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Quickly reducing methane emissions is an important strategy for meeting 2050 climate 
targets because of the powerful radiative forcing of methane and its relatively short 
lifetime, but this strategy is undermined by rapidly rising emissions. Agriculture 
contributes around 40-46% of global methane emissions, and because of rising food 
production, these emissions are on a path to increase roughly 40% by 2050. Of these 
emissions, two-thirds are from enteric methane from ruminant livestock, roughly 20% 
are from rice, and 7% are from managed manure. 

Although mitigation efforts for agriculture have received less attention, we set forth 
a credible scenario to decrease these emissions by 54% relative to otherwise likely 
emissions in 2050 and by 36% compared to present emission levels. Mitigation 
opportunities include: 

(1) increasing the feed efficiency of ruminant livestock;
(2) rapid development and deployment of promising enteric methane inhibitors;
(3) realizing an “Optimistic Trend Projection” for consumption of ruminant meat,

which relies more heavily on alternative sources of animal protein;
(4) deployment of at least one basic water level drawdown in flooded rice fields 

plus better offseason management of residues;
(5) broad use of at least one method of reducing methane emissions from manure 

managed in wet form; and 
(6) reductions in global food loss and waste.

Other innovative ideas are also promising. To achieve this mitigation, we suggest in 
the near-term an internationally coordinated effort to develop “shovel-ready” projects 
using known mitigation options but structured to encourage innovation and to improve 
our understanding of how to reduce emissions further. We also suggest a series of 
internationally coordinated R&D projects and demonstration projects of promising 
technologies. One key need is a $100 million initiative to have multi-year tests of 
promising enteric methane inhibitors in at least 20 world locations, and related technical 
work to bring them to market.

Abstract
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1. The Challenge
Rapidly reducing global emissions of methane, on the order of 45% by 2040, is critical 
to any climate strategy that aims to hold global warming to 1.5 degrees Celsius (UNEP 
2021). Since 2010, however, methane emissions have been increasing at a rapid rate, and 
these methane increases also undermine any reasonable path to stabilize the climate 
at 2 degrees Celsius of warming. Because a kilogram of methane’s radiative forcing 
is presently more than 300 times more powerful than a kilogram of carbon dioxide, 
methane emissions can have a powerful effect on warming. And because methane’s 
average persistence in the atmosphere is only around 10 years, increasing emissions 
quickly increases warming while reducing methane emissions quickly reduces 
warming. For this reason, modeling has estimated that reducing methane emissions by 
45%, or 180 million tons per year by 2030, would avoid nearly 0.3 degrees of warming 
by the 2040s. Because methane also contributes to smog (ground level ozone), this level 
of reductions would also prevent 255,000 premature deaths, three quarters of a million 
hospital visits, and avoid 26 million tons of crop losses (UNEP 2021).

Annual human-caused emissions of methane are likely between 350 and 380 million 
tons (MT) per year (UNEP 2021). Of these emissions, roughly 35% comes from leaks 
of methane from fossil fuels, mainly through extraction and transport, 20% from 
wastes, such as landfills, but roughly 40-46% comes from agriculture. According to 
FAO estimates reported in FAOSTAT, which use simple emission factors and ignore 
agriculture’s energy use, agriculture generated 147 million tons of methane in 2018. 
Using a new analysis of emissions from rice presented in this paper, overall agricultural 
methane emissions are somewhat higher at 156 million tons.

In agriculture, there are a few major sources of emissions. Two-thirds of the emissions 
result from “enteric methane,” which is methane generated in the digestive tracts of 
livestock, and overwhelmingly from “ruminants” (primarily cattle, buffalo, sheep and 
goats) (Table 1). According to FAO estimates, rice generates 17% of emissions (although 
our estimate is a little higher). The management of manure in confined settings 
contributes another 7%. The FAO also lists various burnings associated with agriculture, 
which contribute another 8% of methane emissions, including 1% from burning crop 
residues and 4% from various forms of land use change such as forest clearing and fires 
in drained peatlands. 

Rising demand for food will increase methane emissions under “business as usual.”  
Using the Globagri model developed primarily at CIRAD, the World Resources Institute 
estimated that these sources of agricultural methane emissions would rise 38% between 
2010 and 2050 (Searchinger et al. 2019). Applied to FAO estimates of agricultural 
methane emissions, this increase implies agricultural methane emissions of roughly 200 
million tons by 2050. Given the scope of agricultural emissions today and these likely 
increases without concentrated effort, reducing agricultural methane emissions becomes 
critical to stabilizing the climate at acceptable temperatures. 
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Most estimates of the potential to reduce methane from agriculture have been modest 
and often expensive in the hundreds of dollars per ton of carbon dioxide equivalent (see 
summary in UNEP 2021) (Wollenberg et al. 2016) (Henderson et al. 2017). The modesty 
and expense of these estimates may discourage country efforts. Here we set forth some 
more optimistic, but we believe, credible scenarios for achieving significant reductions 
in methane from the three principal agricultural sources. Although there are costs to 
moving these practices forward, most mitigation options discussed would increase 
productivity and overall food output. Investments are needed to help farmers adopt 
these practices and to further develop technologies, but we believe each of the options 
presented here has the potential to be profitable or at a minimum a highly cost-effective 
form of climate mitigation. As in the energy sector, these scenarios rely in part on 
existing technologies and in part on technologies that have already showed promise but 
that require some further research and development. The level of investment in this 
kind of R&D, however, has been minimal. To advance mitigation, the final section of 
this paper provides some suggestions for moving forward.

This paper does not directly address methane emissions from burning or methane 
emissions associated with agricultural energy use. There are good, often profitable 
methods for reducing crop residue burning, such as use of a form of no-till seeding 
machine for planting wheat after rice in the Punjab (Shyamsundar et al. 2019). Restoring 
drained peatlands and reducing agricultural expansion would reduce the 4% of 
methane emissions attributed to forest and peatland fires, and such efforts are even 
more critical to reduce the roughly 10% of all human emissions, primarily from carbon 
dioxide, attributable to land use change.  Other reports, such as the WRI/World Bank/ 
UN report, Creating a Sustainable Food Future, set forth comprehensive strategies for 
addressing these emissions (Searchinger et al. 2019). Yet many of the methane mitigation 
measures discussed here would simultaneously help meet rising food demands without 
expanding agricultural land and therefore contribute even more broadly to addressing 
climate change. 
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Figure 1: FAO estimates of methane from agriculture



2. Enteric Methane
The world’s farmers annually raise 1.7 billion cattle and buffalo and 2.2 billion sheep 
and goats, all of which are ruminants (Searchinger et al. 2019). Ruminants contain a 
portion of the stomach, known as the rumen, which supports the microbial populations 
able to break down cellulose. This ability allows these animals to survive on diets of 
grasses, leaves, high-fiber byproducts and other “fodders.” Microorganisms known as 
archaea, which are ultimately the source of all methane on earth, use the hydrogen that 
is released by other microorganisms in the rumen to produce methane. Overall, this 
“enteric” methane from global agriculture, including a very modest contribution from 
pigs, equaled 100 million tons in 2018 according to the FAO. Without change, these 
emissions could grow substantially due to rising demand for and production of meat 
and milk. Using FAO projected diets in 2050 and UN projections of population growth, 
we estimate using the Globagri model that enteric methane would rise by roughly 50% 
from 2010 levels by 2050. 

Unlike many other sources of emissions (including not only energy but also rice and 
manure management), ruminants are broadly distributed around the world, which 
means a broad distribution of enteric methane. Figures 2 and 3 show the global 
distribution of cattle and sheep and goats as estimated by FAO.  Globally, almost 85% of 
emissions are from cattle and buffalo, with another 12% from sheep and goats. Despite 
this broad distribution, eight countries generate more than half of the enteric methane 
according to FAO estimates: India, Brazil, China, the U.S., Pakistan, Argentina, Ethiopia, 
and Mexico (Europe collectively is also a large source collective). Among cattle, one 
quarter of enteric methane emissions is from dairy and three quarters of emissions are 
from meat or other cattle uses.

Three basic methods exist for reducing enteric methane: one, producing more meat 
and milk per animal and per kilogram of feed to generate comparable output while 
reducing animal numbers; two, manipulation of the microbial processes in the rumen, 
particularly through feed additives; three, reduced reliance on ruminant products. The 
most promising alternative is reducing reliance on ruminant meat because it is far less 
efficient than dairy, other sources of meat, and plant-based proteins. 

Figure 2: Global distribution of cattle (source FAO); excludes buffalo, which are heavily 
concentrated in South Asia and China
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Figure 3: Global distribution of sheep (source FAO)

Improved efficiency 

Although other factors influence enteric methane emissions, the dominant factor is the 
quantity of feed, measured by its gross energy content (Blaxter & Clapperton 1965) 
(Moraes et al. 2013). For this reason, one reasonable estimate of methane emissions 
still allowed by the IPCC is that methane (measured by its energy content) equals 6.5% 
of the gross energy of the feed (IPCC 2006). More recent IPCC recommendations still 
estimate emissions based on quantity of feed, but also factor in quality. Poor quality 
feed generates even more emissions while better quality feeds generate less (IPCC 
2019) because the rumen works more efficiently. Other formulas for methane emissions 
introduce additional factors and can be more accurate, but the quantity of feed remains 
the dominant factor that determines enteric methane emissions (Moraes et al. 2014). As 
a result, increasing the milk or meat produced for each kilogram of feed can 
dramatically reduce the methane emissions per kilogram of milk or meat produced. 

Better feed quality primarily means more digestible feed – feed ruminants can more 
thoroughly digest and use for energy – and feed with balanced nutrients, including 
sufficient protein. Although ruminants can break down the cellulosic material that 
makes up much of the hard cell walls of grasses, leaves and other forages, some fibrous 
material is easier to digest than other material. As a result, more digestible feeds 
provide more energy for cattle and less that is lost to methane, other gases, or manure. 
Because cattle also cannot digest lignin, which increases with the age of the grass, 
consuming fresher grasses and reducing reliance on most crop residues also helps to 
reduce methane and improve growth.  

As importantly, the quantity of feed that ruminants can eat is limited by the speed 
with which the material is digested. Because cattle cannot digest lignin at all, and 
digest carbohydrates more rapidly than cellulose, they can eat more overall feed when 
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it is more digestible. That has an important effect because the first use of feed by an 
animal is to support its own maintenance: the energy an animal needs to live. It is the 
surplus of energy in feed over maintenance requirements that can contribute to milk 
production, or to weight gain, which means the addition of meat. Although cattle need 
a balance of different types of feed, in general, cattle fed more digestible feeds can eat 
more, produce more milk and grow faster than cattle fed less digestible feeds. Although 
they produce more methane per animal, the methane per kilogram of milk or meat 
decreases.

The result is that there is a strong relationship between the methane produced per 
kilogram of milk or meat and both the digestibility of animal feed and the output of 
milk and meat per animal. For beef, for example, Herrero et al. (2013) estimated that 
increasing the digestible energy of feed overall from 8.5 to 10 mega joules per kilogram 
of feed reduces emissions per kilogram of meat or milk by roughly 80%. Figure 1 shows 
estimates using the same model of reduced emission as milk yield or daily weight gain 
increase per animal. Similarly, increasing milk production from an average of roughly 1 
liter per day per animal to 5.5 liters per day cuts the greenhouse gas emissions per liter 
of milk by more than two thirds (Gerber et al. 2010) (Herrero et al. 2013). Productivity 
gains have been responsible for large reductions in the intensity of methane emissions 
in cattle in Western countries. For example, emissions per kilogram of milk have 
declined by 45% in California in the last few decades (Naranjo et al. 2020). 

Figure 4: Relationship between emissions intensity per kg of product and a) milk yield and b) weight gain 
of cattle (Herrero et al 2013)

The important role for output per animal also creates other opportunities to reduce 
methane. Sick animals produce less milk and meat. Dead animals waste the resources 
(and methane emissions) used to produce them. Heat stress can reduce animal output 
(Gisbert-Queral et al.  2021) and is likely to become an increasing challenge (P. Thornton 
et al. 2021). For these reasons, increasing livestock health also reduces greenhouse gas 



emissions intensity. Management systems that increase the portion of the year dairy 
cows are lactating or their overall productive lifespans also reduce emissions intensity. 
In most of the world, there are also dry seasons in which both the quantity and quality 
of feed declines, which can result in sharp declines in milk production and weight loss 
by beef animals. Providing supplemental, quality feeds in dry seasons therefore often 
has disproportionate benefits on overall production and emissions intensity.  

High quality feed and care can also make it possible to use breeds, particularly 
European breeds, that are more efficient at converting feed and produce more milk per 
animal and higher daily weight gains. The use of these breeds can be inefficient in 
warmer countries where these breeds can suffer from heat stress and are less resistant 
to local diseases or ticks. These breeds are also less efficient where feed has poor quality. 
Improvements in feed and health care, however, can often allow greater use of western 
breeds or, quite commonly, productive crossbreeds of western breeds and indigenous 
cattle breeds.

Global analyses show a high potential for increased efficiency to reduce methane 
emissions per kilogram of milk or meat. Figure 5, recreated from Herrero et al. (2013), 
found that beef production in many countries has 10 to 30 times the emissions rate of 
beef production in Europe, the United States, Canada and Japan. The FAO similarly 
estimates that dairy production in India releases twice the emissions per liter of milk as 
in Europe, and in Africa five times European emissions (Gerber et al. 2010).

Figure 5: Methane emissions per kilogram of protein from beef around the world (Source Herrero et al. 
2013)

Reducing methane emissions is possible without shifting to U.S. levels of dairy and 
beef intensification that rely primarily or exclusively on confined feeding. Grasses 
and other forages, crop residues, and by-products of other agriculture and food 
production provide the vast majority of feed for ruminants globally (Herrero et al. 
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2013). Improving the quality of forages can have dramatic effects. That can be done 
through better management of grasses in pastures and by cultivating better forages 
in the “cut and carry” systems that predominate in much of Asia and much of Africa.  
Other improvements that both increase production and reduce methane emissions 
intensity include providing better healthcare, providing mineral supplements, using 
supplemental feeding during the dry-season, and management changes such as 
producing calves at the beginning of wet seasons when they will have better access to 
feed.  

As the Herrero et al. (2013) and FAO analyses have found, the most dramatic reductions 
occur in shifting from the least digestible feeds to moderately more digestible feeds. For 
example, according to one study, improvements from the least efficient to a medium-
efficient grazing system in Brazil, which still relies entirely on pasture, reduces methane 
emissions per kilogram of meat by more than half (Cardoso et al. 2016). In another 
study of actual Brazilian farms, methane emissions per kilogram of meat ranged by a 
factor of more than 5 and was strongly associated with cattle growth rates (D’Aurea et 
al. 2021).  

Use of crops for supplemental feeding even at moderate levels also has high promise. 
One study estimated that modest increases in use of high protein leaves from nitrogen-
fixing shrubs and use of grains at a level of 0.5 kg/day would reduce emissions 
intensity of both dairy and beef production in sub-Saharan Africa and South Asia by 
more than 55% (Thornton & Herrero 2010). That would therefore reduce total emissions 
by allowing fewer animals to produce the same quantity of milk and meat. As shown 
in Figure 5, the global technical improvement would be vast from closing gaps between 
efficiencies in different countries.  

India has been rapidly expanding dairy production and has done an excellent job of 
integrating small dairy farms into national production systems, but its productivity per 
animal is still much lower and emissions intensity is still much higher than Western 
systems. Overall India produces 40% more milk than the United States but has 900% of 
the animals (Landes et al. 2017). Buffalo and crosses of cattle between indigenous and 
western varieties provide higher yields than indigenous varieties and create an 
opportunity for improvements. Improved feed is also a major opportunity.  Roughly 
two thirds of dairy feeds in India come from crop residues. Purpose-grown fodders 
or grazing provide only one third of feed and crop concentrates only 6%. The sector is 
dominated by small farms with more than two thirds of cattle and buffalo on farms less 
than two hectares. Women perform the primary labor, and dairy production is mostly a 
secondary farming goal. Opportunities exist both to replace residues with other, higher 
quality feeds, and to improve the digestibility of residues (Blümmel et al. 2009). Table 
1 provides examples of potential mitigation calculated using the Ruminant model for 
some major livestock systems in different countries.
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Region System % increase 
in output per 
animal

% reduction in 
emissions per kg 
of output

Improvements

Brazil humid grazing 
beef

65 19 Improved 
pastures 
with higher 
digestibility and N 
content

Brazil humid grazing 
dairy

287 57 Improved 
pastures 
with higher 
digestibility and N 
content

India mixed arid dairy 87 31 High digestibility 
crop residues 
from dual purpose 
crops

India mixed humid 
dairy

43 15 Higher quality 
crop residues 
from dual purpose 
crops, crop by-
products and 
quality grasses

China mixed humid beef 118 16 Higher quality 
crop residues 
from dual purpose 
crops, crop by-
products and 
quality grasses

China mixed humid 
dairy

124 15 Higher quality 
crop residues 
from dual purpose 
crops, crop by-
products and 
quality grasses

Ethiopia mixed temperate 
dairy

130 104 Higher quality 
crop residues 
from dual purpose 
crops, crop by-
products and 
quality grasses

Table 1: Potential reduction in emissions to produce the same quantity of food through feed quality 
improvements (Source: Author calculations).

To provide one estimate of global potential, we used the Globagri model to estimate 
changes in emissions from global improvements in feed use efficiency of 35% for both 
beef and milk production. Such improvements allow fewer animals to produce the same 
quantity and types of milk and meat.  Such a change would reduce expected 2050 global 
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enteric methane emissions by 40%. This change alone would change a 52% increase in 
enteric methane from 2010 levels to an 8% decrease.

Enteric methane inhibition 

In addition to improving livestock productivity, scientists have been pursuing 
three approaches to reduce methane by influencing the dominant microbiological 
communities in the rumen: using vaccines, selectively breeding animals to generate 
less methane, and various feed additives and supplements. Vaccines have so far proved 
frustrating and only temporarily effective but merit continued research. Breeding is 
another option. Variation in methane production among different individual animals 
(Wallace et al. 2019), which appears to be heritable, suggests that breeding can over time 
reduce methane levels. One study estimated methane reductions might approach 15% 
(González-Recio et al. 2020). These efforts merit serious work but will only show results 
over several decades.

The most promising methods in the shorter term now appear to be some feed additives, 
which are well summarized in a recent paper (Honan et al. 2021). Feed additives fall 
into two broad categories: those that change the “rumen environment” in ways that 
discourage growth of methane-producing archaea, and those that directly interfere with 
some step in the process of generating methane. The latter do so either by competing 
with archaea for the hydrogen that goes into methane or by interfering directly with an 
enzymatic step in methane generation used by archaea.

Including lipids (fats) up to 4-6% in feed rations is a safe and promising method of 
reducing methane emissions by influencing the rumen environment (Honan et al. 2021).  
A broader range of lipids, at inclusion rates up to 6%, have achieved reductions up to 
40%. Some oils, such as coconut oils, have shown even greater promise. But inclusion of 
oils just for methane control is expensive (Henderson et al. 2017). Some level of oils, 
typically at 6-7%, is already included in feed rations in intensive systems in the U.S. 
because the oils pay for themselves through productivity gains. Matching this level of 
lipid use in parts of the Global South and in Asia has promise for achieving reductions 
from 5-20% in methane. Unfortunately, lipid use has been little studied in these less-
intensive systems. Quick analysis to study its effects in different countries around the 
world and to identify low-cost lipid sources should be a priority. 

A variety of other compounds, summarized in Table 2 (placed as an appendix below)  
and discussed in (Honan et al. 2021), also offer promise for reducing methane but to 
date have limited or uneven test results or face significant challenges. 

Fortunately, two feed additives have shown exciting results in the last few years, both 
for methane reduction and for productivity gains.  

One is a small molecule known as 3-NOP (3-nitroxypropanol), trademarked as “Bovaer” 
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in the EU. It works by binding to the enzyme that archaea use in the last of several steps 
for producing methane. More than 40 studies have now reported the effects of 3-NOP 
on methane production in either dairy or beef systems using different, always small, 
inclusion rates (from 0.004% to 0.02%). Reductions in methane have ranged from as low 
as 20% in one study to more than 80% in others with typical reductions around 35-40%. 
Higher dosage rates resulted in greater reductions but may reach a maximum of around 
40% in general. 

Results on production have been mixed but generally positive. Most studies of 3-NOP 
in dairy cows have not found increased production of dairy milk or greater weight gain 
in beef cattle (Hristov et al. 2015) (Melgar et al. 2021) (Jayanegara et al. 2018). But at 
least one paper has found higher milk fat, which is valuable (Melgar et al. 2020). Most 
beef studies and one dairy study also report small improvements in feed conversion 
efficiency, which means they achieve the same production but with less feed (Schilde et 
al. 2021) (Honan et al. 2021).

The second promising feed additive is red algae, particularly using the species 
Asparagopsis taxiformis. For more than a decade, use of such algae has shown promise in 
test tube studies, but only in recent years have three studies emerged of testing in actual 
animals. Depending on inclusion rates, studies have found methane reductions of 60% 
to nearly 100% (Roque et al. 2019) (Roque et al. 2020) (Kinley et al. 2020).  

Significantly, these studies have also found increases in productivity in cattle. The dairy 
study found a 5% increase in milk yield with 25% less feed (Roque et al. 2019), while the 
beef studies found increases in feed conversion efficiency from 7 to 35%. The gains in 
feed conversion efficiency found have been sufficiently large that they exceed the 
energy savings from the reduction in methane. They may occur because algae shifts the 
production of fatty acids by cattle to those that are more efficiently produced (from 
acetate to propionate). Yet the gains remain uncertain as the number of animals in the 
experiments was not large, and there was high variability in the results of individual 
animals.  

Various kinds of safety studies of these two additives are also promising. There was 
original concern that reducing methane production in the rumen could lead to problems 
with excess hydrogen, but no evidence of such problems has emerged. 

Despite these very promising signs, important issues remain to be resolved.  Although 
studies have promising results so far, the world is unlikely to undertake a massive 
investment to incorporate these feed additives globally on the basis of a limited number 
of studies that have lasted each for only a few months for 3-NOP and three studies 
with live animals for algae. We believe a few steps are critical to widespread adoption 
although they could be undertaken with enough commitment in the next three years.

Multi-year studies: The first need is for studies that last at least two years for each of 
these products. Studies to date have at most lasted four months. That is a significant 
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time for a conventional research project and constrained by typical research budgets as 
all of the milk must be discarded. Sustained effects over these months is very promising, 
but for broad use, proof is required of longer lasting effects. Measuring methane every 
day in these studies is not important. But regular measurements, e.g., weekly, over a 
two-year period is necessary. 

Evaluating yield and feed efficiencies: Longer-term studies also provide the 
opportunity to evaluate effects on yields and feed conversion efficiency. Those effects 
have the potential to make use of these supplements profitable or to offset much or all 
the costs. These effects are therefore important to achieving broad application. 

Safety tests: Although uses of 3-NOP have raised no safety issues in published 
literature, multiple longer-term studies are probably still necessary for broad 
acceptance.
 
Use of algae raises important safety issues that require careful study to prove algae’s 
safety conclusively (Vijn et al. 2020). The active ingredient in red algae is bromoform. In 
synthetic form, bromoform is toxic, and it also harms the ozone layer. In most studies so 
far, bromoform was not detected in meat or milk and there was no evidence of damage 
to the animals. One likely reason is that bromoform is destroyed in the oxygen-less 
environments such as the rumen. However, one study detected bromoform in several 
milk samples on some experimental days when cows were fed Asparagopsis, so safety 
aspects need further evaluation (Muizelaar et al. 2021). Assuring public confidence in 
safety will require multiple, thorough studies of seaweed provided through different 
methods (such as dried or wet) with different quantities and potencies. 

Production: Because 3-NOP is a proprietary product, its costs of production are not 
known, but it uses ingredients that are low cost. In the long run, we believe its costs of 
production will be low. However, 3-NOP was developed by a private company, which 
has invested substantial sums in its development and holds a patent. For many years, 
its cost will therefore be subject to negotiation. 

Obtaining red algae in sufficient quantity and providing it in a suitable form to farmers 
presents a technical and environmental challenge. Growing sufficient algae in the ocean 
for broad use is not feasible and threatens to release enough bromoform to be at least an 
issue for harmful effects on the ozone layer (Searchinger et al. 2021). Fortunately, algae 
could also be grown in factories where air filters could be used to capture and destroy 
the bromoform released (at least one commercial algae factory is already producing fish 
oil for aquaculture). Recent identification of algae with a much higher concentration 
of the active ingredient suggests that volumes required can be dramatically reduced 
compared to some earlier estimates. However, production of algae needs to be 
demonstrated, and additional progress also needs to be made in drying the algae. Tests 
must also demonstrate the stability, persistent benefits and safety of the product when 
transported and stored in multiple conditions and then used.
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Although this work seems challenging, it is only challenging in the context of the small 
research budgets that have been devoted to this problem. It took more than a decade 
after discovery of the potential benefits of algae in test tube research before just two 
research groups could obtain the funds for three trials in actual animals. What is needed 
is a coordinated effort of at least 20 to 30 trials in different countries, each lasting two 
years or two lactations, with different types of animals and feeds and using 3-NOP, 
algae and some other feed additives.  Methane emissions do not need to be measured 
every day but on a regular basis. Feed intake, daily weight gain and milk production 
should be monitored continuously as well as whether bromoform can be detected in 
milk or urine. Animal health should be monitored throughout and at the end of the tests 
along with milk and meat output. 

Relative to other climate challenges, the cost is not great. Along with additional work to 
closely examine production processes, we estimate that a budget of $100 million over 
three years could make great progress if the research were carefully coordinated across 
countries. 

Another issue with these products is the challenge of obtaining regulatory approval. 
Brazil has approved 3-NOP, which should quickly lead to improvements in 
understanding of how it works. Europe is considering approval. Approval in the U.S. is 
more burdensome because it must be approved as a drug. Costs of regulatory approvals 
are high. For algae and many other additives, it is unclear whether any entity would 
undertake the costs and burdens for obtaining regulatory approval.  One idea would 
then be to create a non-profit organization with the funding and responsibility of 
seeking the approvals. 

Emphasizing alternatives to ruminant meat and reducing 
food loss and waste 

Nearly all enteric methane emissions come from ruminants, and the methane reductions 
described above could be overwhelmed if ruminant consumption grows too much. 
The methane intensity of beef is generally estimated at roughly 6 times higher than 
producing milk (per kilocalorie) because cattle can produce far more milk for the same 
quantity of feed as they do meat (Searchinger et al. 2018) (Springmann et al. 2018). 
Ruminant meat also uses far more land and generates at least similar nitrous oxide as 
the production of other livestock products. As a result, focusing increases in livestock 
production on other animal products has both environmental and food security benefits 
because these alternatives generate far more food per hectare. 

How much ruminant meat is consumed in the future may reflect the level of 
government and private investment in ruminant meat versus alternative livestock 
products or even plant-based alternative “meats.” Native grazing lands will continue, 
and should continue, to be used to produce ruminants (often prioritizing milk as many 
pastoralists and grazing farmers do today). The question is which form of animal 
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product will meet rising demand, or whether some of the growth in demand for 
proteins of that kind will be supplied by plant-based alternatives.

Already many regions have reduced their consumption of ruminant meats. Based on 
FAO statistics, consumption in Australia and New Zealand has declined from a peak of 
432 kcal per person per day in 1972 to 152 kcal in 2018. Consumption of ruminant meat 
in North America declined between 1976 and 2018 from 175 to 105 kcal per person per 
day. In Western Europe, this consumption went from 97 kcal in 1991 to 66 kcal in 2018. 
A few regions have not yet decreased their consumption, including South America, 
where consumption is at 148 and Central Asia where consumption is at 194. Many other 
regions, such as most of sub-Saharan Africa, South Asia and East Asia have always had 
low levels of ruminant meat consumption.

We constructed an “Optimistic Trend Projection” scenario. Many regions have had 
declining per capita ruminant meat consumption, and we assume those declines 
continue to occur and cause modest additional declines by 2050. We also assume that 
per capita consumption in the highest-consuming regions comes down by 2050 to 
the levels of North America today. In regions below 60 kcal per person per day, we 
assume that per capita consumption remains at present levels. In each scenario, the 2050 
consumption of animal products does not decline. In this scenario, milk production 
continues to increase rapidly, by more than 50% between 2010 and 2050. Animal 
production also has large increases, including substantial per capita increases in poorer 
countries. Reductions in ruminant meat are replaced by poultry and pork. Overall, this 
analysis assumes that ruminant meat consumption in the highest-consuming regions 
will follow more recent trend lines in North America and Europe while agricultural 
development in poorer countries will focus on strategies that generate far more meat 
per hectare. 

We also built into this scenario a 25% reduction in food loss and waste. Overall, global 
food loss and waste of animal products in general, and ruminant meat in particular, are 
estimated at roughly 30% (Porter et al. 2016). A sustainable development goal includes 
reducing food loss and waste by 50% by 2030. Companies and some countries have 
made steps forward in the last few years although the world is not yet on course to 
achieve these goals (Champions 12.3 2021). Many strategies exist for achieving these 
reductions, with particular progress in the United Kingdom (Searchinger et al. 2019).  

With these two assumptions regarding demand, enteric methane emissions decline by 
one-third from likely 2050 levels and stay roughly constant with 2010 levels.

Potential combined effects

We estimated the potential reductions in enteric methane from these three mechanisms 
combined: increased feed efficiency, enteric methane inhibition, and our “optimistic 
trend line” for consumption. The combined effect would be a 59% reduction from 
otherwise likely 2050 levels and a 37% reduction from 2010 emissions.  
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3. Rice
Rice is the staple food for half of the world’s population, and 90% of rice is produced in 
Asia (Searchinger et al. 2019). To meet the increasing demand for food, rice cultivation 
area has increased over the last several decades although only modestly in the last few 
years.  

Rice is primarily grown flooded, which creates the conditions without oxygen that 
allow the archaea that produce methane to thrive. Global methane emissions have a 
significant level of uncertainty for many reasons, one of which is that they depend 
on the persistence of this flooding. The precise ways in which farmers manage water 
levels in different regions and on different farms is not certain. The FAO, which uses a 
relatively simple “Tier 1” method of estimating methane rice emissions, estimates 
global rice methane emissions at 25 million tons. That number is similar to an estimate 
published in 2009 by one of the authors of this paper using more complicated methods 
(Yan et al. 2009).

Because more detailed information has become available about rice farming systems 
and methane emissions (Ogle et al., 2019) (Saunois et al. 2020), we here produce a new 
estimate of annual, global rice methane emissions of 34 million tons. This estimate 
is roughly 35% more than FAO estimate and other prior estimates. About 85% of the 
global total is emitted from the major rice cultivation countries in monsoon Asian region 
(Table 3). China and India account for approximately half of the world total. 

Region/Country Irrigated rice Rain-fed and 
deepwater rice

Total

China 9.57 0 9.57

India 4.61 2.86 7.47

Vietnam 1.64 0.65 2.29

Indonesia 1.52 0.59 2.11

Bangladesh 0.51 1.51 2.02

Myanmar 1.08 0.54 1.62

Thailand 0.22 1.33 1.55

Philippines 0.89 0.32 1.21

Cambodia 0.12 0.48 0.61

Pakistan 0.51 0 0.51

Rest of the world 3.9 1.32 5.21

Total 24.57 9.6 34.17

Table 3: Estimated CH4 emissions from global rice fields in 2019 (Tg CH4 yr-1)
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Yield gains

One way to mitigate methane emissions from rice cultivation is simply to increase 
yields. Rice emissions are based on the number of hectares planted and harvested each 
year, and higher yields reduce the area planted for the same total production. Higher 
yielding crop varieties also appear to generate less methane per hectare (Jiang et al. 
2017). 

Global rice yields today are roughly 4.7 tons per hectare. In 2012, the FAO projected that 
global rice yields in 2050 would be 5.3 tons per hectare per year, increasing from 2006 to 
2050 at only half the rate of increases from 1962 to 2006. That level of yield gain would 
probably require that rice area expand. However, one expert review found sufficient 
“yield gaps” that could be closed by more careful management to raise global rise yields 
to 7.4 tons per hectare per year (Fischer, Byerlee, and Edmeades 2014). Other studies 
also reveal significant gaps between the yields farmers achieve and those they could 
achieve with improved management (Deng et al. 2019) (Senthilkumar et al. 2020) (Agus 
et al. 2019). Moreover, in addition to management, rice yield potential has continued to 
rise steadily through improved crop breeding (Kumar et al. 2021), and breeders for rice, 
as for other crops, have many ideas for potentially larger increases in yield potential  
(Qian et al. 2016).  

Each 1% increase in rice yields roughly reduces rice methane emissions by 1%. If global 
rise yields rise only to 5.3 tons per hectare by 2050, the Globagri model estimates that 
rice methane emissions would rise 13% from 2010 levels (T. Searchinger et al. 2019). But 
achieving a global average yield of 6.4 tons per hectare per year in 2050 would result in 
a 4% drop in emissions. 

Optimizing water management 

Irrigated and flooded rice fields account for a large proportion of global rice cultivation. 
In general, the longer fields are continuously flooded, the greater the emissions from 
methane. As a result, any technique that reduces continuous flooding tends to reduce 
methane emissions (Adhya et al. 2014). A single drawdown of water levels during the 
growing season can reduce methane emissions by 40-50% (Adhya et al. 2014) (Wang et 
al. 2018; Cai et al. 2003) (Ogle et al. 2019). That means bringing water levels low enough 
to allow some oxygen into the top few centimeters of soil. Repeated drawdowns, known 
as alternative wet and dry, can reduce methane emissions by up to 90%. Shortening 
flooding by seeding rice on a dry field instead of transplanting a rice seedling into a 
flooded field can also substantially reduce emissions (Adhya et al. 2014).

Using full alternative wet and drying techniques, i.e., repeated drawdowns, faces 
practical challenges for many farms (Adhya et al. 2014). Farmers need to have 
sufficiently reliable water supply that they can reflood their farms after each drawdown. 
Some fields receive too much rainfall to be drained. Some rice fields are sufficiently 
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large or uneven that the right level of reduced water for some of the field requires 
too much of a drawdown in other parts of the field and affects yield. Some of these 
challenges probably also apply to single drawdowns, but the potential for such 
drawdowns is probably significantly more than the potential for repeated drawdowns.

We estimated the potential to reduce emissions by assuming one drainage during the 
rice-growing season on those rice fields that are otherwise continuously flooded. We 
estimate that this drawdown would result in methane reduction of 4.72 million tons per 
year (Table 4), which accounts for approximately 14% of the global methane emissions. 
Due to differences in current water management regimes applied in different countries, 
there are geographical differences in the emission reduction potential of this approach, 
and the greatest potential is concentrated in South and Southeast Asia.

Country Draining rice field Rice straw 
applied off-
season

Both options

Bangladesh 3.6 25.0 27.8
Brazil 15.8 37.1 47.0
Cambodia 5.3 29.0 33.4
China 12.0 14.6 26.8
Colombia 17.8 18.3 32.9
Egypt 20.0 39.9 51.9
India 11.2 23.9 32.5
Indonesia 18.3 9.8 26.7
Japan 14.2 36.1 45.2
Myanmar 17.8 17.8 33.1
Nepal 15.5 21.5 33.7
Nigeria 13.5 23.0 33.4
North Korea 21.6 38.3 51.6
Pakistan 26.6 27.6 46.9
Philippines 19.6 10.8 28.7
South Korea 11.1 26.6 34.7
Sri Lanka 22.1 22.5 40.1
Thailand 3.7 23.4 26.4
United States 20.0 39.2 51.3
Vietnam 32.5 6.4 37.3
Globe 13.8 19.5 31.5

Table 4: Mitigation potential of CH₄ emission from rice cultivation in major rice producing countries by 
draining all continuously flooded rice fields, applying rice straw off-season where possible, and adopting 
both options simultaneously. Values are given in percent.
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Adjusting the time of straw returning to the field

Mounting experimental evidence demonstrates the significant effect on methane 
emissions of the time when rice straw is returned to rice fields. When rice straw 
is returned, i.e., plowed in, during the off-season, a global dataset and associated 
modeling suggest that methane emissions are approximately half those of when rice 
straw is returned or plowed in during the rice-growing season (Wang et al. 2018). The 
reason is likely that earlier returns of rice straw reduce availability of biomass in a form 
methane-producing archaea can use. 

At the global scale, if applying rice straw off-season were adopted in all single rice 
areas, and for early rice in double rice areas, we estimate that global methane emissions 
would be reduced by 6.65 million tons per year (Figure 1). The adoption of rice straw 
applied off-season would reduce emissions by 6.4% to 40% in different major rice-
producing countries (Table 4). The global reduction in methane from rice would be 
19.5%.

Biochar  

As a negative emission technology, biochar has been widely recommended as a 
potential mitigation measure in the agricultural sector (Smith 2016). Biochar consists of 
biomass that has been turned into a form of charcoal by burning it in a very low-oxygen 
environment. Scientists have recorded a wide range of benefits from the use of biochar, 
including added soil carbon sequestration, often yield gains, and sometimes reductions 
in nitrous oxide emissions (Kammann et al. 2017). Key challenges in using biochar 
are the expense and finding sufficient and large sources of biomass because diverting 
biomass from other uses, or harvesting additional wood, raises its own problems. But 
opportunities to address these challenges exist if crop residues can supply a sufficient 
quantity of biomass, and if biochar increases yields enough to offset much or all of the 
costs of its use.

Results of biochar in rice fields are promising for methane reduction, yields gains and 
other benefits. Many experiments have now been done, and global meta-analyses 
suggest that biochar amendment in rice fields can reduce methane emissions by 6-13% 
compared to not using biochar (Awad et al. 2018) (Liao et al. 2021). In theory, if all rice 
straws were charred and returned to the fields, the estimated global methane emission 
reductions along with our estimated changes in water management would increase to 
12.55 million tons (Figure 6). In addition, accumulating evidence suggests that biochar 
amendment in rice fields can boost rice yield by about 9% (Liao et al. 2021). This level 
of yield benefits could significantly help defray the costs of using biochar. In rice 
production, biochar appears neither to decrease nor increase nitrous oxide emissions 
(Liao et al. 2021), but it likely will also contribute to soil carbon gains (Wang, Xiong, & 
Kuzyakov 2016). 
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Combined effects

Figure 6 summarizes the technical mitigation of our water and residue management 
scenarios. If these two mitigation options described above in Table 4 were adopted 
simultaneously, the net reduction in methane emissions relative to likely 2050 emissions 
would be 31.5%. If yields only grow to an average of 5.3 tons per hectare, this reduction 
in emissions relative to 2010 would be 18%. If yields grow to 6.3 tons per hectare per 
year, we estimate a further 4% reduction from present levels, so 2010 emissions would 
decline by 35%. Combined with 25% reductions in food loss and waste, the overall 
reductions would be roughly 40%.

Figure 6 shows also the possible effect of biochar. Its widespread use would increase the 
savings significantly more. 

Figure 6: Mitigation potential of CH₄  emissions from global rice fields following adoption of proposed 
management practices

Innovative case studies 

Although the estimates above discuss mitigation opportunities that can be globally 
estimated, there are multiple additional, innovative methods that may be applied to 
mitigate rice emissions in particular locations. We describe two promising examples 
in China below that could be applied both more broadly there and likely in other 
countries.

Water saving and drought-resistant rice

The change of precipitation patterns caused by climate change has a profound 
impact on agricultural production. Because water shortages and frequent drought in 
agricultural ecosystems may threaten rice production worldwide, tools to decrease 
water use or vulnerability to drought are needed. Although conventional irrigation 
requires maintaining a certain depth of surface water layer, water-saving irrigation can 
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also meet the essential water requirement of rice growth by instead keeping the soil 
moist or covered by a thin layer of water (Islam et al. 2020). 

Current rice varieties may not be suitable for this water-saving irrigation system, which 
can have a negative impact on rice yield. To achieve the dual goals of water-saving 
and stable yield, researchers developed a new rice variety, named water-saving and 
drought-resistant rice (Luo 2010) (Figure 7). Researchers have found that relative to 
conventional irrigation (i.e., flooding-midseason, drainage-flooding), applying water-
saving irrigation can significantly reduce methane emissions up to 77% (Sun et al. 2016) 
(Xu et al. 2015). In recent years, this approach has expanded over large areas in Anhui, 
Hunan and other provinces in China, but it has far greater potential for expansion.

Figure 7: Cultivation of drought-resistance rice (Hanyou 73) in China (photo provided by Sheng Zhou)

Ratoon rice 

Ratoon rice is a rice cultivation model suitable for planting in areas with insufficient 
sunlight and heat to grow two-season rice (Figure 8). Since it is grown again on the 
original root system, it is called ratoon rice which saves the time between the harvest 
of the first-season rice and the second season. In southwestern China, researchers have 
conducted many years of field observations and find that compared with conventional 
single-season rice, there were small increases in methane and nitrous oxide emissions in 
the ratoon season. But because of a 19% gain in yield, ratoon rice had a reduction of 12% 
in the emissions per ton of rice produced (Song et al. 2021). The adoption of ratoon rice 
cultivation also improved the net economic benefits of farmers (Song et al. 2021).

Ratoon rice cultivation in three Chinese provinces has increased to 0.67 million hectares, 
and we estimate it could be used on 3.3 million hectares in China. The National Planting 
Structural Adjustment Plan (2016-2020), issued by the Ministry of Agriculture and Rural 
Affairs of China, proposes to develop ratoon rice in the more middle and lower reaches 
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of the Yangtze River, and in southern and southwest China. 

4. Manure
Manure management emissions occur when animals are kept in confinement. In those 
conditions, the manure must be gathered, usually stored, and ultimately distributed 
back to fields sometime later. “Manure management” emissions are those that occur 
prior to redistribution to fields. Methane can be released in large quantities when wet 
manure accumulates because the wet conditions prevent oxygen from getting into the 
manure, leading to the conditions in which methane-producing archaea thrive. 

According to estimates provided in FAOSTAT, manure management globally emits 10 
million tons of methane. Although these estimates use very rough, tier one emission 
factors, a more sophisticated FAO analysis using the GLEAM model estimates methane 
emissions at 11 million tons. Roughly half of these emissions are from pork systems, 
roughly a third from dairy and the remainder mostly from beef. As shown in Figure 
9, these emissions are highly concentrated in those countries that produce high levels 
of pork and dairy. According to GLEAM estimates, methane emissions in 21 countries 
contribute almost 90% of these emissions. China, the United States, India and Brazil 
alone contribute two-thirds of these emissions. The major agricultural countries in 
Europe also contribute large methane emissions, and Russia, Pakistan and Vietnam are 
the remaining countries in this top 21. 

There are dramatic differences in methane emissions based on whether manure is 
managed in wet or dry form. The overwhelming majority of methane and 60% of 
overall greenhouse gas emissions from manure management occur in wet systems, 
which means feces and urine are stored in tanks or pits of some type (Searchinger et al. 
2019). Most manure by volume is managed in dry systems, in which manure is allowed 
to dry, sometimes with the help of mixing with straw or other bedding material. These 
systems generate more nitrous oxide and therefore can still cause climate problems, but 
the overall greenhouse gas emissions are still substantially lower in dry systems.

Figure 8: Cultivation of ratoon 
rice in Hefei City, Anhui 
province, eastern China (photo 
provided by Guangbin Zhang)
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Figure 9: Global distribution of manure management emissions (source: FAO)

Mitigation methods

Opportunities to reduce manure methane emissions depend on the precise manure 
management in use already. 

Much of the focus on manure management has been to encourage the use of digesters. 
Digesters turn even more of the many into methane into biogas, but in a way that can be 
captured and burned for energy. Millions of small, low-technology digesters 
are in use in Asia for household energy use, and larger, modern digesters have also 
received significant investments in Western countries. For farms that now produce large 
quantities of methane – for example, that use large lagoons to store manure in warm 
parts of the world – digesters can be a cost-effective mechanism for reducing methane 
as well as overall greenhouse gas emissions (Searchinger et al. 2019).

In other contexts, however, the climate benefits for methane are uncertain and probably 
unable to justify the expense. The purpose of a digester is to turn as much of the 
biomass in manure into methane as possible. As a result, digesters create more methane 
than normal storage systems. Although the intent is to capture and burn this methane 
for energy, if the digester has significant leakage rates the amount of methane released 
can exceed the methane released by present management, depending on the system in 
use. That seems particularly likely in informal, household systems studied so far 
(Bruun et al. 2014), although the leakage rates around the world have been little 
studied. Leakage can also nullify other benefits where manure is combined with food 
waste or some other waste, which is common to increase overall biogas production 
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(Searchinger et al. 2019). Some analyses have also found that biogas digesters can have 
limited methane benefits and be very expensive per kilogram of methane mitigated in 
cooler parts of the world. In these areas methane emission rates from traditional 
manure storage are relative low (Searchinger et al. 2021). 

These findings suggest that biogas should focus on manure management systems 
where methane emissions are otherwise high, such as lagoons in warm environments, 
and where methane leaks can be and are carefully controlled. These findings also 
suggest there could be substantial benefits from programs to reduce leaks in existing 
biogas systems, including household systems. 

Several alternative manure management options exist. One starts with more quickly 
removing manure from barns because barn temperatures tend to be high, and higher 
temperatures increase methane formation (Montes et al. 2013). Barn storage can lead to 
high methane losses even in a few days, particularly in pig barns where temperatures 
are often higher than outside (Petersen et al. 2016). In many systems, it is common for 
manure to remain in pig or dairy barns for a few weeks – and some for much longer -- 
but it is possible to construct systems and sometimes to operate existing barns to 
remove manure each day. One analysis of different studies found average reduction 
rates for methane at the level of 50%, although that will obviously depend on climate 
and alternative management systems (Mohankumar, et al. 2018).

A second set of options focuses on separating the solid portion of manure from the 
liquid portion. Even without adding water for barn cleaning, manure in pork and cattle 
systems tends to be wet enough to create the oxygenless conditions that create methane. 
A variety of techniques with increasing sophistication can separate solids from liquids. 
The simplest systems use gravity and grates or ponds to settle solids out. Mechanical 
systems use presses or centrifuges and achieve much higher separation (Searchinger et 
al. 2019). Addition of flocculants (chemicals that help solids bind together) can achieve 
separation levels with 75% of the solid material separated from the liquid fraction, 
including nearly all the phosphorus. Benefits of these systems include reducing the 
costs of hauling manure into far-away fields. By making it cheaper to transport the 
solids with most of the phosphorus farther away, these systems also help farmers avoid 
putting too much phosphorus on fields near the animals. 

New systems of barn design are also being developed that effectively encourage cattle 
and pigs to deposit urine and feces in different places. These systems were primarily 
designed to reduce emissions of ammonia, for which the mixing of urine and feces is a 
critical step. But this level of separation also makes it easier to manage manure solids in 
dry form and avoid methane losses. 

The benefits for methane largely depend on managing the solid fraction of the manure 
in a dry form. It is common for studies to report emissions reductions of roughly 
30% (Holly et al. 2017) (Montes et al. 2013). If the solid portion of the manure is then 
properly composted, almost all of the methane can be eliminated from this solid portion 
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(Vanotti, Szogi & Vives 2008). There is evidence that reducing methane emissions in 
biomass requires proper windrowing or other composting (Vergara & Silver 2019). But 
there is also evidence that holding material in piles without active turning of compost 
can sometimes achieve even greater methane reductions if the manure has sufficient 
bedding material added to keep it dry (Owens et al. 2020). Composting can also 
increase losses of nitrogen and greenhouse gas emissions from nitrous oxide but can be 
controlled through a variety of other methods (Montes et al. 2013) (Searchinger et al. 
2019).

Another emerging option involves adding acid to manure stored in wet form, which 
can almost eliminate methane emissions. Some experiments with acidification have 
occurred for many years (Fangueiro, Hjorth, and Gioelli 2015) (Søren O. Petersen, 
Andersen, and Eriksen 2012), but experimental work has been increasing (Rodhe et al. 
2019). Acidification can be done at different stages of manure management: in the barn, 
in storage tanks, prior to field application. Methane reductions require a regular, but 
modest, insertion of acid into storage tanks. Acidifying manure also reduces ammonia 
losses when methane is applied, and in some experiments increases yields (Loide 2019). 
Yield gains probably occur if farmers either do not apply or are not allowed to apply 
more nitrogen fertilizer to replace the nitrogen lost with the releases of ammonia. The 
amount of acid required for sufficient acidification to greatly reduce methane is still 
unclear. 

Experiments with acidification have largely focused on their benefits for reducing 
ammonia. The quantity of acid required to reduce methane alone is less (Olesen et al. 
2018) (Petersen, Andersen & Eriksen 2012). If ammonia emissions do not need control or 
are controlled by covering tanks, the costs for controlling methane alone should be 
economical relative to other forms of climate mitigation (Searchinger et al 2021).

There are also a variety of promising innovative methods to reduce methane. There is 
experimental evidence, for example, that some additives, such as sulfate, can be added 
in modest quantities and still reduce two-thirds of the methane emissions from storage 
even without significantly reducing pH (Petersen, Andersen & Eriksen 2012) (Petersen 
et al. 2014) (Sokolov et al. 2020). There are ways of storing manure with gentle mixing to 
keep enough oxygen to avoid methane (Tooley 2013). There are also far more ambitious 
strategies to make more valuable uses of manure for purposes, such as producing feed 
through insects or microorganisms (Hussein et al. 2017) (Patthawaro & Saejung 2019).

There are challenges with some of these technologies. If acidification is required at high 
levels, it could still be expensive (although still probably less than $100 per ton of CO2e) 
(Searchinger et al. 2021). It is unclear where or if those costs would be offset by 
increased yields. In Denmark acidification also helps farmers to comply with restriction 
on their losses of nitrogen. Because of that benefit, WRI determined that acidification 
was likely to be a cost-effective form of mitigation even without yield gains 
(Searchinger et al. 2021). Acidification might also add too much sulfur to some soils, 
which has raised concerns about potential water quality problems. 
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More generally, some technologies require a period of more extensive demonstration 
projects before full-scale implementation. And there remains a great deal of uncertainty 
about the real methane emission rates from different farms and in different conditions. 
Better information about these emission rates would greatly assist in targeting 
mitigation funding. A large-scale, coordinated execution of pilot projects in multiple 
countries could dramatically improve knowledge of where and how to implement 
different manure management systems.

Estimated reduction potential

Despite these uncertainties, we believe there is a realistic potential with reasonable 
efforts to mitigate 40% of the methane that is emitted from manure stored in wet form. 
Doing so would reduce overall manure management methane emissions by 38% relative 
to present manure management. These kinds of controls are generally important for 
reducing other environmental problems from manure, including water and air pollution 
and simply noxious odors. Combined with demand-side strategies discussed in this 
report, that would reduce overall methane from livestock by 50% from estimated 2050 
emissions using FAO projections of 2050 diets, and 30% from present emission levels. 

5. Combined Mitigation Scenario
Combining all our mitigation scenarios would result in a 54% reduction from otherwise 
likely 2050 levels of methane emissions from enteric sources, rice and manure 
management. They would also achieve a 36% reduction compared to present emission 
levels.

6. Suggestions for Progress 

Overall, there are many promising measures and strategies to reduce methane 
emissions in agriculture. Many efforts to increase livestock productivity and rice yields, 
important for food security, have the additional benefit of reducing methane emissions. 
In addition, many explicit mitigation strategies, such as enteric methane inhibitors 
or improved water or residue management in rice, have the additional benefit of 
boosting productivity and yields. Yet the efforts made to mitigate methane emissions 
in agriculture lag even those of mitigation efforts in energy and other sectors. Under 
the umbrella of the Global Research Alliance on Agricultural Greenhouse Gases and 
through the IPCC, many researchers from around the world have had the opportunity 
to meet and learn from each other. But without large-scale additional funding, the 
opportunities for coordinated research and development at the scale required have not 
existed.

We offer three suggestions for moving rapidly forward.
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1. Develop “shovel-ready” projects

The world’s growing attention to climate change suggests a willingness to fund 
improvements, but the agricultural projects to do so are not ready. That is true even 
for well documented technologies that have potential to pay for themselves through 
higher productivity, such as improvements in livestock efficiencies and the methods we 
describe for water and residue management in rice. To take advantage of this possible 
funding, projects that are “shovel-ready,” i.e., ready to move forward, need to exist. 

Developing these projects requires technical analysis, planning and coordination at 
local levels. For example, for rice farmers to drawdown water levels, they must be 
able to drain their fields at least once during the growing season, fields must be level 
enough, and water management systems must be able to resupply water. Where these 
criteria can be met through reasonable improvements, they need to be identified. Where 
this approach will work, incentives need to be developed, which should recognize the 
potential for water savings. In other words, these kinds of efforts require analyzing the 
potential to implement drawdowns irrigation district by irrigation district or otherwise 
at local levels. The same principles apply to changing residue management, including 
use of biochar, or using any of the other innovative strategies, such as those described 
in this paper. 

Similarly, improved feeding strategies for livestock require coordinated activity. That 
includes different production and use of feeds, health care systems, and marketing 
opportunities. Coordinated efforts are also required to combine improved feeding 
strategies for ruminants meat with strategies to produce as much of increased protein 
output as possible from alternatives, ranging from dairy to poultry or pork or to plant-
based “meats.” 

One way to move these efforts forward is for governments, the private sector, including 
NGOs and foundations, to develop local projects at the level of detail appropriate 
for increased funding. For example, in the rice sector, such projects would undertake at 
least initial analysis of the technical issues we have raised. In support, funders could 
create and fund international technical teams to assist and facilitate knowledge 
development and transfer as projects proceed. 

2. Structure projects to advance innovation

To support technical advancement and innovation, such projects should wherever 
possible have a monitoring and assessment component to generate improved 
understanding. Coordinated assessment protocols and informal opportunities for 
information sharing would be desirable. Projects should also seek to be testing grounds 
for special innovations, such as new rice varieties, or new livestock feeds. Dedicated 
funding for this kind of technical support and innovations would be desirable.  
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3. Implement targeted, internationally coordinated R&D
projects.

Some technologies are promising but not yet ready for full-scale implementation. 
Examples include the enteric methane inhibitors this paper has described, broad use 
of biochar in rice, and probably even manure acidification. Other basic technologies 
are known, such as solid separation and improved management of the solid fraction, 
but even they would greatly benefit from systematic technical refinement. The 
quantities of funding required should be achievable. We recommend the development 
of targeted, coordinated international research efforts to explore these ideas. Funders 
could galvanize these efforts by inviting proposals. For these kinds of projects, they 
could select projects in two rounds and provide funding for developing plans to the 
most promising first-round proposals. One priority is funding multi-year coordinated 
evaluation of enteric methane inhibitors in 20 or 30 countries. Creating international 
panels of experts for each major source of emissions – separate panels for enteric, rice 
and manure emissions - would be one way to move these efforts forward.
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Strategy Efficacy 
(expected CH4 

decrease range) 
and level of 
confidence

Co-benefits Safety and risk 
management 
and licensing 

challenges 

Production 
system 

applicability 

Market 
readiness 

Barriers to adoption on-
farm, cost effectiveness and 

development needs

Supplementation of 
lipids 

Adding oils, oilseeds 
or other high-fat feeds 
to the diet. The lipids 
decrease methane and 
the additional 
digestible energy can 
increase animal 
production.  

5-20% decrease in methane
depending on level of fat
supplementation and diet.
High confidence. A number
of meta-analysis already
published. Some differences
between lipid sources and
oils vs oilseeds, but these
differences are relatively
small.

May improve 
milk/meat 
production as well 
as their fatty acid 
profiles. Many 
lipid feed sources 
are byproducts 
and waste from 
human food 
industry. Can 
increase animal 
production if dry 
matter intake is 
not decreased. 

Safe, but need to limit 
total lipid content of diet 
to 4-6% of dry matter to 
limit negative effects on 
intake and digestibility, 
especially for high 
forage diets. Milk fat 
depression and “soft” 
butter can occur if diets 
are not formulated 
properly. No licensing 
issues.  

Applicable to all 
systems, except 
extensive low-
input grazing 
systems. Can be 
incorporated into 
total mixed rations 
or offered as 
supplements to 
grazing cattle.   

Market ready Can be costly – lipids are already included in 
many dairy diets in North America and the 
EU as a source of energy. Also in feedlot 
diets, depending on cost. Opportunities for 
lipid inclusion higher in less developed 
production systems. Need to identify low-
cost local feeds and byproducts with high 
lipid contents and their effects on animals in 
Global South (total cost $2-5 million). This 
requires feed analysis and incorporation into 
feed formulation software. Need more info 
on effects on meat and milk quality. 
Substantial research already published for 
intensive systems, but not a lot of research 
done in low-moderate income counties.   

Chemical inhibitor 3-
Nitrooxypropanol (3-
NOP) 

Average efficacy of 30% 
(range: 20 to 80%), but dose 
dependent and inversely 
affected by fiber content of 
the diet. At the same dose, 
responses greater for dairy 
vs. beef cattle. High 
confidence with over 50 
published papers.  

None expected. 
Minimal effects on 
animal production 
or manure.  

Needs to be dosed 
correctly.  Needs 
regulatory approval (3-
NOP approved in Brazil 
and Chile). No carry-
over in meat and milk. 
Low safety risks for 
animals and humans. 3-
NOP is manufactured 
and sold by DSM as 
Bovaer®.   

In current form, 
needs to be 
incorporated into 
total mixed rations. 
Not applicable to 
grazing cattle.  

3-NOP approved in
Brazil and Chile.
Dossiers submitted
to various countries
by DSM. Regulatory
approval in most
jurisdictions requires
an extensive efficacy
and safety dossier as
inhibitors are
considered “drugs”
because they change
animal metabolism. 

Cost at the farm level unknown, and without 
co-benefits 3-NOP will increase the cost of 
feeding. Need to develop a slow-release 
formulation to extend use to grazing animals 
and for non-total mixed ration farms (total 
cost ($5-10 million).  Need more information 
on long-term effects over multiple lactations 
(methane and animal production/health) 
and potential adaptation of the rumen ($2-5 
million). Need more information on effects in 
Global South ($5-10 million). Research is 
controlled and mainly funded or co-funded 
by DSM, as they control the supply of 
product.  
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(expected CH4 

decrease range) 
and level of 
confidence

Co-benefits Safety and risk 
management 
and licensing 
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Production 
system 

applicability 

Market 
readiness 

Barriers to adoption on-
farm, cost effectiveness and 

development needs

Bromoform-
containing seaweeds 
(Asparagopsis sp.). 
About 5-8 
experiments have 
been conducted so far 
all showing consistent 
results in high 
potential to reduce 
emissions.  

Efficacy depends on basal 
diet and dose but in general 
it ranges from 40 to 98%. 
There is high level of 
confidence in the efficacy 
shown. We need 
information on net emission 
reduction considering 
production and transport to 
farm so life cycle 
assessments are needed. 

A couple of small 
experiments have 
shown that there 
is an 
improvement in 
feed conversion 
efficiency, i.e., 
animals consume 
less feed but gain 
same weight 
compared those in 
control.  

Safety risks need to be 
established, bromoforms 
are ozone depleting and 
potential human 
carcinogens. May need 
processing as there 
could be high levels of 
inorganic compounds 
transferred to products. 
Subject to USDA 
approval to feed 
seaweed (currently 
approved for trials) and 
FDA approval for 
methane mitigation and 
efficacy.   

Needs to be 
incorporated into 
total mixed rations. 
We don’t know 
how long the 
efficacy lasts so 
more work is 
needed in this area. 
If it lasts up to a 
week, it will 
broaden its range 
of applicability. 

Early-stage research 
with a few start-ups 
working on scaling 
up and 
commercialization.  

Need information on safety, bromoform 
content and stability, product production, 
and effects on animal productivity. Unknown 
cost effectiveness but potentially it can be 
produced in aquaculture setting and 
distributed as feed additive. There needs to 
be at least a dozen experiments including 
long term studies of either one or two 
lactations and a clinical trial. More research is 
needed for selection of seaweed with greater 
bromoform concentration and lower 
inorganic compounds. Research is needed to 
determine stability of seaweed over time and 
optimal storage conditions (stored room 
temp, refrigerated or frozen). Freeze drying 
is expensive so more research to figure out 
alternative drying and processing methods. 
Developing a product and getting it to 
commercial setting requires further 
investment, which start-ups are taking 
control of. Currently, research is 
underfunded so commercialization is over 5 
years away. 

Long term plan would be to try to 
incorporate bromoform in small quantities 
through bioengineering of crops and slow-
release forms for grazing cattle. 
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decrease range) 
and level of 
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Production 
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Barriers to adoption on-
farm, cost effectiveness and 

development needs

Other seaweeds 

Seaweeds other than 
Aspargopsis that 
inhibit 
methanogenesis due 
to the presence of 
specific bioactive 
components.  

Decrease in methane of 5 to 
20% but life cycle 
assessments needed. High 
uncertainty as there are few 
published papers so far, but 
this area is expanding in 
coastal countries.  

Unknown, but 
many of these 
seaweed are 
highly digestible 
and may increase 
animal 
productivity.  

Some may contain high 
levels of inorganic 
compounds (e.g., 
iodine). Will need to 
determine safety 
including residues and 
off-flavors. Many are 
already approved by 
government agencies for 
feed, so regulatory 
issues may be less than 
for Aspargopsis. 

Applicable to all 
systems, except 
extensive low-
input grazing 
systems 

Early-stage research 
conducted mainly in 
high income coastal 
countries. At least 5 
years from product 
delivery. 

Need research on bioactive and inorganic  
compounds, product production, and effects 
on animal productivity. May need to purify 
or extract the bioactive components to 
minimize shipping costs and inorganic 
contaminants. Adoption will depend on 
cost:benefit analysis and regional 
availability. Currently, research is 
underfunded so commercialization is over 5 
years away. 

Essential oils. 

These are naturally 
occurring compounds 
extracted from plants 
or synthesized 
chemically. Products 
are usually essential 
oil blends e.g. Agolin. 
Mootral is made from 
natural products 
(such as garlic- and 
flavonoid-containing 
citrus extract) with 
demonstrated anti-
methanogenic 
properties. Tropical 
grown lemongrass has 
also been shown to 
reduce emissions 

0 to 25%; low to medium 
confidence due to the lack of 
published animal studies so 
far. However, this area is 
expanding.  

Potential to 
increase animal 
productivity. 
There is evidence 
for at least Agolin 
to improve milk 
production.  

Low risks. Many already 
approved as feed 
palatability enhancers. 
Essential oil products 
can be unstable and 
require encapsulation 
and proper storage. 
Odor might be a 
problem in some case 
(Mootral has heavy 
garlic smell to it). 

Needs to be 
incorporated into 
total mixed rations; 
not applicable to 
extensive grazing 
systems. 

Some products are 
market ready for 
methane reduction 
(Mootral, Agolin), 
but based on very 
limited research. 
Agolin is already 
being sold to 
increase milk 
production but 
methane mitigation 
is less than 10% 
based on few 
studies. Mootral 
shows up to 23% 
reduction in one 
study, but needs 
substantiation in 
science-based 
publications. 

Research to date has focused on animal 
productivity although some products are 
developed for methane abatement 
specifically. Need research on optimum 
product formulation for methane mitigation. 
This will show whether this is something 
worth pursuing. Early indication is yes but 
we don’t know the cost effectiveness (except 
Agolin that would increase milk production). 
Most are natural based products so it is easier 
for them to be approved as feed additives by 
USDA but still require FDA approval if 
methane reduction is to be claimed. 

Long term plan is to include some of the anti-
methanogenic essential oils into common 
feeds through bioengineering technology. 
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Tannins 

Condensed and 
hydrolysable tannins 
contained in some 
plants (forages, 
shrubs, leaves and 
bark of trees). Can 
also be prepared as 
extracts. 

5 to 20%. Moderate certainty 
with reduction being dose 
dependent.  

Can improve 
nitrogen use 
efficiency and 
decrease nitrogen 
excretion. Can 
prevent bloat, 
control intestinal 
parasites, and 
improve the fatty 
acid composition 
and oxidative 
stability and 
sensory qualities 
of meat and milk. 

High levels (> 3% of 
dietary dry matter) can 
decrease digestibility. 
Therefore, some of the 
methane reduction at 
higher levels can be due 
to decreased 
digestibility.  

Applicable to all 
systems. Tannin 
containing forages 
mainly for pastoral 
systems, extracts 
for total mixed 
ration systems.  

Some tannin forages 
are market ready. 
New extracts in 3-5 
years. 

A lot of the research has been done in vitro, 
with very positive results. Need more animal 
research using regionally available high-
tannin sources Potential to develop 
supplements and extracts based on using 
local shrubs/trees. Need more work to 
characterize the types of tannins and levels in 
relation to methane mitigation and animal 
performance. 

Immunization against 
methanogens.  

Growth and methane 
production of a pure 
culture of a 
methanogen were 
inhibited by a vaccine 
but ruminants contain 
numerous different 
species of 
methanogens 

10 to 15%. High uncertainty, 
as the research is 
developmental.  

None Safety concerns 
unknown, it is low risk, 
as antibodies naturally 
exist in animal tissues. 
Vaccines are veterinary 
drugs so would need to 
go through appropriate 
regulatory approval 
processes. 

Expected to have 
broad applicability 
globally. This is 
especially attractive 
for extensive 
systems if the 
requirement is one 
or two doses of the 
vaccine. 

It is still at the 
experimental stage 
and may take over 5 
years to be on the 
market. 

Not yet demonstrated in live animals and 
still at a proof-of-concept stage. The biggest 
issue it that vaccines may lack a broad-
spectrum effect on rumen methanogenic 
community. Research is needed to select 
appropriate antigens present across diverse 
rumen methanogens and assess their efficacy 
against cultivable rumen methanogens. 
Needs to assess the persistence of immune 
responses across ruminant populations. It 
may be cost effective as production of 
vaccines (if given one or two shots) could 
potentially be covered through incentives.  

Mainly driven by New Zealand. Long-term 
plan depends on in vivo experiment results. 

Table 2: Summary of current and near-market ready enteric methane inhibition strategies
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