attribute 

 

Negative attribute, or unknown 
impact 

Symbols within the cells align 
with this common color 
scheme (i.e., symbols and 
colors convey the same 
information).  
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26 Source: Hristov et al., 2013; Gerber et al., 2013; Archibeque et al., 2012; interviews. 

Supplements and additives 

  Lipids Nitrates Ionophores 
Growth 

hormones  
Tannins Probiotics 

Halogenated 
compounds 

Vaccination 

Description 
Addition of 

lipids to diet 
Addition of 

nitrates to diet 

Addition of 
ionophores 

(antibiotics) to 
diet  

Addition of 
growth 

hormones to 
diet; implants 

Addition of plant-
based tannins 

and/or saponins to 
diet 

Addition of 
probiotics and 

/or organic 
acids to diet 

Addition of 
halogenated 

compounds to 
diet 

Vaccination to 
reduce 

methane 
production 

Mitigation 
potential 

May reduce 
CH4 emissions 

by 10-30%; 
difficult to 
deliver in 
extensive 

systems; long-
term impact 

uncertain 

May reduce CH4 
emissions by 
over 30% in 

some situations 

May reduce 
CH4 emissions 

by <10%; 
limited 

applicability 
(concentrated 

systems 
outside of EU) 

No direct 
reduction of 
emissions, 
mitigation 

opportunity 
through 

productivity 
gains  

May reduce CH4 
emissions by <10% 

but significant 
variation in results; 
difficult to deliver 

in extensive 
systems; long-term 
impact uncertain 

Studies have 
shown small, 

relatively 
insignificant 
effects, but 

possibly some 
potential 

Varied results in 
literature, 

potential likely 
low; difficult to 

deliver in 
extensive 

systems; long-
term impact 

uncertain 

Some 
potential, but 
varied results 
from a limited 

number of 
studies to 
date; long-

term impact 
uncertain 

Increased 
productivity? 

Yes, in the 
case of 

baseline diet 
with low 
energy 
content 

Yes, especially 
in developing 

countries where 
forages contain 
little nitrate or 
crude protein 

Yes Yes 
Possible lower 
productivity 

Uncertain 
Possible lower 
productivity 

Uncertain 

Cost 

Moderate 
cost; depends 
on availability 
and price of 
oil products 

Low to 
moderate cost 

Moderate cost Moderate cost Moderate cost 

Moderate to 
high cost at 
"effective" 

doses 

Very high cost Very high cost 

Risks / 
tradeoffs 

Can reduce 
productivity in 

some 
situations 

(manageable) 

Potential 
toxicity if poorly 

managed; in 
excess, N2O 
emissions 
increase  

Banned in 
Europe due to 

health 
concerns 

Some health 
concerns, but 
used widely in 

many 
countries 

Risk of impaired 
rumen function 

None known 
Human and 

animal health 
concerns 

None known 
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Symbols within the cells align 
with this common color 
scheme (i.e., symbols and 
colors convey the same 
information).  

Enteric fermentation: supplements and additives 

Supplements and additives are somewhat promising, but they are currently more costly, 
and have less mitigation certainty and more trade-offs than changing general feeding 
practices.  If well managed and applied in the right livestock systems, both nitrates and 
lipids can reduce emissions and increase productivity.  A fair amount of research on 
supplements is on-going.    
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Positive attribute 
 

Somewhat positive attribute 
 

Negative attribute, or 
unknown impact 

Source: Hristov et al., 2013; Gerber et al., 2013; Archibeque et al., 2012; interviews. 
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28 Source: Hristov et al., 2013; Gerber et al., 2013; Archibeque et al., 2012; interviews. 

Herd management and breeding  

  Culling practices Reproduction management Improved genetics 

Description 

In combination with improved 
productivity, animals can be slaughtered 

at earlier ages to reduce lifetime 
emissions per unit of animal product 

Improved reproduction management, 
including insemination techniques, that 
result in a greater number of pregnant 

cows, reducing  the number of 
replacement heifers needed 

Improving inherent animal performance 
and also production of methane through 

genetic selection 

Mitigation 
potential 

Impact and size of relevant production 
sector depends on the spread of 

increased productivity enabling early 
slaughter 

Total mitigation impact will vary, but 
reliable techniques proven to increase 

production efficiency 

Improved productivity due to genetics 
are estimated to reduce net enteric 
methane emissions by ~3% in cattle; 

thus far has been impractical to select 
cattle directly for reduced methane 

production 

Increased 
productivity? 

Not directly, but part of a strategy that 
requires increased productivity 

Yes Yes 

Cost Low cost 

Moderate cost; education and 
equipment needed; can be difficult to 
apply in extensive livestock systems 

where reproduction is less controlled 

Moderate cost to use improved breeds 
in new regions; high cost to develop new 

genetic stock - requires significant 
investment over 10-20+ years 

Risks / tradeoffs 

In some livestock systems, animals may 
be valued for more than efficient 

production of meat, these other values 
(draught power, insurance, etc.) may 

conflict with an early slaughter 

Low risk 

Desirable breeding attributes will vary by 
region/climate/livestock system type, 
performance risk in introducing new 
breeds; some goals for selection may 

conflict, e.g., in dairy cattle selection for 
higher yield may reduce fertility, 

requiring more replacement heifers 
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Enteric fermentation: herd management and breeding  
 Improved culling practices and reproductive management can be deployed in tandem 
with other diet and health measures to increase the productivity of the herds. Increased 
productivity can greatly reduce emissions per unit of meat produced, though can also 
stimulate increased production.  
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Positive attribute 

Somewhat positive attribute 

Negative attribute, or unknown impact 

Symbols within the cells align with 
this common color scheme (i.e., 
symbols and colors convey the same 
information).  

Source: Hristov et al., 2013; Gerber et al., 2013; Archibeque et al., 2012; interviews. 
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Summary: enteric fermentation 

• There are a wide range of mitigation options for reducing methane from enteric fermentation, but 
many have some mitigation uncertainty, are not cost effective, have poorly understood interactive 
effects with other emission sources, or other associated risk. 

• The group of mitigation options that have relatively little risk and are uniformly associated with 
increased productivity are improved feeding practices. In regions of the world that have not yet 
adopted these practices, significant GHG reductions are possible while also providing a steady or 
growing supply of animal products. 

• It is important to note that many of these practices are not complementary or “additive”: the 
optimal combination of practices varies locally and has not been well-studied in most regions. 
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Geography of manure management mitigation opportunities  

32 

India 

China 

KEY: 
Increasing GHG reduction potential                           

Huge increases in confined 
livestock operations with 
limited implementation of 
manure mgt practices; more 
efficient use of manure could 
also reduce N fertilizer. 

Significant increases in confined 
animal operations, such as dairies, 
with limited implementation of 
manure management practices; 
more efficient use of manure 
could also reduce N fertilizer and 
improve cropland productivity. 

The U.S. has significant 
room for improvement of 
manure management, but 
the policy landscape is not 
supporting adoption, 
despite extensive advocacy 
effort.  

Better management of 
manure on pasture could 
reduce emissions and 
increase productivity. 

Brazil 

North 
America 

Asia 

Parts of Asia such as 
Vietnam and Thailand 
have increased 
smallholder confined 
livestock production 
without adopting 
manure management 
practices or digesters. 

Australia 

Better management of manure 
on pasture could reduce 
emissions and increase 
productivity; already being 
implemented to some extent. 

Europe has already 
adopted a number of 
better manure 
management practices. 
Additional gains are 
possible, but may be costly.  

Europe 
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Emissions from manure 

• Emissions from manure account for 25% of global emissions from agriculture, not including land 
use change. Of that 25%, 16% is from manure on pasture, 7% is from stored manure, and 2% is 
from manure applied to soils (for crops). 80% of manure emissions come from ruminants. 

• In terms of the GHG composition of manure emissions, 70% is nitrous oxide (N2O) and 30% is 
methane (CH4).1 N2O is a product of various microbial and other processes that occur during 
storage, application on land, and through runoff and leaching. In contrast, most CH4 emissions are 
from storage under anaerobic conditions; little is a result of land application.  
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7%

11%

43%

15%

16%

Synthetic fertilizers 

Rice cultivation 

Stored manure 

2% 

Enteric fermentation 

2% 

Crop residues 

3% 

29% 

1% 
12% 

6% 

52% 

36% 

13% 

3% 

20% 

12% 

17% 

Pigs 

Other ruminants 

Other non-ruminants 

Dairy 

Chicken 

Beef 

8%

41% 

14% 
1% 

24% 

11% 

1) EDGAR v4.2. 2) Manure applied to soils for the purpose of growing crops is captured in the nutrient management section.  
Source: FAOSTAT 2010 (accessed 2013). 

Manure left 
on pasture 

Manure 
applied to 
soils2 

Total: 1,104 MtCO2e 

Cultivated 
organic soils 

Total: 340 MtCO2e 

Total: 764 MtCO2e 

All manure emissions Global agriculture emissions (2010) Manure on pasture and storage 

Total: 4,668 MtCO2e 
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Mitigation options for manure 

Emissions from manure can be reduced significantly through better management. There also 
tend to be major co-benefits associated with better manure management. Options are available 
for both concentrated and grazing livestock. The main barrier is cost. Few of these practices 
provide any benefit to the producer unless the right incentives are in place (e.g., purchase 
power agreements from local utilities or carbon offsets for methane digesters). The most 
promising options are included in the table below. 

• More efficient use of manure as an energy or nutrient source employs practices such as methane 
digestion, composting, and better application and timing of manure to cropland and pastures.  
These practices both directly reduce emissions and can displace the use of fossil fuels for energy 
and nitrogen fertilizer production. 

• Storage and handling practices can greatly reduce emissions in concentrated livestock systems, 
largely by avoiding excessive production of CH4 and N2O. These practices require more time and 
effort on the part of farmers to better handle animal wastes, and many incur additional costs that 
are not offset by productivity gains. 

• Diet changes can affect the volume and composition of manure; reduced protein intake reduces N 
excreted by animals, and supplements (such as tannins) can shift nitrogen excretion from urine to 
feces to produce a net reduction in emissions. 

34 Source: Hristov et al., 2013; Gerber et al., 2013; Petersen et al., 2013; T-AGG 2012; interviews. 

Efficient use as an energy or 
nutrient source 

Storage and handling Diet changes 

• Methane digestion 
• Composting 
• Application and timing 

• Reduce storage time 
• Covering manure 
• Housing systems 

• Balancing dietary protein 
• Tannin supplements  
• Other feed additives 
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Key insights for mitigating emissions from manure 

For the majority of livestock production worldwide, there is significant technical 
potential to reduce emissions from manure management.  

• For concentrated livestock systems, particularly dairies and confined pig and poultry 
operations, manure can be managed to significantly reduce emissions, and even 
replace fossil fuel based energy sources through methane digestion.  These systems 
are common in the EU and Australia, where many emission reduction practices are 
already in place, but could be improved and expanded.  

• Methane emissions are negligible when excretion happens in the field, though in 
some systems grazing can be actively managed to more evenly spread the manure 
(this reducing nitrous oxide emissions from a surplus of nitrogen), or it can be 
collected dry and efficiently used to reduce N2O emissions by replacing synthetic 
fertilizers. 

There is an opportunity to encourage thoughtful spatial planning for CAFOs in regions 
where concentrated livestock production is growing quickly. Intervention here could 
reduce “lock in.”  Concentrated systems are expected to grow in number across the globe, 
and in China and India in particular.   

Moderately-sized, diversified livestock and crop farming systems are those best able to 
utilize their manure resources and reduce their total emissions. If well-managed, manure 
can provide a valuable farm resource that increases overall farm productivity and reduces 
the need for synthetic nitrogen fertilizer.  
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 36 Source: Hristov et al., 2013; Gerber et al., 2013; Petersen et al., 2013; T-AGG 2012; interviews. 

More efficient use as an energy or nutrient source 

  

Methane digestion Composting 
Manure application 

and timing 
Spatial planning for 

CAFOs 
Distribution of 

manure on pasture 

Nitrification 
inhibitor applied to 

pasture 

Description 

Methane is collected 
from stored manure 
and combusted to 
produce electricity 

and hot water; 
burning converts CH4 

to CO2, reducing 
global warming 

potential by ~20x  

Microorganisms 
transform degradable 
organic matter from 

manure into CO2, 
water, and nutrients; 

multiple types of 
composting 
processes 

The application of 
manure to land timed 

for best plant 
utilization 

Confined animal 
feeding operations 

(CAFOs) are sized and 
spaced such that the 
surrounding land can 
absorb the manure 

produced 

Rotating or 
seasonally-limited 
grazing systems in 

order to better 
distribute manure on 

pasture and timing 
deposition with 
plants’ nutrient 

needs 

Nitrification inhibitor 
applied over feces and 

urine deposited on 
pasture 

Mitigation 
potential 

If well-managed, 
digestion can reduce 
CH4 emissions almost 

entirely in 
concentrated 

systems, and can also 
replace the use of 

fossil fuels for 
electricity and heat 

Can reduce CH4 
emissions >30% and 

replace the use of 
synthetic fertilizer; 
may increase N2O 

slightly; may increase 
soil C through 
stabilization of 
organic matter 

Can reduce N2O 
emissions 10-30% 

and replace the use 
of synthetic fertilizer 

Reduces N2O and CH4 
emissions by enabling 

improved manure 
application and 

timing, and reducing 
manure storage time 

in concentrated 
systems 

Can reduce N2O 
emissions 10-30%; 
can also increase 

pasture productivity 
and/or replace N 

fertilizer 

Can reduce N2O 
emissions >30% in 
intensive pasture 
systems; can also 
increase pasture 

productivity and/or 
replace N fertilizer 

Increased 
productivity? 

No No No No Possibly Possibly 

Cost 

High cost, but 
displaces heat and 

electricity from other 
sources and can 

generate energy sales 
or carbon offset 

credits 

Moderate cost, but 
can also generate 

income from 
compost sales 

Low to moderate 
cost 

Low to moderate 
cost if new CAFOs are 

currently being 
developed 

Low to moderate 
cost 

Moderate cost 

Risks / 
tradeoffs 

Requires the 
management of a 
new technology 

Needs to be properly 
managed to avoid 
N2O emissions and 

runoff 

In excess can 
increase N2O 

emissions and pollute 
water systems 

CAFOs have a range 
of environmental and 

health hazards, but 
better planning is 
positive if already 
moving towards 
CAFO systems 

Require more 
knowledge and effort 

to change 
management 

systems 

High variability in 
outcomes, depends on 
temperature, moisture 

and soil type; some 
concerns about 

health/ environmental 
risks 
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Manure: more efficiently used as an energy or nutrient source 

Emissions can be significantly reduced through methane digestion in concentrated systems such as 
dairies and confined pig operations, and by applying manure as compost or directly to land timed for 
pasture and cropland nutrient requirements. Achieving these emissions reductions generally requires 
regional planning and policy interventions (to provide financial incentives). If the right policies are in 
place, better use of manure can reduce the need for synthetic fertilizer, create value-added products 
(e.g., electricity, compost), and increase the productivity of pastures. 
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Positive attribute 

Somewhat positive attribute 

 

Negative attribute, or unknown 
impact 

Symbols within the cells align 
with this common color 
scheme (i.e., symbols and 
colors convey the same 
information).  

Source: Hristov et al., 2013; Gerber et al., 2013; Petersen et al., 2013; T-AGG 2012; interviews. 
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38 Source: Hristov et al., 2013; Gerber et al., 2013; Petersen et al., 2013; T-AGG 2012; interviews. 

Storage and handling 

  

Reduce storage time Covering manure 
Housing systems 

and bedding 
Cooling Forced aeration 

Description 

Reduced storage time 
through frequent land 

application to avoid the 
anaerobic conditions that 

create CH4; can also reduce 
N2O emissions depending 

on application timing 

Covering both solid 
and liquid manure 
with straw, a solid 

sheet, or a natural or 
induced crust (in 
liquid systems) 

Concrete slatted 
floors with 

drainage/flush 
systems result in 

fewer emissions than 
solid floors with hay or 

other bedding 

Active cooling of slurry; 
removal of manure to 

outside storage can also 
reduce emissions in 

colder climates  

Mechanical or 
intermittent 

aeration of manure 
during storage 

Mitigation 
potential 

Can reduce CH4 and N20 
emissions >30% 

Can reduce CH4 and 
N20 emissions ~10-

50% in concentrated 
livestock systems; 

however, results vary 
and in a few studies 
emissions increased  

Can enable a N20 and 
CH4 emissions 

reduction of >30% in 
confined systems 

when combined with 
other manure 
management 

practices 

Can reduce CH4 
emissions by ~30%, and 
combined with better 

ventilation may be able 
to reduce CH4 up to 

60%; most relevant to 
slurry systems, especial 

confined pork 
production 

Can reduce CH4 
emissions by 10-
30% in confined 

systems  

Increased 
productivity? 

No No No No No 

Cost 
Low to medium cost 
(depends on existing 

system) 
Low cost 

Varies (depends on 
existing system) 

Medium cost Medium cost 

Risks / 
tradeoffs 

Requires more active 
manure management and 

planning 
None None 

Active cooling requires 
energy use, which 

increases emissions 

Mechanical 
aeration requires 
energy use, which 

increases emissions 
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Manure: storage and handling 

For concentrated livestock systems where manure can be collected and stored, there are a number of 
low-tech options: reducing storage time (if not being digested for energy generation), covering the 
manure, avoiding straw/hay bedding, and using housing and waste management systems that enable 
better handling of manure are all promising techniques that reduce emissions. Though these practices 
are low-cost, they generally do not provide clear benefits to the farmer and thus still need to be 
supported by policy incentives.  

39 Source: Hristov et al., 2013; Gerber et al., 2013; Petersen et al., 2013; T-AGG 2012; interviews. 

Positive attribute 

Somewhat positive attribute 

 

Negative attribute, or unknown 
impact 

Symbols within the cells align 
with this common color 
scheme (i.e. symbols and 
colors convey the same 
information).  
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40 Source: Hristov et al., 2013; Gerber et al., 2013; Petersen et al., 2013; T-AGG 2012; interviews. 

Diet changes 

  

Balancing dietary protein Tannin supplements Other feed additives 

Description 

Reducing protein in diets; 
feeding protein matched with 

animal requirements (e.g., 
during lactation) to reduce N 

excreted 

Tannins at low levels can shift N 
from urine to feces often 

reducing total N2O emissions 

A variety of feed additives may 
reduce emissions from pig and 

poultry manure 

Mitigation potential 

May reduce N2O emissions 10-
30%; relevant to all animals 

except backyard monogastrics 
and grazing ruminants 

May reduce N2O emissions 
<10% 

Isolated research studies e.g., 
one study showed that thymol 

in sow diets reduced CH4 by 
up to 94%; more research 

needed 

Increased  
productivity? 

No No N/A 

Cost Low cost Low to moderate cost N/A 

Risks / tradeoffs 
Can decrease productivity for 

pigs and poultry if not managed 
correctly 

Risk of impaired rumen function 
at high levels of inclusion 

N/A 



MITIGATION 

Manure: diet changes 

Balancing dietary proteins reduces nitrogen excreted (and therefore N2O emissions) due to excess 
protein consumption, and is applicable to most livestock except those being primarily grazed. Other 
feed additives to reduce N excretion are currently being tested, but more research is needed. Here 
again, these practices need to be supported by policy incentives since they do not provide significant 
economic benefits to farmers.  

 

41 Source: Hristov et al., 2013; Gerber et al., 2013; Petersen et al., 2013; T-AGG 2012; interviews. 

Positive attribute 

Somewhat positive attribute 

 

Negative attribute, or unknown 
impact 

Symbols within the cells align 
with this common color 
scheme (i.e. symbols and 
colors convey the same 
information).  
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Summary: manure management 

• Many of manure management mitigation options are low-risk, relatively low-cost, and 
often have positive environmental side benefits. However, few provide direct 
economic benefit to farmers and therefore require policy intervention and/or other 
incentives. 

• It is important to note that many of these practices are not complementary or 
“additive”;  the optimal combination of practices will vary by location and livestock 
production system. 

42 Source: Hristov et al., 2013; Gerber et al., 2013; Petersen et al., 2013; T-AGG 2012; interviews. 
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Geography of rice mitigation opportunities  

Southeast Asia, including China, represents the vast majority of the global rice mitigation 
opportunity. Countries within Southeast Asia that rely heavily on irrigation are the best target 
for rice mitigation practices.   
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India 

KEY: 
Increasing GHG reduction potential                           

China’s rice fields are already 
draining most fields mid-season, 
but the high % of irrigated fields 
means almost equal opportunity 
for mitigation through both 
water and rice straw 
management 

India’s mitigation potential is 
limited by its percentage of 
irrigated rice fields (55%), 
meaning rice straw 
management is slightly more 
promising here.  

United 
States 

Indonesia 

Indonesia’s relatively 
high % of irrigated fields 
(68%) lends the country 
to higher mitigation 
potential from water 
management, low 
potential from rice 
straw management. 

Pakistan is a small country, 
but 96% of the country’s rice 
fields are irrigated and the 
country is water constrained, 
meaning water management 
is a promising practice.  Rice 
straw management is equally 
promising.  

Vietnam has a high 
percentage of irrigated 
fields (89%) making water 
management the most 
promising practice.  

The U.S. is one of the few 
major rice producing 
countries outside of Asia. 
It holds fewer hectares 
than Asia, but has a high 
percentage of irrigated 
fields.  

Pakistan 

Vietnam 

China 
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Key insights for mitigating emissions from rice 

Rice is the largest single crop emitter.  
• Worldwide methane emissions from rice are estimated at 736 Mt CO2e for 2010 (FAOSTAT), 11% of 

global GHG emissions from the agricultural sector and 33% of emissions from crops.  

Rice mitigation requires a regional approach.  
• Globally, there is an opportunity to mitigate 120 Mt CO2e rice methane (and more if nitrous oxide 

is considered). At the country scale, however, rice mitigation opportunities do not appear to be 
high, relative to other agriculture opportunities. Since rice is largely located in Asia, a regional 
approach is necessary to achieve maximum reductions.  

The most promising mitigation practices are water management and rice straw residue management. 
• Water management is crucial to controlling methane emissions. The most promising practices are 

mid-season drainages, multiple drainages, and shallow flooding (where water levels are managed 
to keep soil moist, but not flooded). It is also important to ensure that rice straw is not burned or 
left on continuously flooded fields. Rice straw can be applied off-season or used for other 
purposes, such as bioenergy or biochar.  

Focus on countries with a majority of irrigated systems. 
• Water management and rice straw management both require irrigated systems to control water levels. 

The percentage of irrigated rice fields varies widely in Asian countries: 
• Greater than 75% irrigated: Pakistan, Sri Lanka, Vietnam, China, Taiwan, Japan, South Korea 
• 60-75% irrigated: Bangladesh, Indonesia, Philippines, Malaysia, North Korea 
• 50-60% irrigated: India 

Potential barriers to adoption.  

• When done properly, methane mitigation from rice fields is a win-win for both yields and emission 
reductions. However, managing water levels requires precise control to ensure the rice crops have 
the water they need to thrive. Thus, midseason draining and other mitigation practices can be risky 
for farmers and works best when farmers have well controlled irrigation systems (which does not 
include all irrigation systems). Furthermore, some of the mitigation practices are labor intensive, 
and thus will be harder for farmers to adopt without additional incentives.  
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Mitigation opportunities for rice 

Rice is unique among crops because it is cultivated in flooded soils; the vast majority of the production 
and decomposition cycle occurs anaerobically (without oxygen) and results in CH4 emissions, causing 
rice to have a higher GHG emissions footprint than any other crop. However, more than half of the 
world’s population relies on rice as their staple food and rice is grown on about 150 Mha worldwide, 
11% of global arable land. World demand for rice is expected to increase 24% over the next 20 years. 
Rice is a critical crop for food security and it is important that mitigation opportunities do not 
negatively impact yield.  

• Improved rice straw management. Finding alternative uses for rice straw would lead to less rice 
straw being burned or applied while soils are flooded. 

• Improved water management, including mid-season drainages and moist soils, instead of 
flooded, will conserve water, limit anaerobic digestion, and can preserve yields.  

• More precise nutrient management. More efficient use of both nitrogen and organic matter 
fertilizers will reduce nitrous oxide emissions, as it would with any crop.  

• Yield improvements. Efforts to increase yields from rice paddies (through high yield cultivars or 
moving from single to double or triple crops per year) will decrease emissions per unit.  

 
 Rice straw 

management 
Water management 

Nutrient 
management 

Yield 
improvements 

• Off-season application 
• Composting rice straw 
• Eliminate rice straw 

burning 

• Mid-season drainage 
• Multiple drainages 
• Off-season water 

management 
• Shallow flooding 

• Nitrogen 
fertilizer 
application 

• Organic matter 
application 

• High yield 
cultivars 

• Crop 
intensification 

• Crop rotation 
• No-tillage 
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Rice Straw Water Management 

Off-season application Composting RS 
Find uses for RS to stop 

burning 
Mid-season 

drainage 
Multiple drainages 

Off-season water 
management 

Shallow flooding/ high 
percolation 

Description 

Rice straw residue is 
applied to cropland at 
least 30 days before 
cultivation to ensure 

aerobic decomposition. 
Usually only applicable 

for single-rice areas (Yan 
et al 2009) 

Composting 
organic matter, 
particularly rice 
straw residue, 

before applying it 
to soils can reduce 

CH4 emissions 

Rice straw residue is 
often burned, finding 

other uses for it would 
help eliminate this 

practice and improve air 
quality; other uses 

include biochar, 
bioenergy, mulch, obtain 
xylitol, sugars, cullulose 

and lignine pulp, etc. 
(Sanchis et al 2012) 

Flooded crop 
soils are 

drained mid-
season and 

requires 
irrigation; 

already done 
in most of 

China 
(Wassmann et 

al. 2000) 

Multiple drainages or 
intermittent irrigation 

includes more than 
one drainage per 
season; alternate 

wetting and drying 
(AWD) is a practice 
being supported by 
IRRI, which requires 

irrigation 
infrastructure 

Rice fields are 
drained during 

the fallow 
period. Requires 

irrigation 

Soil remains 
saturated through 

the use of 
underground pipes. 

(Sanchis, 2012); 
shallow flooding 

provides additional 
benefits of both 

water conservation 
and increased yield 
(Wassmann et al. 

2010) 

Mitigation 
potential  

5-35% emission 
reductions (Yan et al. 
2009). CH4 mitigation 

very effective (Yagi et al. 
1997) 

Very effective 
(Yagi et al. 1997) 

Eliminating burning 
improves air quality and 

reduces CO2 released 
into the air  

50% emissions 
reduction 
(Sanchis 

2012); 1.1 - 
5.2 tonnes 
CO2e/ha/yr 

Reduced yield-scaled 
GWP by 59%, (Feng et 
al. 2013); 28-88% CH4 

reduction (Sanchis 
2012); 2.1-2.3 tonnes 
CO2e/ha/yr (T-AGG) 

Reduces CH4 
emissions, can 

also reduce 
emissions the 

following season 
(Sanchis et al. 

2012) 

CH4 emissions 
reductions increase 
as percolation rates 

increase (Sanchis 
2012); very effective 

(Yagi et al. 1997) 

Increased 
productivity? 

No 
Positive (Yagi et al. 

1997) 
Neutral 

Neutral/ 
Positive 

Some studies have 
shown a yield increase 
(as much as 11%), but 
precise water control 

is crucial 

Neutral/Negative Positive  

Cost 

Requires more labor to 
remove from fields, but 

farmers often prefer this 
because it makes tillage 
easier (Wassmann et al. 

2000) 

Requires 
increased cost and 
labor to compost 
(Wassmann et al. 

2000) 

Harvesting rice straw 
requires increased cost 

and labor 

Low cost per 
ton of CO2 

mitigated, but 
increased 

labor 

Irrigation 
infrastructure is 

expensive, requires 
increased labor 

Rice yields can 
be compromised 

(Sanchis et al. 
2012) 

Cost of installing 
pipes (Sanchis et al. 

2012); increased cost 
and labor (Yagi et al. 

1997) 

Risks / tradeoffs 
Management required  

to ensure aerobic 
decomposition 

Low risk 
Must ensure it is used 

productively 

Can lead to 
increased N2O 
emissions that 
eliminate any 

net GHG 
benefit 

Can lead to increase 
N2O emissions through 

nitrification and 
denitrification; 

requires more water, 
not viable in droughts 
(Sanchis et al. 2012) 

This area of work 
needs more 

research 
Needs more research 
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Mitigation options  
 Mid-season drainage (or multiple mid-season drainages) have great mitigation potential, but are 
limited in applicability to irrigated production systems, particularly those that are well controlled. 
These practices provide an economic benefit where water is expensive. Additionally, reducing rice 
straw burning would generate significant GHG reductions, but there are few examples of good 
alternative uses for rice straw.  
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Positive attribute 

Somewhat positive attribute 

 

Negative attribute, or 
unknown impact 

Symbols within the cells 
align with this common 
color scheme: 

Water management Rice straw 
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  Nutrient Management Yield Management 

  N fertilizer application 
Organic matter 

applications 
High-yield 
cultivars 

Crop intensification Crop rotations No-tillage 

Description 

N fertilizer can be applied at 
precise levels to maximize yield 

without increasing N2O emissions. 
In China, the largest reduction 

occurred at the rate of 150-200 
kg N/ha. The IPCC (2007) applied 

a specific multiplier for N 
application to rice (0.003 of N 

becomes N2O). N fertilizer should 
be applied to optimize yield.  

Application of 
fresh manure or 

crop residues 
(rice straw 

included) on 
soils, application 

of biogas 
residues have 

also been shown 
to be effective 

Planting rice crops 
that have a higher 
yield can reduce 

emissions by 
directing more C 

to grain 
production rather 

than root 
processes (where 
respiration results 

in CH4) 

Planting more than 
one crop of rice per 
year; in some cases, 

farmers can plant 3-4 
rice crops per year, 

although 2 rice crops 
per year is  most 

common 

Other crops are 
grown in the same 

soils in between 
rice crops. The 
most common 

crop rotation in 
Asia is the rice-
wheat rotation 

which occurs on 24 
Mha in Asia.  

Soils are not tilled; 
because the soils are 
not disturbed it can 

lead to lower 
dissolved organic 

carbon content and 
higher soil bulk 

density 

Mitigation 
potential 

Yield-scaled GWP reduction: 37% 
(Feng); Urea instead of 

ammonium: CH4 reductions of 
40%; Dicyandiamide (DCD), a 

nitrification inhibitor:18% CH4, 
29% N20 reductions; sulfate 

fertilizers: 28-53% CH4 reductions 
(Linquist et al., 2012) 

Biogas residues = 
60% CH4 

reduction vs. 
manure; 52% 

CH4 reduction vs 
urea (Sanchis et 

al.) 

U.S.: 1.17 tonnes 
CO2e/ha/yr (T-

AGG) 
Texas (Sass and 

Fisher 1997): 2.7 
tonnes CO2e/ha/yr 

Reduces emissions by 
increasing the 

efficiency of inputs 
and per acre 

Can lead to lower 
CH4 emissions 

because wheat are 
grown in dry soils.  

CH4 emissions 
reduced by 25%; 
yield-scaled GWP 
reduction of 20%; 
also reduced CO2 

emissions because 
less fuel is required to 

run tillers 

Increased 
productivity? 

Possibly Yes Yes Yes Possibly No 

Cost 

Cost and labor increases (Yagi et 
al. 1997); ammonium sulfate is 

more expensive than urea 
(Wassmann et al., 2000) 

Low cost Unclear Unclear 
Increased labor 

costs 

Low, no-tillage seems 
very practical in terms 

of labor and cost  

Risks / 
tradeoffs 

Needs more research to ensure 
that N2O reductions are seen 
through increased efficiency 

More research is 
needed, but it 
appears that a 

reduction of one 
type of emissions 

leads to an 
increase in 

another type 

More research is 
needed 

Can lead to higher 
CH4 emissions 

because of longer 
flooding periods; 
some evidence of 

increased N2O, 
especially emissions 

during the fallow 
period which can be 

high after strong 
rainfall 

More research is 
needed  

More research is 
needed 
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Mitigation options 

A range of nutrient management practices could reduce nitrous oxide emissions from rice. However, in 
flooded production systems, these practices need to be carefully evaluated on a case by case basis to 
ensure that they are not leading to increases in methane (due to increases in organic matter in the 
field).  There are on-going efforts to move from single to double or triple crops per year for rice; doing 
so would decrease emissions per unit. Given the emissions profile of rice, these intensification gains 
are particularly valuable.  
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Geography of nitrogen use efficiency (NUE) N2O mitigation 
opportunities 
If we consider mitigation potential from crops, maize and wheat provide the greatest 
opportunities. Together, maize and wheat account for an estimated ~55% of nitrous oxide 
emissions from agricultural soils (N2O emissions from rice excluded).  

52 Source: Ribaudo 2011; Castellanos & Boersma 2012; Prasad 2012; Filoso et al. 2006; Signor et al., 2013. 

India 

KEY: 
Increasing GHG reduction potential                           

China is a global 
hotspot for over 
application of nitrogen 
fertilizers. Experts 
agree that application 
rates could be reduce 
by 30-60% or more 
without harming crop 
yields.  

Nitrogen is over applied in 
cereal production in 
northern India.  Correcting 
nutrient deficiencies can 
help to increase yields and 
improve N efficiency.  

Considerable  nitrogen over-
application in the Corn Belt; 
65% of croplands have 
potential for better timing, 
rate, or method of N 
application. 

North 
America Existing regulations 

limit N over-
application, though 
hotspots remain. 

1. Increased nitrogen inputs across Africa might 
increase emissions, but would substantially  
lower emissions per unit produced on these 
lands and potentially reduce pressure on land 
elsewhere.  

China 

Africa 

Brazil 

Excepting the Nile region, 
most of Africa has too little 
N. The biggest opportunity 
is to improve NUE through 
additional use of fertilizers 
as well as more efficient use 
of available resources, 
including cover crops and 
animal manures.1 

W. Europe 

Opportunities exist to 
improve NUE from 
soybean and 
sugarcane production 
in southern Brazil. 

N use remains low in Eastern 
Europe, so there is little scope to 
reduce emissions, although there 
may be room to increase NUE by 
adding additional P. 

E. Europe 



MITIGATION 

Nitrous oxide emissions from agricultural soils 

• Nitrous oxide (N2O) is a byproduct of the application of nitrogenous materials, 
including synthetic fertilizers, manures, and crop residues, to crops. 

• N2O from synthetic and organic fertilizers applied to croplands accounts for 22% of 
global emissions from agriculture, not including land use change. 
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1. Nitrous oxide gas is emitted from drained organic soils at a much greater rate than from non-organic soils; fertilizer application 
rates also tend to be much higher. Source: FAOSTAT 2010 (accessed 2013), Data from Paul West, Institute on the Environment, 
University of Minnesota; CEA analysis. 

11%

16%

7%

43% 22%

Manure left on pasture 

Rice methane 
Stored manure 

Enteric 
fermentation 

Global agriculture emissions (2010) Agricultural soil emissions by crop (2010) 

Total: ~1,000 MtCO2e Total: 4,668 MtCO2e 

Ag soils 
9%

22% 

24% 

Wheat 

Other crops 

Other cereals 

18% 

Palm 

Maize 

5% 
2% 

19% 

Soy 

Rice N2O 
Not included in this 

section; discussed 
in rice section 

Soil emissions by input source: 
• 65% synthetic fertilizers 
• 15% crop residues 
• 11% manure applied to soils 
• 9% cultivated organic soils1 



MITIGATION 

Mitigation options for agricultural soils 

Nitrous oxide emissions from cropland reflect nutrients that have not been taken up by plants, but 
rather leached or wasted into the environment. Unfortunately, nitrogen balances in agricultural soils 
can vary greatly over space and time, and it is difficult for farmers to know precisely how much 
nitrogen (and other nutrients) need to be applied at any one time; thus they tend to over apply as an 
insurance mechanism against low yields.  

Improved nutrient use efficiency can generate cost savings and can even improve yields. However, 
there is a risk (and a large perceived risk) of reducing yields and thus farmers tend to resist adopting 
improved nutrient management practices.  

There are many possible interventions for reducing N2O emissions from agricultural soils, but little 
confidence exists among researchers regarding precise mitigation potential. Globally, the technical 
mitigation potential of reducing nitrous oxide from soils is ~325 Mt CO2e, based on a first order 
analysis. Realizable potential is likely to be much lower. The most promising options, based on their 
demonstrated effectiveness and feasibility for adoption, are included in the table below. 
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Managing all inputs 
Decision support 

tools (DSTs) 
Efficient 

fertilizers 
Holistic 

management 
More efficient 

crops 

• Reduce excess nitrogen 
application 

• Improved placement of 
nitrogen 

• Integrating organic 
fertilizers effectively 

• Optimizing timing of N 
application 

• Leguminous cover crops 
• Manage non-nitrogen 

nutrient requirements 

• Decision support 
computer models 

• Chlorophyll meter 
• Leaf color charts 
• Remote sensing tools 
• GIG and precision-

farming tech 

• Controlled-
release 
fertilizers 

• Nitrification 
inhibitors 

• Adopting systems 
less reliant on inputs 
(nutrients, 
pesticides, etc.) 

• Breeding crops for 
improved nitrogen 
use efficiency 

• Genetic modification 
to achieve biological 
nitrogen fixation in 
non-legumes 

Source: Categorization has been informed heavily by Ladha et al., 2005. 
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Key insights for mitigating nitrogen use efficiently 

Overuse of nitrogen is a significant issue in most countries that have highly industrialized, high-input, agricultural 
systems (e.g., U.S. and EU) and a few that are aggressively intensifying their agricultural systems (e.g., China). 
Although almost all systems can benefit from improved nitrogen use efficiency, there are a few areas where fertilizers 
are over-applied to such an extent that they constitute “low-hanging fruit” for reducing emissions with minimal yield 
impacts or expense. The United States, China, and (to a lesser extent) India and the EU are all hotspots of nitrogen 
overuse, and account for 61% of agriculture soil nitrous oxide emissions. Together, they account for a NUE technical 
mitigation potential of more than 250 Mt CO2e/yr. 
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Yield concerns are a significant hurdle.  

• Above a certain threshold, ~200 kg N/ ha, additional nitrogen 
application does little to improve crop output.  

• In many systems where nitrogen is over applied, reducing 
application rates would actually improve yields and save on 
costs, yet farmers and policy makers alike have been 
justifiably skeptical of efforts to improve nutrient use 
efficiency for fear that such practices will threaten yields. 

Yield-scaled nitrous oxide emissions1 

However, there are ways to improve nitrogen use efficiency (NUE), thus decreasing losses/emissions, without changing 
the amount of nitrogen used.  

• Mitigation opportunities that increase the efficiency of nitrogen regardless of how much is applied (e.g., split 
application or sub-surface placement, managing non-N nutrients in nutrient limited areas) may gain more traction than 
efforts to reduce total application rates. These options can increase yields.  

• Although effective at reducing nitrous oxide, efficient fertilizers face an uphill struggle because of their increased cost 
and lack of significant yield benefits. 

• Effective measurement tools are essential for giving farmers the confidence to alter nitrogen management. Such tools 
and research are what enable farmers to manage their inputs efficiently. These can vary from simple regionally specific 
recommendations or leaf color charts to advanced remote sensing tools and decisions support computer models.  

• Breeding crops for improved nitrogen efficiency has provided emissions and production gains historically, and will 
continue to be important moving forward. Developing non-legumes that fix their own nitrogen remains promising but 
difficult, and unlikely to occur within the next decade. 

Nitrogen 
application at 
high levels 
leads to high 
emissions of 
nitrous oxide, 
on both an 
absolute and 
yield-scaled 
basis. 
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Geography of nitrogen over-application 

56 Source: 1) Vitousek et al.; 2009; 2) Foley et al., 2011 

Getting the balance right is key. 

• In Africa, farmers tend to harvest their soils of nutrients 
because they do not apply enough fertilizers. 

• In the U.S., there are excesses across a large number of 
acres (and those excesses go strait into the aquatic system 
via tile drainage), but on a per hectare basis the system is 
fairly efficient.  

• In China, nutrient application far exceeds the U.S. and EU 
on many farms, with very high rates lost to the 
environment. 

 Over application of nitrogen globally (excess kg per ha)2 

West 
Kenya 

North 
China  

USA 
Midwest 

Fertilizer input 7 588 93 

Total agronomic 
output 

59 361 145 

Agronomic inputs 
minus harvest 
removals 

-52 +227 +10 

Nutrient balances by region (kg ha-1 yr-1)1 

Excess N, kg per ha 
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57 Source: Moran et al., 2008; Ladha et al., 2005; Eagle et al., 2012; Linquist et al., 2012. 

  
Managing all inputs 

  
Reduce excess N 

application 
Improved placement 

of N 
Integrating organic 

fertilizers effectively 
Optimizing timing  of 

N application 
Leguminous cover 

crops 

Manage non-N 
nutrient 

requirements 

Description 

Where nitrogen is over 
applied, it can be 

decreased with minimal 
appreciable effect on 

yield yet significant effect 
on emissions 

The primary practice is to 
move from broadcasting 
fertilizers to sub-surface 

(or deep) placement; 
other options include 

band placement, 
fertigation, sub-surface 
manure injection, foliar 

application of N, and 
placement of urea in 

mudballs 

In addition to choosing 
the appropriate synthetic 

fertilizer, managing all 
types of N is important; 

utilizing manure and crop 
residue N more 

completely in place of 
synthetic N; using 

composts instead of raw 
manure. 

Matching the timing of 
fertilizer and manure 

application to the plant 
growth requirements 
improves N efficiency; 
split application is the 

main technique; 
separating slurry and 

fertilizer application can 
also help space out 
nutrient availability  

A winter leguminous 
cover crop fixes additional 
N in the soil, allowing for 
a reduction in synthetic N 
application; “catch crops" 
retain and recycle excess 

N in the soil, preventing N 
loss 

If nutrient ratios are 
unbalanced, the addition 

of nutrients such as 
potassium or phosphorus 

can increase NUE, 
managing micronutrients 

can also be important.  

Mitigation 
potential 

0.05-0.6 t CO2e / ha / yr 
(likely on the high end of 
this range in many of the 

relevant locations) 

0.03-0.5 t CO2e/ ha/ yr 0.1-0.4 t CO2e / ha/ yr 0.3 tCO2e / ha/ yr 
0.5- 0.68 t CO2e/ ha/ yr, 
when reduced need for 
fertilizer N is counted 

No direct mitigation; can 
double yields in nutrient-

limited areas, halving 
nitrous oxide emissions 

per unit product 

Increased 
productivity? 

In extreme cases where 
over application of 

nitrogen is harming soils, 
reducing application rates 

can improve yields 

Possibly Possibly Possibly Possibly Yes 

Cost Negative cost 
Can require speciliazed 
equipment and/ or be 

very labor intensive 

Varies; can reduce N 
purchase costs; proper 

composting can be 
expensive. 

Typically increases labor 
costs, though there is also 
potential for some savings 

in N purchases 

Can decrease N purchase 
costs and labor; however, 

they require some cost 
and labor to manage. 

Relatively low, though 
may be significant for 

poor farmers on marginal 
lands 

Risks / 
tradeoffs 

Farmers consider high 
nutrient application a 

form of insurance, and are 
very hesitant to reduce 
nutrient inputs to the 

point where they could be 
a limiting factor in growth 

Can cause toxic levels of N 
supply if applied 

improperly 

None identified. Co-
benefits should be 

significant in terms of 
better waste 

management of manures; 
applicable area may be 
limited by inability to 

transport raw manures in 
economically efficient 

manner 

None identified, though 
application timing may be 
limited by environmental 
or social factors (rainfall, 

labor availability) 

May require timing 
changes for the main 
crop; possible yield 

impacts; applies best to 
temperate and cool 

locations where cover 
crops can be grown in 
winter; worries about 
competing for limited 

water; potential host for 
pests 

None identified, although 
only applies to limited 
areas. Significant co-

benefits associated with 
increased production 
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Level of mitigation 

potential?

Applicable hectares

Level of certainty?      

Increased productivity? ─ ─ ─ ─

Cost? $ $$ $-$$$ $-$$ $-$$ $$

Risk / tradeoffs?

Managing all inputs 

Managing inputs (type, rate, placement, and timing) represents the fundamental method 
for matching crop needs with nutrient application. A wide range of practices are available 
and are applicable to almost any cropping system, though the benefits are typically 
greatest in high-input cereal cropping system. These practices are generally low-cost, but 
knowledge intensive and sometimes labor intensive.  

58 
Source: Moran et al., 2008; Ladha et al., 2005; Eagle et al., 2012; Linquist et al., 2012. 

Positive attribute 

Somewhat positive attribute 

 

Negative attribute, or unknown 
impact 

Symbols within the cells align 
with this common color 
scheme (i.e. symbols and 
colors convey the same 
information).  

1. In marginal/ N deficit areas, utilizing animal 
manure more effectively is likely to increase 
productivity  at little direct cost (although 
this manure may have previously had other 
productive uses); composting can be quite 
expensive. 

2. The balance between labor costs and inputs 
will vary depending on the situation 

1 2 2 
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  Enabling tools Efficient fertilizers Holistic management Genetic improvements 

  Decision support tools 
PCF and other controlled-

release fertilizers 
Nitrification 

inhibitors 
Adopting systems less reliant on 

inputs (nutrients, pesticides, etc.) 
Breeding for 

improved NUE 

Enhancement of 
biological N 

fixation in non-
legumes 

Description 

Various tools: soil testing, 
computer models to 
determine optimal 

management practices, 
chlorophyll meters, low-cost 
leaf color charts that allow 

for mid-season adjustment of 
N supply, remote sensing 

tools, and GIS and precision 
farming technology 

Slow-release fertilizers make 
nitrogen available for the 

plant over a longer period of 
time, allowing it to take up 
nutrients more effectively. 

This can be done by coating 
fertilizer with inert material 
(including PCFs), making the 

fertilizer granule larger, using 
limited solubility forms of 

urea, or coating the fertilizer 
with urease or nitrification 

inhibitors.  

Slows the conversion of 
ammonium into 

nitrate, helping N 
remain in the soil in a 
form less subject to 

leaching or 
denitrification losses. 
Also inhibits methane 
oxidation. Examples: 

DCD, wax-coated 
carbide, Nimin, neem 

cake and neem oil  

Utilizing practices such as hedgerows, 
buffer strips, riparian areas, contour 

ploughing, conservation tillage, etc. to 
produce products with minimal harm to 

ecosystems, animals, or humans. 
Examples: LEAF, organic, or biodynamic 

farms. These practices can, in theory, 
capture N in and around the farm, 

preventing nitrous oxide emissions and 
allowing for reduced N application. 

Plant breeding 
using both 

conventional and 
molecular genetic 
means to increase 

nitrogen use 
efficiency 

Incorporating the 
mechanism for N-
fixation into non-
N2 fixing plants. 

Mitigation 
potential 

~25% N reduction (variable 
emissions reductions); 

provide information is key to 
adopting the practices 

described in "managing 
inputs" 

Polymer coated fertilizer 
reduces nitrous oxide 

emissions by 35%, though 
they are more effective in 

wet soils and less effective in 
well-drained soils 

Reduces nitrous oxide 
emissions by an 

average of  
~38%, according to a 

meta-analysis 

0.2 t CO2e/ ha/ year 0.2 t CO2e / ha / yr 

0.5 t CO2e / ha 
(assumed to be 

equal to mitigation 
potential of 

utilizing the most 
effective legumes 

for natural N 
fixation) 

Increased 
productivity? 

Potential increases 
Minimal or neutral yield 

increases  
Minimal or neutral 

yield increases  

A recent meta-analysis concluded that 
"under certain conditions organic 

practices can nearly match conventional 
yields, whereas under other [conditions] 

it, at present, cannot" 

Likely to cause 
yield increases 

Likely to cause 
yield increases 

Cost 
Variable - some (GIS systems) 

are high cost, others (leaf 
color charts) are low-cost 

Much higher cost (3-10x the 
cost of conventional 

fertilizers). But labor and 
application costs are lower 
because they only require 

one application. 

Higher cost (+10% of 
more) compared to 

conventional fertilizers 

Potentially expensive in labor, but can 
save on the cost of inputs and, 

potentially, farm machinery. Tends to 
be higher cost per unit product. 

Reduced N 
purchase costs; 
however, high 

research costs to 
develop 

Reduced N 
purchase costs; 

however, very high 
research costs to 

develop 

Risks / 
tradeoffs 

Risk of being ineffective i.e., 
chlorophyll meters may be 

hard to calibrate, and useful 
for rice and corn but less so 

for wheat, while some of the 
high tech tools remain 

unproven 

None identified None identified 

Potentially fraught with risk during the 
transitional years, but this approach can 

have multiple co-benefits (e.g., soil 
carbon, biodiversity, decrease water 

pollution). High uncertainty around the 
mitigation potential, as well as the 
potential land demand needed to 

compensate for lower yields. 

Risk of reduced 
cereal quality 

Not yet developed 
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Symbols within the cells align 
with this common color scheme 
(i.e., symbols and colors convey 
the same information).  

Decision support tools  
 Decision support tools have significant, immediate mitigation potential, as they enable 
proper input management (timing, rate, and type). In addition to the practices listed 
below, regular soil testing is critical for developing appropriate nutrient management 
plans. In developing countries, soil testing can be done at a regional level, with 
recommendations made available to all farmers depending on region and crop.  
  

60 Source: Hillier et al., 2012; Moran et al., 2008; Ladha et al., 2005; Akiyama et al., 2010; Seufert et al., 2012. 
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potential?
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Cost? $$$ $$ $$ $ $

Risk / tradeoffs?

Symbols within the cells align 
with this common color scheme 
(i.e., symbols and colors convey 
the same information).  

Other tools: decision support tools, ICM, plant breeding  

Technological means of managing inputs through the use of more efficient fertilizers and nitrification 
inhibitors are promising but potentially expensive. Over the long term, breeding plants to use nitrogen 
more efficiently or create their own hold considerable promise. Holistic crop management is a low-cost 
option with many environmental co-benefits.  

61 Source: Hillier et al., 2012; Moran et al., 2008; Ladha et al., 2005; Akiyama et al., 2010; Seufert et al., 2012. 

Positive attribute 
 

Somewhat positive attribute 
 

Negative attribute, or 
unknown impact 

1. May only increase yields in areas where 
N has been a limiting nutrient, unless 
maximum yield is improved in 
conjunction with N-related crop 
characteristics. 

2. Although likely to be low-cost to 
farmers, may be expensive to develop.  

2 2 

Efficient 
fertilizers 

Fewer 
inputs 

Efficient 
crops 

1 1 
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Summary 

• There are a wide range of mitigation options for reducing N2O from nitrogen sources. Nearly all of the specific 
practices listed below have a large number of sub-practices. There are dozens of ways for farmers to improve NUE. 
While many are theoretically low-tech and cost effective, in practice there are significant barriers, including 
mitigation uncertainty, potential yield effects, and increased labor requirements.  

• Reduced nitrogen application in areas where it is currently over applied and using the right type of fertilizer in the 
right time and place are the most promising options. Decision support tools help to enable these interventions. 

• Research into improving crops has significant long term potential. 

• It is important to note that many of these practices are not complementary or “additive” –  the optimum 
combination of practices will vary locally and has not been well-studied in many regions. 
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Linquist et al., 2012. 
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Mitigation options for carbon sequestration in croplands  

Globally, croplands have great potential to sequester additional carbon. In many cases, doing so is in 
the best interest of farmers. While capturing these emissions reductions for sale on carbon markets, or 
as a way to meet policy-driven climate commitments, is challenging for many reasons (see next slide), 
these practices should still be actively pursued for other reasons including yield benefits and soil 
health.  

• Crop-related practices can be fairly easily integrated into farmers practices at low or neutral cost. Sustaining soil 
carbon is good for soil fertility, so it is generally in the farmer’s long term interest, although these practices are 
not always in their short term economic interest. Changes to crop rotations (e.g., incorporating perennials) need 
to be evaluated on a case by case basis because they can reduce the yields of target crops and thus stimulate 
land use conversion elsewhere. It is important to note that the soil carbon gains from no-tillage practices have 
come into question in recent years and are currently unresolved. 

• Management of other inputs can be effective strategies in certain localities (e.g., where manure resources 
and/or sustainable biochar feedstock and processing are available). Biochar application has the potential to 
reduce the need for water and fertilizer, and/or increase productivity. 

• Landscape level changes offer the greatest soil carbon sequestration potential on a per hectare basis. 
Restoration of organic soils and degraded lands are beneficial strategies that either provide high carbon value 
(organic soils) and/or can help generate increased yields (degraded soils), though they may not be cost effective. 
Agroforestry can be very beneficial in some circumstances, though, depending on the system, it may reduce 
yields.   
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Crop-related practices 
Management of other 

inputs  
Landscape level changes 

• No-tillage  
• Residue management 
• Changes to crop rotations  

• Manure management 
• Biochar 
• Irrigation management  

• Agroforestry 
• Restoration of organic soils  
• Restoration of degraded lands 
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Mitigation options for carbon sequestration in croplands 

There are many agricultural practices that can be adopted on global croplands that have the 
potential to increase the amount of carbon sequestered in soils, creating carbon sinks. Although 
the technical mitigation potential for soil carbon sequestration from croplands and grazing 
lands, as well as the restoration of degraded lands and cultivated organic soils, is likely very high 
(IPCC AR4 estimated the technical potential to be ~4,900 – 5,300 Mt CO2e yr-1), these estimates 
are highly uncertain. Further, the economic potential is much lower and a number of 
complicating factors make this mitigation opportunity less promising than it once seemed. Key 
issues include: 

Saturation – The world’s soils are a very significant carbon stock – as much as 1,500 Gt of soil organic carbon 
(C) is stored to a depth of one meter. Soil organic carbon content varies greatly depending on the soil type and 
generally corresponds to color (dark, clay like soils have high carbon content while light, sandy soils have low 
carbon content). All soils have a natural saturation point at which they cannot sequester additional carbon; 
thus annual soil carbon sequestration capacity diminishes over time. Furthermore, some (low carbon density) 
soils do not have a large capacity to store carbon.  

Permanence – Soil carbon stocks are reversible. A change in cropland or grazing land management can 
create a positive or negative flux. Thus, even when carbon has been sequestrated, there is no guarantee that it 
will stay in the soil. A change in land management practices can lead to lost soil carbon and, further, weather 
can have a large and unpredictable/uncontrollable impact on soil carbon fluxes.  

Leakage/displacement – Soil carbon sequestration can be enhanced by better treatment of organic 
agricultural materials such as crop residues and manure. However, these resources have many other potential 
uses (e.g., used as animal fodder, applied to other fields, used as an energy source, or turned into biochar). It 
is difficult to understand the counter-factual in many of these practices, or determine optimal use of organic 
resources. (Still, anything is better than burning crop residues or dumping manure in local watersheds.)  

Verification – It is difficult and costly to measure carbon sinks and ensuring effectiveness requires years of 
monitoring and verification.  

Scientific certainty – There is on-going scientific debate and uncertainty regarding the sequestration 
potential of a number of mitigation practices including no-tillage and biochar.  
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Crop-related mitigation options 

  Tillage Crop residues  Cover crops 
No summer 

fallow 
Perennials 

Diversify crop 
rotations 

Description 

In No-till (NT) situations, crops 
are seeded directly into the 
previous season's stubble, 

disturbing soil only enough to 
plant the seeds. Conservation 
tillage takes various forms: 1) 
Reduced-till: crops rows are 

not tilled every year; 2) Strip-
till: only the seed row is tilled;  

3) Mulch-till: residue is 
retained and spread out. All 
options minimize plowing 

which releases carbon. 

Crop residues, 
such as the 

stalks, straw, and 
leaves left over 
after crops are 
harvested, are 

left on 
croplands. They 

help reduce 
decomposition 

rates and hold in 
soil carbon. 

Winter crops keep 
vegetation on soils 

and thus reduce 
erosion. Winter 
cover crops are 

typically grown in 
combination with 

main summer 
annuals, such as 

corn, soybean, and 
spring cereals. 

Summer fallow is 
the practice  of 

leaving cropland 
unplanted for a 
summer, often 
practiced every 

2nd or 3rd year for 
water 

conservation 
purposes. 

Incorporating 1-3 years of a 
perennial crop (often alfalfa or 

grass hay) into annual crop 
rotations can increase soil C 

because perennial crops tend to 
allocate a relatively high 

proportion of C underground and  
have greater number of days/year 
of active plant productivity (more 

biomass production).  

Include more crops with 
greater soil C sequestration 

potential by: 1) replace 
some planting of the main 
crop with a different crop 
(diversification) or, 2) add 

another crop within an 
annual cycle 

(intensification) 

Mitigation 
potential per 

hectare 
(tonnes 

CO2e/ha/yr) 

Range: 1.28-2.24 (West and 
Post, 2002); reduced till is less 
effective than NT; best results 

when combined with other 
agronomic practices; highest 
potential in U.S., Canada and 

South America 

Range: 0.1-9.25  

Range: 0.37-3.24 
(U.S. T-AGG); 

Highest rates are in 
warm-winter 

locations, such as 
CA and GA 

Range: -0.88-2.35 
(U.S., T-AGG); Not 
always effective 
when combined 

with Consrv. Till or 
where there are 
water shortages; 

best when 
combined with NT 

Range: 0-4.67; can be difficult to 
distinguish from tillage-reduction 

efforts 

Range: 0.15-4.62; crops 
with greater biomass 

production usually have 
higher soil C sequestration 
potential; can take 8+ years 

to take effect 

Increased 
productivity? 

Yes Yes Positive 
Neutral; 

potentially 
negative 

Potentially negative, high water 
demand can lead to lower yields in 

later years 
Yes 

Cost Low cost  Low cost  

Cost of planting is 
generally not 

recouped because 
the crop is typically 

turned under before 
it can be harvested 
to make room for 
the primary crop 

Can be a cost 
burden for the 

farmer if there is 
an opportunity 
cost associated 
with the fallow 

period 

Can be costly to the farmer if 
switching crops does not provide 
equivalent revenue opportunity 

Can be costly to the farmer 
if switching crops does not 
provide equivalent revenue 

opportunity 

Risks / 
tradeoffs 

Low risk, can lead to increased 
N2O emissions in colder 

locations (such as the U.S. 
northeast) 

Low risk, though 
there is often 

competition for 
crop residues 

Low risk, might 
require higher 

water use in drier 
areas 

Can cause a 
reduction in soil 

moisture and 
cause nutrient loss 

Can require increased water 
demand–not good for arid regions; 

changing crop rotations can shift 
production of primary crop 

elsewhere, potentially causing 
indirect land use change 

Changing crop rotations can 
shift production of primary 
crop elsewhere, potentially 

causing indirect land use 
change 
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Carbon sequestration – crop-related options 

Although many soil carbon sequestration practices can be applied to a large number of 
hectares and therefore have a large greenhouse gas mitigation potential, there are 
important trade-off considerations. Saturation and reversibility are challenges all soil 
carbon practices. Specific crop practices, such as incorporating more perennials into crop 
rotations, may displace primary crops and move them elsewhere, potentially causing 
indirect land use change.  
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Positive attribute 

Somewhat positive attribute 

 

Negative attribute, or unknown 
impact 

Symbols within the cells align 
with this common color 
scheme (i.e., symbols and 
colors convey the same 
information).  
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  Input management Landscape level changes 

  
Manure 

management 
Irrigation 

management 
Biochar Agroforestry Histosols 

Degraded land 
restoration 

Description 

Livestock manure is 
used as a soil 
amendment to 
fertilize croplands 
and pasture; using 
organic 
amendments 
instead of 
commercial 
fertilizer will result 
in fewer upstream 
and process 
emissions. 
 

Increasing 
irrigation 
efficiency may 
sequester soil 
carbon by 
increasing crop 
production or 
reducing soil 
erosion; N2O 
reductions also 
look promising. 

Biochar  is produced by pyrolysis 
(the incomplete combustion of 
biomass into charred organic 
matter). Biochar can increase soil 
C via three mechanisms: 1) By 
storing recalcitrant C in biochar 
soil amendments; 2) By 
stabilizing existing C in the soil; 
3) By increasing biomass 
production aboveground; 
biomass sources include: milling 
residues, crop residues, urban 
municipal wastes, animal 
manure, and logging residues. 

An intensive land 
management system that 
combines trees/shrubs 
and crops and/or 
livestock.  There are five 
basic types of 
agroforestry: windbreaks, 
alley cropping, 
silvopasture (trees 
planted on grazing land), 
riparian buffers, and 
forest farming. (Generally, 
alley cropping, 
silvopasture, and forest 
farming have higher rates 
of sequestration). 

Between 10 and 15 Mha 
in the U.S. are classified 
as histosol or organic 
soils (peat), mostly in 
MI, WI, MN and FL; they 
are a unique soil type 
containing at least 20-
30% organic matter by 
mass in the first 40 cm. If 
histosols are removed 
from agricultural 
production, avoided CO2 
emissions = 21tC/ha/yr. 

A large proportion of 
agricultural lands have 
been degraded by 
excessive disturbance, 
erosion, organic matter 
loss, salinization, 
acidification, etc. Carbon 
storage can be partly 
restored by practices 
that reclaim 
productivity, including 
re-vegetation, applying 
organic amendments 
(manure), reducing 
tillage, and retaining 
residues. 

Mitigation 
potential per 

hectare 
(tonnes 

CO2e/ha/yr) 

Range: 0.18-5.10; 
manure application 
to soil can help hold 
in soil carbon, can 
also displace 
synthetic fertilizers 

Range: 0.075-
0.42; increased 
irrigation could 
require increased 
energy to 
transport water 
to crops 

Range: 0.84-4.23 (U.S., T-AGG); 
potential to sequester 1,800 Mt 
CO2/year globally 

Range: 0.84-4.23 (U.S., T-
AGG) 

Range: 2.20-73.33 (U.S., 
T-AGG) 

High potential 

Increased 
productivity? 

Yes Yes Uncertain Yes 

No, histosol 
management usually 
means returning soil to 
native vegetation 

Yes, but restoration 
does not definitely 
mean that crops are 
planted 

Cost Low cost Medium cost Medium to high cost Medium cost High cost High cost 

Risks / 
tradeoffs 

It is important to 
consider how the 
manure would have 
been otherwise 
used 

Could require 
increased energy 
from 
transporting 
water 

High risk, a high quality process 
must be used to achieve 
mitigation benefits; competing 
uses for feedstocks need to be 
considered; the pyrolysis process 
can be energy intensive; some 
studies show that biochar 
increases acidity levels in soils  

There is a potential 
leakage issue if some crop 
area is shifted out of 
production; impacts on 
N2O and CH4 are not well 
known 

Could negatively impact 
food production when 
shifting histosols from 
cropland to native 
vegetation – though the 
leakage would likely 
result in net GHG 
benefits given the 
carbon density of 
restored histosols 

Need to consider what 
degraded land would 
otherwise be used for 
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Sequestration options requiring other changes to agricultural 
systems 
These carbon sequestration options hold great promise, but all have limitations. Restoring 
degraded or organic soils is generally a no-regrets strategy, but is costly. Agroforestry can 
have multiple benefits, but the overall production impacts (i.e., leakage) need to be 
carefully evaluated. Biochar is promising, but needs more standardization and research.  
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Geography of grazing land soil carbon mitigation opportunities  
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Sudan and 
savanna lands 

China 

Because regional opportunities for grazing land soil sequestration remain poorly 
characterized, they have not be assigned a specific mitigation potential range. 

Significant overgrazing of 
western grazing lands could 
be in part restored through 
better management 
practices. 

Opportunity for better 
grazing management to 
maintain vegetation and 
primary productivity. 

Some opportunities exist for 
more intensive management 
of pastures in wetter areas; 
extensive rangelands in drier 
areas could benefit from 
changes in stocking rates and 
erosion control 

Over grazing and poor 
management has led to soil 
carbon depletion.  Better 
management practices could 
significantly improve 
productivity and reduce 
deforestation pressure. 

Brazil & 
Amazon 

basin 

North 
America 

Large areas of grazing 
land needs to be 
maintained and in some 
areas better-managed. 

Australia 

Large rangelands need 
to be managed and 
maintained; significant 
area of current activity Argentina 
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Options for sequestering soil carbon in grazing lands 

Current and historic grazing practices have led to the depletion of soil carbon 
stocks across much of the globe, both on extensive rangelands and (in some 
places) on more intensively-managed pasture lands.  Fortunately, a number of 
practices are being shown to both sequester carbon and enhance the primary 
productivity of grazing lands under the right conditions.   

These practices include: 

• Managing grazing intensity – Including managing stocking rates, timing, and 
livestock rotation to increase productivity. 

• Species introduction – Including introducing grass species with higher 
productivity or deeper roots, and introducing legumes to provide additional 
nutrients. 

• Addition of nutrients and/or irrigation – The addition and appropriate 
timing of nutrients (compost, nitrogen fertilizer) or irrigation can increase 
the primary productivity of grazing lands. 

• Fire management – Reducing the frequency and intensity of fires, 
vegetation management, and timed burning. 

72 Source: Conant et al., 2002; Herrero et al., 2013; Soussana et al., 2013; T-AGG 2010; interviews. 
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Key insights for sequestering soil carbon in grazing lands 

Effective grazing land management can reverse soil carbon losses under the 
right conditions, especially in temperate and tropical regions.  However, these 
practices require land managers to adopt new and often ongoing practices to 
maintain soil carbon and land productivity. 

 

Many of these practices will lead to enhanced forage production and direct 
economic benefits to animal holders, creating net positive financial incentives 
in many cases.  Once grazing land is restored, the land can often support (with 
proper ongoing practices) higher stocking rates than previously was possible. 

 

The potential for management and restoration depends on the current 
conditions of the land. Well-managed land will have little additional storage 
potential (but should be protected from future losses), while some land has 
been degraded beyond the point of cost-effective rehabilitation. 

  

73 Source: Conant et al., 2002; Herrero et al., 2013; Soussana et al., 2013; T-AGG 2010; interviews. 
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74 Source: Conant et al., 2002; Herrero et al., 2013; Soussana et al., 2013; T-AGG 2010; interviews. 

 

Grazing land management to increase soil carbon sequestration 

  

Grazing intensity Species introduction 
Addition of nutrients 

and/or irrigation 
Fire management 

Description 

Managing stocking rates, 
timing, and livestock 
rotation to increase 

productivity; potential 
varies by region and 

current land condition 

Introducing grass species 
with higher productivity 

or deeper roots; 
introducing legumes to 

provide additional 
nutrients 

The addition and 
appropriate timing of 
nutrients (compost, N 

fertilizer) or irrigation can 
increase the primary 

productivity of grazing 
lands 

Reducing the frequency 
and intensity of fires, 

vegetation management, 
and timed burning. 

Mitigation potential 
Soil carbon sequestration 
can be significant under 

the right conditions 

Soil carbon sequestration 
can be significant under 

the right conditions 

Soil carbon sequestration 
can be significant under 

the right conditions 

Soil carbon sequestration 
can be modest under the 

right conditions 

Increased 
productivity? 

Yes Yes Yes Yes 

Cost 
Moderate cost, but 

increases in productivity 
can offset some costs 

Moderate cost, but 
increases in productivity 

can offset some costs 

Moderate cost, but 
increases in productivity 

can offset some costs 
Cost varies 

Risks / tradeoffs 
Requires knowledge and 
implementation of new 
management systems 

Requires ongoing 
management 

Needs to be managed to 
avoid a net increase in 

N2O and other emissions 

Can have other ecosystem 
impacts 
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Summary: grazing land soil carbon 
 Under the right conditions, these mitigation options offer no-regrets strategies that both 

sequester soil carbon and increase the productivity of livestock operations. 

 

75 Source: Conant et al., 2002; Herrero et al., 2013; Soussana et al., 2013; T-AGG 2010; interviews. 
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Agricultural supply chain emissions account for ~1,900 Mt CO2e/ yr 

Emissions associated with the agricultural supply chain amount to roughly 1,900 MtCO2e1. Most of 
these emissions are captured in non-agriculture sections of emissions inventories (e.g., transportation, 
energy).  

   

77 
Sources: Vermeulen et al., 2012; Bellarby et al., 2008; Chen et al., 2010; Smith et al., 2007; Gerber et al., 2006; Lal 2004; Van Oost et al., 
2012; Weber et al., 2008; Wakeland et al., 2012. 
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Developed countries have larger supply chain emissions; 
developing countries are moving in this direction 
• Supply chain emissions can include everything from 

fertilizer production to energy used in home food 
preparation. 

• Globally, the greenhouse gas emissions from the 
food supply chain are poorly characterized. 

• Using conservative assumptions, CEA estimates 
that 18% of global agriculture chain emissions 
originate from pre- and post-production (not 
including land use change). 

• In developed countries, non-production 
emissions may constitute 15-60% of total food-
related emissions.1,2 The percentage is likely to 
be lower in developing countries. 

• As incomes rise in developing countries, supply 
chains will start to resemble those of developed 
countries.  Emissions from manufacturing and 
packaging, cold chains, and catered meals are all 
likely to increase significantly.3 
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Source: 1. Garnett 2011. 2. Weber  & Matthews 2008. Garnett finds that 60% of emissions originate from non-production 
activities in the UK food system, whereas Weber et al. find that 16% of emissions from U.S. food originate from transportation and 
wholesaling and retailing, with the remainder from “production”. 3. CCAFS website. These increases may be offset by a decrease 
in black carbon emissions from home cook stoves, and a potential shift away from carbon intensive energy sources and 
transportation fuels. 
 

Supply chains account for 60% of food 
chain GHG emissions in the UK1  
Land use change emissions not included 

In developed countries such as the UK, non-
production activities contribute significantly to 
total agricultural supply chain emissions. 
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Supply chain mitigation potential is on the order of 800 Mt CO2e 
per year 

• Supply chain emissions could be reduced 770 MtCO2e per year by 2030 by 
decreasing energy use, according to published estimates.1 

• In many cases, supply chain emissions can be most effectively addressed in the context of 
the energy, building, transportation, or industrial sectors (which is where these emissions are 
usually counted in GHG inventories.) 

• Efforts to reduce emissions from the supply chain must be managed carefully. 
Making processes more efficient can drive down costs and increase their use 
(Jevon’s Paradox). 

79 Source: 1. Smith et al., 2007 
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Fertilizer production: emissions can be cut in half 

Fertilizer production (emissions: 282-575 MtCO2e/ year)1 

• Fertilizer production has a high technical mitigation potential. According to Bellarby et al., 2008, 
emissions from fertilizer production could be reduced from 280 Mt CO2e per year to 120 Mt CO2e 
per year through greater efficiency in ammonia plants, introduction of new nitrous oxide 
reduction technology, and other energy-saving measures. This estimate may be conservative, as 
an in-depth analysis of China alone found potential reductions of 160 Mt CO2e per year by 2030, 
below a business as usual scenario, from improved manufacturing technologies.2 

• Significant reductions can be achieved by switching from the use of coal to natural gas in the 
production of ammonia, which is an important feedstock in fertilizer manufacture and is 
responsible 87% of the industry’s energy consumption. China is the most important geography for 
coal-powered fertilizer production. 

 

80 
Source: 1. 2007 estimate. Bellarby et al., 2008; Vermeulen et al., 2012. 2. Zhang et al., 2012. Note that this estimate assumes a 
fairly aggressive reduction in emissions from coal energy generation. 3. Kool  et al., 2012. 
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On farm equipment and irrigation: various opportunities 

On farm equipment (Emissions: 150 MtCO2e per year) 1 

• On farm emission sources include farm vehicles, spray planes, lighting, boilers, greenhouses, 
heating and cooling, insulation, and milking machines. 

• Mitigation opportunities center around more efficient energy use, cleaner engines and motors,  
and sourcing energy from renewable sources. Assuming that the mitigation potential is 
comparable to the mitigation potential of industry generally, ~30 Mt CO2e per year could be 
reduced from these activities.2 Because farm machinery tend to be kept for many years, there is 
significant opportunity to shape future on farm equipment emissions in developing countries as 
they transition to more industrialized agriculture. 

 

Irrigation (Emissions: 53 - 684 MtCO2e per year.)3 

• Practices that can mitigate emissions from irrigation include more efficient pumps, less carbon 
intensive power sources for pumps, and fewer transmission and distribution losses in the 
irrigation system.4 

• Greater efficiency also risks potentially driving down costs and ultimately increasing usage and 
overall emissions. The overall mitigation potential of agricultural water use is unknown. 

• Freshwater is a precious resource, and one likely to become increasingly scarce in many 
geographies. The need for parsimonious water use must be balanced carefully with the desire to 
reduce emissions. For example, drip irrigation is much more energy intensive than flood irrigation, 
yet may be environmentally preferable in some cases. 

 

81 
Source: 1. Bellarby  et al., 2008 ; 2. CEA estimate using assumptions derived from “Design to Win” (CEA 2008);  3. Bellarby et al., 
2008; 4. Rothausen & Conway, 2011 
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Cold chain: high potential, but questions remain 

Cold chain (490 Mt CO2e per year)1 

• Nearly 500 Mt CO2e per year is emitted from the cold chain, the systems that are used to keep 
food chilled or frozen until it is ultimately consumed. 40% of food requires refrigeration.2 

• Technically, emissions could be reduced by 20-50% using technologies such as more efficient retail 
displays, storage methods, and transportation.2 However, greater efficiencies risk driving down 
costs, which is likely to increase usage and, thus, emissions. This effect is particularly likely in the 
developing world, where the cold chain can still expand significantly. 

• As incomes rise, an increasingly large percentage of food will utilize the cold chain. This shift will 
occur in conjunction with dietary changes, such as increases in meat consumption and 
consumption of perishables, such as greens and berries.3 

82 Source: 1. Vermeulen  et al., 2012.; 2. James & James 2010, 3. Garnett 2011. 

Top 10 mitigation opportunities in the UK cold chain2 
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Processing, packaging, and transportation: moderate potential 

Vermeulen et al., 2012 estimates that emissions from storage, packaging, and transport total 400 
MtCO2e per year (2012), though this estimate may include some overlap with cold chain emissions.1 

• Storage/ processing: Emissions from storage and processing include CO2 from combustion in 
cookers, boilers, furnaces, machinery required for meat processing, and facility energy use, and 
CH4 and N2O from wastewater systems. Like all steps in the supply chain, processing can also 
generate emissions in the form of lost or wasted food. Opportunities to improve efficiencies from 
these systems are likely to be significant; for example, food processing waste might be used to 
generate energy using anaerobic digestion. 

• Packaging: Packaging emissions originate from energy used in the packaging process, the creation 
and disposal of plastics, deforestation to produce paper products, etc. Mitigation measures 
include eliminating unnecessary packaging, light weighting, and bulk importing. Technical 
mitigation potential is moderate, but realistic mitigation potential may be relatively low: 
packagers are already incentivized to reduce packaging to reduce costs, whereas individualized 
portions and excess packaging may increase the unit value of products and can confer an 
advantage on store shelves (by increasing perceived size). 

• Transportation: Food related transportation emissions account for roughly 70 MtCO2e per year,2 
though if the global agricultural transportation system was as emissive as the US system, 
agriculture system transportation emissions would be 213 - 578 Mt CO2e per year.3 The mitigation 
opportunity for transportation lies in shifting to hybrid, natural gas, electric, and more fuel 
efficient vehicles or more efficient modes of travel (e.g., boat rather than plane), localizing food 
systems, driver training for fuel-efficient driving, information technology to enable more efficient 
route planning and driving, vehicle sharing, and backhauling.4 Technically, transportation overall 
can achieve a 30% reduction from 2030 emissions5, yielding a mitigation potential of ~25 Mt CO2e 
per year. 
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1. Estimate derived by scaling up Chinese emissions  from these activities to the rest of the world. 2. CEA analysis  utilizing Borken, 
Kleefield  et al., 2010; it was assumed that  food is responsible for 10% of freight emissions. 3. CEA analysis of Weber & Matthews, 
2008 and Wakeland et al., 2012. 4. Garnett 2011. 5. CEA 2008 
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Retail, catering, food management, and waste: high potential 

Together, retail activities, catering, and domestic food management are estimated to 
produce emissions on the order of 450 Mt CO2e per year, though this estimate may 
include some overlap with cold chain emissions.1 Most of the mitigation potential lies in 
more efficient appliances and adoption of best management practices. 

• Retail activities, catering, and domestic food management (380 Mt CO2e per year): 
emissions from markets, grocery stores, restaurants, and other food preparation 
establishments are largely related to building energy use. The most promising 
interventions are retrofits to building envelopes, more efficient temperature 
regulation systems, as well as shifting from high-emission temperature-regulation 
sources (oil) to lower emitting ones (natural gas, geothermal). Technically, buildings 
overall can achieve a 30% reduction below emissions from a business as usual 
scenario by 20302, yielding a technical potential of ~100 Mt CO2e per year.  

• Waste disposal (70 Mt CO2e per yr): When organic material is placed in a landfill or 
other place where it decomposes anaerobically it produces methane. Compost 
programs are the most proven mitigation opportunity. Other options include 
vermicomposting and waste to energy systems. Technically, nearly all of these 
emissions can be avoided, but in practice it can be difficult to separate food from 
trash, and some of the available options are unlikely to be economical unless 
incentives are aligned. 

84 Source: 1. Vermeulen  et al., 2012. 2. CEA 2008 
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• New demand will be met either by improving yields on land that is already cultivated 
(intensification), or by converting new lands into agriculture (extensification).  

• The following graphs are stylized models used to conceptualize intensification vs. extensification.  
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Meeting additional agricultural production 
• Whether increased production is met by increased yields (graph C) or increased land (graph D) will 

depend on the price and availability of land relative to the price and availability of improved yield 
technologies. These trade-offs can vary greatly by locality.  

• Because agricultural markets are largely global in nature, production can shift to those places 
where land or yield-increasing technologies are the cheapest.  

• Increased emissions are associated with both increases in yield (e.g., increased fertilizers) and 
bringing new land into production (e.g., deforestation). However, the latter option almost always 
causes greater emissions, especially in tropical regions.  
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Trade-offs: Intensification vs. extensification  

• Land conversion (extensification)  
• Although intensifying agricultural production systems typically leads to higher 

emissions per ha, it generally reduces emissions per unit of product. Further,  
converting forests or other natural landscapes to agricultural land tends to have a 
higher emissions profile on a per hectare basis.  

• There is also a significant loss in biodiversity and ecosystem services associated 
with the conversion of natural habitats (e.g., forests, wetlands, and grasslands) to 
agricultural lands.   

• Intensification  
• Although intensification is considered by most to be a preferable option to land 

conversion, it too has pitfalls and critics argue that intensification, even 
“sustainable intensification,” puts too much emphasis on production. Other 
valuable services of agricultural land (e.g., wildlife habitat, flood and erosion 
control, animal welfare) can be displaced by highly intensified agriculture.  

• Food security: intensification tends to concentrate economic benefit in the hands 
of a few and can threaten the livelihoods and/or means of self-sufficiency of 
smallholders.  

• Too much of a good thing: highly intensive systems can cause a host of 
environmental and health problems (e.g., freshwater pollution from concentrated 
manure storage, risk of influenzas from concentrated monogastrics, overuse of 
pesticides, genetic erosion and loss of agricultural biodiversity). 
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Historical trends in deforestation  

Historically, agriculture has been a major driver of deforestation. North America and Europe were 
largely deforested in the 1800s. Over the last several decades, deforestation rates have risen 
dramatically in South and Central America and South and Southeast Asia, though the tide seems to 
have turned in recent years in South and Central America. China was a major deforester throughout 
most of the 1900s, but has recently become a net afforester. Deforestation in Africa is steadily rising.     

89 
Source: Houghton 2008 
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The intensification of agricultural has substantially limited land 
conversion and overall emissions over the last half century 
Although agriculture has been a major driver of deforestation over the last many decades, it is likely 
that overall deforestation rates would have been much higher had it not been for agricultural 
productivity increases (intensification). While there are countless counterfactuals and variables that 
are difficult to account for (e.g., would food prices have increased and depressed consumption? would 
human populations have been kept from growing as significantly?), recent analyses have found that 
agricultural intensification may have saved as much as a 1.7 billion hectares from conversion over the 
last fifty years.1,2  Without past intensification, net agriculture and land use emissions might have been 
150% greater than current emissions. 
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1. Burney et al., 2010 estimate intensification has spared 1100-1760 Mha from conversion; however, Rudel et al., 2009 question whether yield 
improvements are linked to land sparing 2.This estimate ignores the rebound effect, which would have increase food price and mortality and decrease 
meat consumption. 3. Burney  et al., 2010. Sources: Burney et al. 2010, Mueller et al. 2012, Rudel et al., 2009, FAOSTAT 2010, (accessed 2013). 
 

• Yield increases since 1961 have 
limited growth in greenhouse 
gas emissions from agriculture. 

• Without yield improvements or 
increases in fertilizer 
application (chart on right), 
greenhouse gas emissions in 
2005 may have been several 
times higher than they actually 
were (chart on left). Note 
logarithmic scale. 

In the real world, agricultural 
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…but in a counterfactual world 
without yield or fertilizer 
application increases, emissions 
would have been much higher2 
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Future increases in crop production will continue to come mainly 
from intensification, particularly yield increases 

91 Source: Alexandratos and Bruinsma, 2012; Ray et al. 2013.  

Sources of growth in crop production, historical and projected (percent growth)  

Feeding a world of 9-10 billion people by 2050 is expected to occur through expanded production, 
increased yields, and sustainable intensification. 
• Crop yields: Cumulatively, crop yields may not continue to grow as fast as they have historically. 
• Intensification: Sustainable intensification (e.g., increasing multiple cropping and/or shortening 

fallow periods) will facilitate an expansion in harvested areas.  
• Land conversion: The bulk of the projected net land expansion is in Sub-Saharan Africa and 

Latin America, with virtually no expansion in Asia. 
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Land use change will be significant, though projections vary widely 
• The IPCC uses a suite of RCP scenarios1 associated with different levels of emissions. These 

scenarios project that total agricultural area (cropland and pasture) could increase 13% or decrease 
by 24% by 2100, depending on the assumptions used; though they all assume relatively low levels 
of deforestation, and high levels of agricultural intensification, compared with historic trends.  

• The IPCC model that projects the highest amount of new land conversion (RCP 8.5) closely matches 
the current emissions trajectory and suggests a conversion of 185 million additional hectares to 
agriculture and 300 Mha of forest loss by 2050.2 The model assumes that yield improvements and 
intensification account for most of the needed production increases. Global agricultural output in 
the scenario increases 85% by 2050, while cultivated land expands by only 12% above 2005 levels. 

• An alternative estimate by Tilman et al. 2011 projects the conversion of 200 to 1,000 Mha by 2050, 
depending on whether poorer countries increase crop production through extensification or 
through intensification and technological improvements.  
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1. The RCPs are consistent sets of projections of only the components of radiative forcing, not detailed socioeconomic narratives or scenarios. Central 
to the process is the concept that any single radiative forcing pathway can result from a diverse range of socioeconomic and technological 
development scenarios. 2. Current forested area: ~4000 Mha. Source: Hurtt et al., 2012; Tilman et al., 2011; FAO 2010; Lambin & Meyfroidt, 2011. 
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Models differ in estimates of the footprint of agriculture 

• Models tend to agree that both cereal and meat demand will grow significantly by 
2050. There is a greater level of consensus around crops than meat. 

• However, they differ in their estimates of how much land this production will require. 
Crop area is expected to increase from 6-30%;1 pasture area may change by -5% to 
+25%.  

93 
1. Smith et al. 2013 note that “models with a stronger focus on physical parameters tend to project somewhat lower growth rates 
than models with a more macro-economic orientation.” Source: Smith et al., 2013. 
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Implications of intensification as a mitigation strategy  

• There is an enormous range in future projections on land conversion to agriculture. 
We are not constrained in the near-term by the availability of convertible hectares. 
On the other hand, theoretically, we do not need to convert additional hectares. 
Agriculture could expand onto degraded land and/or intensify further than current 
projections suggest.  

• Encouraging intensification represents a mitigation strategy distinct from the 
emissions reductions approaches referred to elsewhere in this analysis. If greater 
agricultural production can occur on the same area of land (even if GHG emissions/kg 
of production remain constant), then in practice the rate of land conversion to 
agriculture and LUC emissions should be slowed. Whether or not the rate of land 
conversion slows will depend both on local dynamics as well as on the complex 
economics of the relative elasticities of production, consumption, and income effects.  

• Improving the intensity of production in regions that are currently highly inefficient 
from a land use perspective could be an important mitigation strategy.  
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Yield gains are necessary globally, but can cause negative effects 
locally 
• One theory holds that intensification globally helps to spare land and feed the world1, 

while intensification in developing countries with large forest stocks can, in some 
circumstances, increase deforestation. 

• Intensification can lead to a lower cost of production, making local agriculture more 
competitive with global agriculture and causing agricultural area to expand at the 
expense of forests. 

• Under this paradigm, the key questions for global mitigation efforts focusing on 
agriculture are: 

• Where can sustainable intensification occur without threatening forests and what sort of 
land-sparing gains could be achieved? 

• In what geographies must intensification occur in conjunction with policies that help to 
protect forests? 

• This review does not attempt to resolve the precise relationship between 
intensification and deforestation. 

 

95 1) Land sparing holds true to the extent that global agricultural demand is relatively inelastic. 
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Closing cropland yield gaps – some risk to forests 

• Foley et al., 2011 estimates that bringing yields to 95% of their potential for a set of important 
crops could increase production by 58% globally. 

• Most of the areas with the potential for significant crop yield gains are far from large forested 
areas; however, there are areas of Africa, Eastern Europe, Latin America, and Southeast Asia 
where an increase in agricultural output could put pressure on nearby forests. Note that some of the 
forested areas are mountainous and are thus unsuited for agriculture. 

• Sustainably increasing crop yields is particularly important in the tropics because, at present, it is 
on average three times more carbon intensive to cultivate a new acre of land in the tropics than in 
temperate regions.1 Intensification can help avoid putting new land into production. 

 

96 
1) This because the tropics have  both lower average productivity and higher carbon stocks. West et al., 2010. 2) Map created by 
overlaying images from Foley et al., 2011 and UN 2005.  

Forested areas are shown 
in green; arrows indicate 
areas with large potential 
to close yield gaps lie in 
close geographic 
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Closing livestock yield gaps– significant risk to forests  

• Global average non-CO2 emission intensity for all livestock commodities is 41 kg CO2e per kg 
edible animal protein. There is enormous variability in emissions intensity due to region, 
production system and type of product (see figure below). 

• Sub-Saharan Africa is a hotspot of high GHG emission intensities, due to low animal productivity 
across large areas of arid lands, the use of low-quality feeds, feed scarcity, and the common use of 
animals for purposes other than meat production (e.g., labor, financial security). 

• Areas on the edge of both the Brazilian Amazon and the Congo Basin have high emissions 
intensity per unit output; intensification in these areas has the potential to reduce pressure on 
forests. However, intensification in these areas also risks putting additional pressure on forests if it 
leads to lower production costs and, thus, higher demand.  

97 Source: Herrero et al. 2013 

Large forests 

Some of the areas with the 
largest scope for livestock GHG 
efficiency improvements– Africa 
and, to a lesser extent, Brazil 
and Argentina–are also near 
forests. Intensification in 
livestock thus runs the risk of 
putting pressure on forests.  
 
There are also significant 
opportunities to improve 
livestock emissions intensities in 
Ethiopia, the Sahel, Argentina, 
Pakistan, and Rajasthan. 
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Forests in Africa and Southeast Asia may be under pressure from 
agricultural expansion 
• While globally, we may be able to meet demand for food in the coming decades, most 

regions of the developing world will not be able to meet 2030 demand with local 
production if current productivity trends hold. These regions will be forced to import 
food from elsewhere or expand the area under production. 

• Sub-Saharan Africa is expected to fall far short of its needs, which will have important 
implications for trade balance, food security, and political stability. 

• When regional production falls short of regional demand, there is an increased 
pressure to put more land into production, at the possible expense of forests. 

98 Source: Global Harvest Initiative, 2012. 
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Models suggest that closing yield gaps spares land and emissions 

Across nearly all models, avoided deforestation accounts for the greatest opportunity in 
agricultural mitigation.  An analysis using the GLOBIUM model suggests closing yield gaps 
for crops and, especially, for livestock avoids deforestation and land use change 
emissions on the order of 100-400 Mt CO2e per year by 2050.1 Closing yield gaps also 
leads to emissions reductions from agricultural production, on a per unit basis.2 

99 

Source: 1.  Valin et al., 2013. Note that this model includes an economic component, modeling demand and trade across regions 
based on production prices and transportation costs. 2. Agricultural emissions decrease overall and on a per unit basis, though 
they are likely to increase on a per area basis. 
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Changes in livestock systems and locations can mitigate 2 Gt per year 

Avoiding livestock-driven deforestation emerges as the largest mitigation opportunity for 
intensification. Intensification of livestock production can occur primarily through a 
combination of livestock system transitions (from more extensive to more intensive) and 
relocation (from marginal lands to more efficient areas). 

100 

Source: 1. Havlik et al., 2014. Note that this model includes an economic component, modeling demand and trade across regions 
based on production prices and transportation costs. 2. Agricultural emissions decrease overall and on a per unit basis, though 
they are likely to increase on a per area basis. 

Mitigation scenarios (carbon price on certain sectors): 
M-LVS: livestock non-CO2 emissions 
M-AGR: total agricultural non-CO2 emissions 
M-LUC: land-use change CO2 emissions 
M-ALL: all agricultural and land-use change emissions 
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locations with higher efficiency. In certain 
scenarios, changes in consumption 
contribute significantly, leading to worries 
about food access for the poor. 
 
Most of this mitigation potential comes from 
avoided deforestation and land use change. 

GHG emissions abatement by source and mechanism 
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Intensification yields greater benefits when paired with 
conservation 
Multiple sources suggest that intensification is most effective when paired with effective land use 
policies and protection of high-value lands. 

• Rudel et al., 2009 finds that intensification is not associated with a reduction in deforestation at a 
national scale from 1970-2005, except in countries with grain imports or conservation set-aside 
programs.1 

• In modeling potential mitigation policy, Golub et al., 2013 finds that when GHG emissions (including 
from agriculture) is taxed in both the developed and developing world, forest carbon sequestration 
incentives for developing countries help protect forest and lead to significant emissions benefits.2 

 

Even when intensification is paired with conservation policies, questions remain about how to 
intensify “sustainably”:3 

• Intensification can contribute to the overuse of antibiotics, nutrient loading to groundwater and 
aquatic systems, poor animal welfare, and other issues. Over time, these practices can deplete the 
world’s agricultural productive capacity  through the compounded loss of soil fertility, genetic 
variability, and freshwater resources. Critics question the environmental and human impacts of 
such high-input, intensive systems. 

• Financial costs to conserve protected areas may increase over time due to agricultural productivity 
increases which may exert additional pressure.4  

• Questions remain as to whether “land sparing” or “land sharing” is best. The former divides 
agriculture and natural habitat, assuming that agricultural land is effectively sacrificed for food 
production and tries to intensify production as much as possible. The later assumes that 
agricultural land must serve multiple purposes and may not attempt to maximize yields if other 
functions can be met (wildlife habitat, etc.).  

 

101 Source: 1. Rudel et al., 2009. 2. Golub  et al., 2012. 3. Garnett  et al., 2013. 4. Phelps et al., 2013. 
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MITIGATION 

Mitigation efforts in the agricultural sector have historically focused 
on the GHG efficiency of agricultural production 
• However, reducing or shifting the composition of production within agriculture appears 

to hold the largest technical potential for mitigation, possibly through demand-side 
interventions. According to Smith et al., 2013, demand-side mitigation measures offer a 
mitigation potential from 1.5 to 15.6 Gt CO2e yr-1 by 2050, a greater potential than 
supply-side measures (1.5 to 4.3 Gt CO2e yr-1 ).1  

• Increasingly, experts who work on agricultural systems’ sustainability are calling for 
greater investigation into demand side interventions, including:  

• Reduce biofuel demand for food crops – There is little interest in lowering the overall 
demand for food when millions of people do not have reliable access to food. However, in some 
developed countries, lowering overall food demand might be possible. Furthermore, biofuels 
policy has led to significant increases in the demand for agricultural crops. Demand from 
biofuels is largely policy driven; on-going demand for biofuels should be carefully controlled or 
even dramatically reduced.   

• Shifting consumption to lower-carbon products – The carbon intensity of food items 
varies enormously. Beef and dairy are very high-carbon products, and consumption of these 
commodities is growing rapidly in developing countries. Efforts to reduce meat consumption in 
developed countries, curtail its growth in developing countries, or shift production toward non-
ruminants (chicken, fish) should be explored.  

• Reducing waste in the food system – In the energy and transportation sectors, there has 
been a tremendous amount of attention placed on improving the systems’ efficiency (e.g., 
building energy efficiency, appliance efficiency standards, fuel efficiency of vehicles). A 
comparable effort has not been initiated in the agricultural sector, but is desperately needed as 
food waste across the supply chain is as much as 40% in most countries.2 

103 Source: 1. Smith et al., 2013.  2. Godfray et al., 2010.  



MITIGATION 

Reducing biofuels demand for food crops  

Efforts to generate a meaningful percentage of global energy from biomass 
threaten to either reduce food production, lead to large-scale land use change, 
or both.  

• As of 2010, roughly 3% of the world’s crops were used to make biofuels (using global average yield), 
and provide about 2.5% of today’s global transportation fuels.  

• Governments of some of the largest consumers of transportation fuels have adopted policies 
designed to produce at least 10% of transportation fuels from biofuels by 2020. Assuming the same 
mix of biofuels crops as today, 15% of the world’s harvested area would be required as feedstock in 
2020 to meet the 10% fuel goal; and high energy crops require high quality land.  

• If all of the world’s crops in 2010 were used for bioenergy, they would provide only 14% of the 
world’s primary energy consumption in 2010.  

• Crop residues may provide an alternative source of biofuels that does not compete for agricultural 
lands. However, crop residues have many alternative uses, primarily as fodder for livestock. Those 
that are left on the land serve a role in maintaining soil carbon and crop productivity.  

• There may, however, be an opportunity to replace fossil fuel energy with bioenergy that is not 
generated from food crops (e.g., straw, dung, forest thinning), or that are grown on degraded lands.  

104 
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If done correctly, bioenergy can provide net mitigation benefits 

Despite limitations, bioenergy is expect to grow and may have significant potential to 
reduce emissions, on the order of 0.7 - 1.3 Gt CO2e per year, although this potential is 
not well understood and there are a number of competing considerations, such as food 
security and pressure on natural habitats1. At present, modern biomass energy accounts 
for 50 EJ of total primary energy consumption, about 10% of total energy demand.2 
Some estimates suggest that biomass could provide 100-300 EJ of energy per year by 
2050, about 7-20% of a total demand of 1,500 EJ.3 

 

• The first generation of liquid biofuels is made from sugars and vegetable oils found in widely-used 
crops such as corn, sugarcane, cassava, and palm oil. Despite significant growth in recent decades, 
the history of first generation biofuels is checkered by questions about effects on food security and 
carbon benefits. Second generation biofuels are currently under development and are just 
beginning to reach commercial scale. These fuels will be made from grass and wood feedstocks 
that have traditionally been hard to process into a usable form. 

• Second-generational biofuels can offer a relatively clean alternative to fossil fuels used for 
transportation. At present, biofuels provide about 2% of global transport fuel.1 The IEA projects 
that biofuels will provide a fourth of total transportation fuel by 2050, with second generation 
biofuels comprising 90% of that total.2 

• Biomass and renewable waste electricity generation is expected to increase from 270 to 825 TWh 
per year  by 2030, going from 1 to 2.5% of global electricity.1 When linked to mitigation measures 
such as carbon capture and storage, biomass energy has the potential to be a ‘carbon negative’ 
energy source. 

• Although sustainable forms of bioenergy do present promising mitigation opportunities, real 
caution needs to be employed in developing these markets to ensure that bioenergy doesn’t 
compete with food security, put undue pressure on natural habitat, or cause indirect land use 
change. 

 

105 Source: 1. Arvizu et al., 2011. 2. Fairly 2011. 3. Eisentraut 2010.  
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Shifting consumption to lower-carbon products 

The carbon intensity of food items varies dramatically. Meat and dairy are the most 
carbon intensive sources of calories and protein.  

Source: Gonzalez et al., 2011 
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Per capita meat consumption is highest in developed countries  

107 Source: FAOSTAT 
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But meat consumption is expected to rise in tandem with incomes 

As incomes rise, people consume more meat. A historical review of the drivers of dietary 
trends around the world found that the strongest indicator of meat consumption is 
income.1    

108 Source: 1. Tilman et al., 2011. 2. FAOSTAT and UN Data  
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East and South Asia will see the greatest growth in meat and dairy  

Vegetable oils and animal products are expected to grow more than any other agricultural 
product category, with rising consumption from East Asia, South Asia, and Sub-Saharan 
Africa driving growth. Across staples such as cereals, roots, and pulses (legumes), Sub-
Saharan Africa accounts for the majority of growth. 

Source: Alexandratos & Bruinsma 2012. 
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Four countries consume over half of the world’s meat  

The volume of meat consumed in China and 
its rapid growth trajectory over the last 
twenty years is particularly notable. Per 
capita consumption in China has grown 
from 25 kg yr-1 in 1990 to 55 kg yr-1 in 2010 
and is expected to grow to 93 kg yr-1 by 
2050, according to IFPRI.  

Source: FAOSTAT & UNDATA (2013) 
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There is increasing attention to the GHG mitigation potential of 
changing dietary patterns 
There is an emerging body of literature that is examining the mitigation potential of 
shifting dietary patterns. The scenarios described in Popp et al., 2010 are shown below. 
This paper concludes that the greenhouse gas mitigation potential of reducing the 
consumption of animal products (decreased meats, 11 Gt CO2e) is much greater than 
supply-side mitigation potential (increased meat + mitigation, 5.5 Gt CO2e), when each 
are compared with our current trajectory (increased meat).  

Source: Popp et al., 2010. The scenarios described in this paper use a land allocation model (MAgPIE) coupled with a global 
vegetation model (LPJmL). 
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Changing diets is one of the most significant mitigation 
opportunities 
Stehfest et al., 2009 calculated that a shift to a meatless diet could result in greenhouse 
gas savings of 6.4 Gt CO2e by 2050, compared with a business as usual scenario. A shift to 
a “healthy diet”1 would reduce emissions by 4.3 Gt CO2e compared with baseline.  

112 
Source: Stehfest et al., 2009 Smith et al., 2013. These scenarios were generated using an integrated assessment model (IMAGE 
2.4). 

11.9, baseline – all agriculture and land use 
emissions in a base case scenario (including soil 
carbon sequestration)  

7.6, healthy diets – the global population adopts a 
diet based on recommendations from Harvard 
Medical School 1 

6.1, no ruminants – all ruminant meat is substituted by 
plant-based products  

4.1, no animal products – all animal products, including 
eggs and milk, are substituted by plant products  

Agriculture and land use 
emissions scenarios 

G
t 

C
O

2
e 

/ 
ye

ar
 

5.5, no meat – all meat is substituted by plant-based 
products 

1) A “healthy diet” prescribes daily protein intake as: 10 
g beef, 10 g pork, 46.6 g chicken and eggs, 25.6 g fish, 
for a total of 90 g per day. This diet leads to higher 
meat intake than in the reference case for some 
developing countries. Although these levels of meat 
consumption are notably lower than the current global 
average. 



MITIGATION 

Food waste: how much is being wasted?  

Between 25-40% of global food production goes to waste at various points in the supply 
chain in both the developed and developing world.1,2  

• In the developing world, losses are mainly due to lack of sufficient food-chain infrastructure 

• In the developed world, losses are more likely to be incurred by end consumers  

• On a per capita basis, North America and Oceania stand out from other regions, wasting about 
1,500 kcal per person per day from farm to fork (vs. 748 for Europe, the next most wasteful 
region)  

Source: 1. Godfray et al., 2010. 2,3. Lipinski et al., 2013. 
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Food waste: what is being wasted and what is the mitigation 
potential?  
Cereals comprise the greatest share of losses by calorie, while fruits and vegetables comprise 
the greatest share of losses by weight. Although meat is responsible for a relatively low 
percentage of losses by calorie and by weight, given the outsized environmental footprint of 
meat, it should receive at least as much attention as the other commodities.  

Solutions for addressing food waste have been documented and include investments into 
harvesting, processing, and storage technologies in developing countries (primarily) and 
education, taxation, and retail measures in developed countries (primarily).  

Although the extent of food waste has been well documented in recent years, mitigation 
potentials has not been comprehensively studied. Smith et al., 2013 estimate the GHG 
reduction potential of food supply chain losses and waste to be 0.76 – 1.5 Gt CO2e yr-1 by 2050.   

 

Source:  Lipinski et al., 2013.  
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The cost of mitigation in the agriculture sector 

• Cost data for mitigation in the agriculture sector is extremely limited, and few cost 
curves have been published to date either for the globe or by region 
o The couple global cost curves are likely out of date (US-EPA 2006, McKinsey 2009), and the best-

known McKinsey cost curve does not disclose its assumptions. 

o There are several newer country-focused cost curves (UK, France, China), as well as work currently 
underway by the FAO to produce a global cost curve for the livestock sector. 

o A word of caution: research suggests abatement curves may not be very robust. A CEA comparison, 
for example, between two UK cost curves revealed significant differences in the highlighted 
interventions, the abatement of individual practices, and the overall mitigation potential. In fact, 
there was a 5-fold difference in the overall mitigation potential, largely due to the inclusion of 
organic soil and degraded land restoration in one analysis but not the other. 

• Mitigation options and costs will vary significantly by region due to: 
o Variation in local natural resources, the maturity of local markets / distribution chains, and 

willingness of national/local govts to subsidize, promote, and regulate mitigation practices 

o Variation in what practices have already been implemented in regional agriculture systems 

• However, there are a few themes regarding relative cost and potential size of the 
mitigation options: 
o Nutrient/fertilizer  management on croplands is low or often negative cost, with moderate relative 

mitigation potential 

o Grasslands management is generally low/moderate cost with relatively significant relative mitigation 
potential 

o Methane flaring or digestion is generally moderate cost with relatively significant relative mitigation 
potential 

o Livestock supplements/additives to reduce enteric fermentation are generally “high cost” with small 
relative mitigation potential 
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EPA estimates 600 Mt CO2e yr-1 mitigation potential 

• EPA estimates that agriculture globally has a mitigation potential of 600 Mt CO2e per year by 
2030, with roughly 400 Mt CO2e per year realizable at low or negative cost.1 This estimate is 
significantly lower than CEA’s estimate of a global technical mitigation potential of more than 
1600 Mt CO2e/yr, not including sequestration (the EPA study includes a limited amount of 
sequestration.) 

117 
1. The study primarily utilizes the IMPACT and DNDC models to perform a cost analysis in which practices are assumed to be 
adopted when benefits (such as yield increases or payment of sequestration) outstrip costs. Source: EPA 2013 

600 

Global 2030 mitigation abatement curve for 
agricultural GHGs 

• About half the EPA mitigation potential (300 Mt) is 
in livestock; EPA estimates that 10% of 2030 
livestock emissions can be mitigated (compared to 
15-40% estimated by CEA and Gerber), with 
antimethanogen vaccine, anaerobic digesters, and 
propionate precursors accounting for about three 
fourths of the livestock mitigation potential. 

• Global abatement potential from rice is estimated at 
~160 Mt (30% of rice emissions), 80 Mt of which can 
be realized at low to negative cost. However, the 
interventions may affect rice productivity. 

• Optimal nitrogen fertilizer application has a 
mitigation potential of 30 Mt, while other nutrient 
and crop management practices offer an additional 
55 Mt of opportunity.  

• The study was limited in scope, only including 
certain crops and mitigation options; grazing land 
was not included. Interactions between mitigation 
measures could not be fully modeled.  
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Economic mitigation potential is a fraction of technical potential 

Detailed abatement modeling exercises have been conducted for some countries, including the US and the UK; these 
models provide insight into the economic abatement potential of developed countries and how that compares to 
technical mitigation potential. For example, CEA estimates that US agriculture has a technical mitigation potential of 
180 MtCO2e, but Hertel et al. estimate that US agriculture could provide only about 20 MtCO2e (11% the technical 
potential) from agricultural mitigation opportunities at a carbon price of $50/ton CO2e reduced1. This study found the 
non-rice grains provide the most significant supply of mitigation potential within the agricultural sector, followed by 
ruminants and other crops. Note that this study is limited to the effects of a US-only agricultural sector carbon tax, and 
that some of the mitigation is lost in the form of leakage to other parts of the world (left side of graph below). 
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1. At present, carbon in the California  compliance market is traded for slightly more than $10; comparatively, an IPCC review of 
more than 100 studies found that, on average, studies value the “social cost of carbon” at $39/ ton emitted, with a standard 
deviation of $75/ ton. Source:  Hertel 2008 

Cost estimates are likely to vary significantly depending on methodology; in this case, biophysical models such as the DNDC model (for Asian rice 
systems), the DAYCENT model for world croplands, and literature sources were combined with the IMPACT economic model. GHGs, yields/ 
productivity, fertilizer inputs, labor, capital costs, and input cost shares were all variables. Note that this model, like nearly all economic models, 
does not account for the transition costs (education, equipment, etc.) for a change in practice. 

Agricultural subsector GHG annual abatement supply schedules for USA-only carbon tax 

USA agriculture abatement Leakage to rest of world 

0 30 Mt CO2e 

$50 

$100 

$0 
-5 

With a U.S. carbon tax of 
$100/ ton, a net of 25 MtCO2e 
is mitigated from agriculture 
globally 
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China – Wang et al. (2013) 
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Livestock Supplements 
Grassland Management 

Digestion/flaring 
of Methane 

Nutrient Management 
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List of works consulted 

Please refer to “List of works consulted,” available at www.agriculturalmitigation.org  
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