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COURSE 5  

Reduce Greenhouse Gas  
Emissions from 
Agricultural Production
Agricultural production is responsible for more greenhouse gas (GHG) 

emissions each year than land-use change but production-related 

emissions are traditionally regarded as harder to control. In general, our 

estimates of mitigation potential are more optimistic than the estimates of 

other researchers, partly because many analyses have not fully captured 

the opportunities for productivity gains and partly because we factor in 

promising potential for technological innovations. 
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Introduction
GHG emissions from agricultural production pro-
cesses alone (i.e., excluding emissions from con-
verting land to agricultural use) reach 9 gigatons 
(Gt) by 2050 in our baseline scenario, an increase 
from 6.8 Gt in 2010 (Figure C5-1). These produc-
tion emissions arise mainly from six sources: 

 ▪ “Enteric” methane emitted from the stomachs 
of cattle, buffalo, goats, and sheep (ruminants) 

 ▪ Manure produced by some ruminants, pigs, 
and chickens kept in confined animal facilities 
(large and small) 

 ▪ Unmanaged manure left on pasture and pad-
docks 

 ▪ Crop and pasture fertilization, particularly with 
nitrogen 

 ▪ Rice production

 ▪ Energy use in on-farm activities and in the pro-
duction of agricultural inputs such as fertilizer

A baseline emissions level of 9 Gt results in a 
GHG mitigation gap of 5 Gt relative to our target 
of 4 Gt of total emissions from agriculture, even 
if we assume that all net emissions from land-
use change, including peatland degradation, are 
eliminated or offset (as we contemplate in some 
scenarios). 

Our 2050 baseline already builds in many produc-
tivity gains, without which agricultural production 
emissions in 2050 would rise even further (Figure 
C5-1). Even with highly optimistic estimates of 
changes in demand discussed in Course 1 (e.g., 
reducing food loss and waste, shifting diets to less 
ruminant-based foods), annual production emis-
sions would still reach 7.2 Gt in 2050. Additional 
increases in livestock productivity analyzed in 
Chapter 11 would reduce production emissions to 
only about 7 Gt. 

To reach our target of total agricultural emissions 
of 4 Gt by 2050 (see Figure 2-6 in “Scope of the 
Challenge and Menu of Possible Solutions”), efforts 
to reduce agricultural production emissions will 
be essential. Many possible approaches would also 
reduce other environmental impacts of agriculture, 
including air and water pollution caused by manure 
and fertilizer. 

The following chapters explore menu items that 
could reduce agricultural production emissions by 
changing production processes. We find that mean-
ingful potential exists today and that innovation 
offers the possibility of much greater mitigation in 
the future. Achieving these innovations will require 
both public support for research and development 
and flexible regulations that provide incentives 
for farmers and the private sector to pursue cost-
effective solutions.
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Figure C5-1  |   Annual agricultural production emissions could reach 9 gigatons or more by 2050

Source: GlobAgri-WRR model.
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MENU ITEM: REDUCE 
ENTERIC FERMENTATION 
THROUGH NEW 
TECHNOLOGIES 
Methane produced by digestive processes in the stomachs of 

ruminants—mainly cattle, sheep, and goats—is the largest source 

of GHG emissions from livestock. Productivity improvements will 

reduce methane emissions, mainly because more milk and meat 

is produced per kilogram of feed, but additional measures will be 

needed to help offset growth in demand for ruminant meat. This 

chapter explores technological approaches to reducing enteric 

methane emissions.

CHAPTER 24
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The Challenge
Livestock generate roughly half of agricultural pro-
duction GHG emissions today (Figure 24-1), even 
when excluding the emissions resulting from feed 
production. In 2050, two-thirds of livestock emis-
sions, and more than one-third of total agricultural 
production emissions, will be methane generated 
by “enteric fermentation.” This methane, which 
exits mainly from the animal’s mouth, is produced 
by the natural breakdown of forages and other feed 
by anaerobic microorganisms (technically archaea) 
in the stomachs of ruminants—cattle, goats, sheep, 
and buffalo. 

Strategies to reduce enteric methane emissions, in 
addition to improving livestock productivity, rely 
on four approaches to manipulate the dominant 
microbiological communities in the rumen: using 
vaccines, selectively breeding animals that naturally 

Figure 24-1 |   Greenhouse gas emissions from 
agricultural production, 2010 and 2050

produce fewer emissions, incorporating special 
feeds or supplements into diets, and using com-
pounds that can be thought of as drugs. 

Governments have supported more research on this 
issue than on other sources of agricultural GHGs. 
Some dedicated scientific facilities are evaluat-
ing mitigation options. For example, at one New 
Zealand facility, scientists for years have systemati-
cally tested thousands of possible drugs or feed 
supplements. They start by adding compounds 
in small glass containers filled with rumen fluids. 
The most promising compounds are fed directly to 
animals temporarily housed in clear, tightly sealed 
glass chambers, which permit researchers to care-
fully measure the methane they release. The same 
chambers allow researchers to test different food 
additives, vaccines, and breeds to minimize meth-
ane emissions. 

Unfortunately, the vast majority of results have 
been disappointing, mainly because the archaea 
that produce methane have found ways to overcome 
whatever initially suppresses them.1 Although test-
ing of animals has shown that different individual 
animals at different times produce very different 
levels of methane,2 breeding has not yet produced 
animals that systematically generate below-average 
methane levels.3 Vaccines also have proven only 
modestly and temporarily effective.4 Although 
many feed compounds at first reduced methane 
emissions, most quickly lost their effectiveness. The 
digestion of cellulose results in a hydrogen gas that 
provides an energy source for microorganisms that 
can use it. As one paper summarized the problem, 
“The rumen microorganisms have the ability to 
adapt to foreign agents or changes in the feeding 
regimen and, therefore, short-term responses are 
not representative of the effect of a given mitigation 
compound or practice in real farm conditions.”5 

A few chemical compounds have provided persis-
tent benefits so far, such as bromoform and chloro-
form.6 These compounds are found in the red algae 
that make up some kinds of seaweed and explain 
why feeding experiments using small quantities of 
such seaweeds in feed, around 0.5 percent, have 
achieved greater than 50 percent reductions in 
methane emissions.7 Unfortunately, these com-
pounds are associated with important animal health 
or environmental concerns.8 As a result, scientists 
are divided on whether to continue investigating 
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seaweed, with researchers in New Zealand discon-
tinuing work while some researchers in Australia 
and the United States continue their studies. 
Separately, New Zealand researchers announced 
the identification of five promising compounds in 
2015,9 but peer-reviewed publications with results 
have yet to emerge. 

As alternatives to chemical or drug compounds, 
some feed supplements—including vegetable oils 
and nitrate—have shown limited effectiveness at 
reducing methane emissions without health or pro-
ductivity concerns.10 But the financial costs of these 
supplements are high relative to emissions avoided. 
One analysis estimated that the potential costs of 
mitigation using these supplements start at $100 
per ton of carbon dioxide equivalent (CO2e) and rise 
with higher levels of mitigation. The analysis fur-
ther estimated that even at a marginal cost of $300 
per ton, the potential mitigation from these feed 
supplements amounted to only a few percent of 
enteric emissions.11 We consider these approaches 
too expensive and their emissions-reduction ben-
efits too small to be worthy of inclusion in our menu 
for a sustainable food future. 

The Opportunity
Fortunately, since about 2015, at least one promis-
ing chemical feed additive has emerged. Multiple 
studies of cattle have shown that a small molecule, 
called 3-nitrooxypropan (3-NOP), generates 
sustained methane reductions of 30 percent or 
more in both cattle and sheep over at least several 
weeks.12 This additive appears to have a persistent 
effect because the compound interferes with part of 
the fundamental chemical reaction that produces 
methane in all archaea.13 The fundamental nature 
of this pathway may also reduce the rate at which 
archaea can mutate around it. On the basis of 
existing research, the chemical appears to have no 
adverse effects on animal health. 

There is also good evidence from 3-NOP and other 
studies so far that reducing methane harms nei-
ther animals nor their productivity. This testing 
alleviates concerns that cows might be harmed by 
a build-up of hydrogen in the rumen when it no lon-
ger binds with carbon to form methane.14 

3-NOP may also increase meat productivity, 
although the results to date have not demonstrated 
such gains clearly. Because ruminants lose up to 12 
percent of the gross energy in feed as a result of the 
rumen’s methane production,15 reduced methane 
production in theory has the potential to increase 
productivity or reduce the quantity of feed needed. 
Yet studies of 3-NOP in dairy cows have not found 
increased production of milk, and only some have 
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found increases in daily weight gain (and only in 
dairy cows, not beef cows). Research is still ongo-
ing, and DSM, the company that makes 3-NOP, 
is exploring the alternative route of maintaining 
output while reducing feed input.

Steps remain before 3-NOP can be broadly adopted. 
Researchers are still conducting experiments to 
obtain approval.16 DSM hopes to have 3-NOP avail-
able on the market by 2020, though problems could 
still emerge. Yet overall, the progress made so far 
increases confidence that researchers will ulti-
mately identify a cost-effective, safe, and effective 
compound. 

Mitigation Potential
Although the novelty of effective compounds makes 
any projections uncertain, our mitigation options 
are based on assumptions about using 3-NOP or a 
comparable compound. The principal limitation of 
3-NOP now is that it requires daily ingestion, and 
preferably frequently. In the leading study, it was 
mixed with feed in stall-fed dairy animals, which 
therefore ingest it throughout the day.

In our modeling, we assume that a feed compound 
will reduce emissions by 30 percent, which is the 
claim now being made by the producers of 3-NOP. 
We apply it in our first (Coordinated Effort) sce-
nario to half of animals that receive more than a 
small amount of concentrated feed, which would 
facilitate their ingestion of a compound. In our 
Highly Ambitious scenario, we apply these reduc-
tions to all animals receiving concentrated feed. 
Under our Breakthrough Technologies scenario, 

Table 24-1 |  Global effects of enteric fermentation reduction scenarios on greenhouse gas emissions from  
agricultural production

SCENARIO ENTERIC 
FERMENTATION 

EMISSIONS  
(MT CO2E)

TOTAL 
PRODUCTION 

EMISSIONS 
(MT CO2E)

PRODUCTION 
EMISSIONS GHG 
MITIGATION GAP  

(GT CO2E)

2010 2,260 6,769 —

No productivity gains after 2010 4,432 11,251 7.3
(2.3)

2050 BASELINE 3,419 9,023 5.0

30% methane emissions reduction (animals receiving half of 
concentrated feeds) (Coordinated Effort) 3,126 8,730 4.7

(-0.3)

30% methane emissions reduction (all animals receiving 
concentrated feeds) (Highly Ambitious) 2,807 8,411 4.4

(-0.6)

30% methane emissions reduction 
(all ruminants) (Breakthrough Technologies) 2,393 7,997 4.0

(-1.0)

Notes: Numbers not summed correctly are due to rounding. Numbers shown in parentheses are changes relative to 2050 baseline.
Source: GlobAgri-WRR model.
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the feed compound and associated 30 percent 
emissions reduction is assumed to apply to all 
ruminants including those permanently grazed. 
We make this assumption only in that scenario 
because such an achievement would likely require 
additional technological innovation to develop ways 
of delivering 3-NOP or alternative compounds, such 
as long-lasting, slow-release additives (Table 24-1).

The three mitigation scenarios lead to a reduction 
of enteric fermentation emissions of between 9 per-
cent and 30 percent relative to our 2050 baseline. 
They would close between 6 percent and 20 percent 
of the production emissions GHG mitigation gap. 

Recommended Strategies
Governments first need to continue their support 
for developing compounds to reduce methane from 
enteric fermentation. Without such support, the 
opportunities are less likely to be realized. 

Researchers and corporations also need to know 
that if they develop a measure that provides cost-
effective mitigation, it will be used. It is possible 
that compounds like 3-NOP will eventually pay 
for themselves through reduced need for feed or 
increased productivity, but they also might not, and 
cost-effective mitigation benefits should be consid-
ered sufficient justification to require their use. 

We therefore recommend that governments provide 
incentives to the private sector by promising to 
require use of compounds if and when they prove to 
mitigate emissions at a reasonable cost. A first step 
could require use of such compounds as a condition 
of receiving farm subsidies. Because this recom-
mendation applies to several mitigation strategies, 
we elaborate more on it in the final chapter of this 
course. 
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MENU ITEM: REDUCE 
EMISSIONS THROUGH 
IMPROVED MANURE 
MANAGEMENT
The breakdown of manure by microorganisms under waterlogged 

conditions generates both methane and nitrous oxide emissions, 

which are powerful GHGs. Concentrated manure presents many 

other environmental challenges: it compromises water quality, 

contributes to local and regional air pollution, harbors pathogens, 

and generates noxious odors. This menu item focuses on ways 

to reduce GHG emissions from managed manure—but the 

same measures that reduce GHGs also tend to mitigate other 

environmental problems.

CHAPTER 25
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The Challenge
Livestock produce vast quantities of manure. 
Manure is “managed” when ruminants, pigs, or 
poultry are raised in confined settings and farm-
ers remove manure and dispose of it in some way. 
(The manure that cattle, sheep, and goats deposit 
on grasslands and paddocks is considered unman-
aged, and we address emissions from this source in 
the next menu item.) Manure begins to emit GHGs 
immediately after it is deposited in the barn where 
animals are kept,17 but the majority of emissions 
occur in the manure storage system. 

Dry and wet manure management systems
Some manure is managed in “dry systems,” in 
which farms allow the urine to partially dry where 
it falls before scraping and piling the manure. Dry 
systems are found in virtually all poultry facilities 
because low volumes of urine leave poultry manure 
naturally dry. In the case of cattle and pigs, partial 
saturation of pockets of manure by urine creates the 
kinds of low-oxygen, high-carbon conditions that, 
when present for a day or more, are ideal for the 
microorganisms that produce nitrous oxide. More 
permanently saturated pockets tend to generate 
methane. Although the majority of the world’s man-
aged manure is managed dry, dry manure produces 
roughly 40 percent of global manure management 
GHG emissions (using estimates generated by 
the Global Land Evaporation Amsterdam Model 
[GLEAM] developed by the Food and Agriculture 
Organization of the United Nations [FAO]),18 
mostly in the form of nitrous oxide. Dry systems 
also result in high losses of nitrogen in a variety 
of forms, which reduces the nutrient value of the 
manure and typically generates abundant ammo-
nia, an air pollutant. 

Roughly 60 percent of managed manure emissions 
occur in “wet systems,” in which farmers collect 
both feces and urine and sometimes add some 
water to flush manure into storage areas. These 
storage systems can take a variety of forms. When 
farmers use relatively small pits dug out of the 
earth, which they must empty several times a year, 
they are often called pits or slurries. When farm-
ers use much larger dug-out pits, they are called 
“lagoons.” These storage systems provide ideal 
conditions for archaea to generate methane. Per ton 
of manure, wet systems generate on the order of 20 
times more methane than dry-managed manure, 
according to guidance from the Intergovernmental 
Panel on Climate Change (IPCC) and more recent 
studies.19 Dry systems produce far more nitrous 
oxide although they have lower total emissions. 
When and if farmers ultimately apply wet manure 
to cropland and pasture, the manure also generates 
emissions, but we count and discuss those emis-
sions as part of “soil fertilization,” which we address 
in Chapter 27.

Figure 25-1 |   Greenhouse gas emissions from 
agricultural production, 2010 and 2050
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Managed manure volumes and emissions
We estimate GHG emissions from managed manure 
at nearly 590 million tons (Mt) of CO2e in 2010. We 
project that these emissions will rise to 770 Mt CO2e 
in our 2050 baseline (Figure 25-1). Of this total, 
we estimate that roughly one-third is in the form 
of nitrous oxide and two-thirds is in the form of 
methane. 

Our estimates and projections are similar to those 
of other researchers. Perhaps because all global 
managed manure estimates use some form of 
guidance from the IPCC, seven of eight estimates 
recently summarized ranged only from 470 to 590 
Mt CO2e for recent years.20 In all studies, the esti-
mated emissions from methane are very similar.21 
Differences arise primarily in estimates of nitrous 
oxide emissions. There is also evidence from a 
meta-analysis of available field data that IPCC 
emission factors are too low, at least for dairy cows 
in developed countries, which would suggest higher 
total global emissions.22 

Although estimates are rough, estimates by FAO 
using the GLEAM model indicate that manure from 

pigs is responsible for half of all managed manure 
emissions, primarily through methane generated in 
wet systems. Dairy cows generate around one-third 
of all emissions, roughly evenly divided between 
methane and nitrous oxide. Beef operations pro-
duce roughly one-sixth of all GHGs, primarily 
through nitrous oxide, because their predominant 
manure management systems are dry. Poultry 
produce relatively low GHG emissions (although 
they tend to generate abundant ammonia) because 
their wastes are dry enough to inhibit production of 
nitrous oxide or methane. 

The critical question is what farmers can do to 
mitigate emissions from managed manure. More 
efficient production has only modest effects on man-
aged manure emissions, unlike most other sources 
of agricultural emissions. To date, global estimates of 
technical—let alone economic—mitigation potential 
tend to be modest. For example, one review estimated 
the potential at 100 Mt CO2e per year.23 Such a level 
would mitigate only around one-sixth to one-eighth 
of present estimates of emissions from managed 
manure. Although we are ultimately more hopeful, we 
too consider mitigating managed manure emissions 
to be challenging for three reasons:
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First, because most manure managed under dry 
systems generates relatively low emissions per 
kilogram of manure,24 any control technology must 
be fairly inexpensive if it is to be cost-effective.25

Second, one-third of managed manure emissions 
today take the form of nitrous oxide, which is 
harder to control than methane—and this share is 
likely to rise by 2050.26 Nitrous oxide emissions 
occur when manure is moist but not in liquid form 
and starts to occur as soon as wastes are deposited 
by the animal.27 We discuss below opportunities to 
use solid separation on pig and dairy farms, but, 
in dry beef operations and many smaller farms, 
the main strategy suggested in the literature is 
to reduce overfeeding of protein (and therefore 
nitrogen) to livestock. In some countries, farmers 
feed excess protein, so reductions are practicable. 
In advanced systems, feed can more closely match 
the specific amino acid needs of livestock.28 But 
in large parts of the developing world, livestock 
underconsume protein. Even where cows consume 
more nitrogen than they need, reducing protein in 
feed may result in more methane emissions from 
manure management through a complex and poorly 
understood microbial interaction.29 In addition, effi-
ciency gains in consumption of nitrogen by animals 
are mostly tied to the overall efficiency of feeding, 
and our baseline analysis already assumes substan-
tial increases in overall feeding efficiency.

Third, farmers cannot practically influence many of 
the factors that influence emissions. For example, 
emissions from stored manure can be much higher 
in warmer climates than cool climates.30 But strong 
economic factors influence where farmers raise 
animals, so it generally would be expensive, and 
socially and politically challenging, to shift livestock 
production to cooler areas just to reduce GHG emis-
sions. Managed manure emissions also increase the 
longer farmers store manure before spreading it on 
farm fields. But spreading manure more frequently 
would often mean fertilizing crops when they 
cannot use the nutrients and thus increasing water 
pollution and nitrous oxide emissions in the field. 

The Opportunity 
Despite these challenges, we see greater potential 
for mitigation if countries take reasonable steps to 
advance manure-management technologies. There 
appears to be abundant opportunity for innova-
tion. Even existing technologies appear capable of 
reducing emissions at a cost equal to only a small 
percentage of the price of meat and milk and at an 
acceptable cost per ton of emissions. 

In this section, we discuss the opportunities for con-
trolling managed manure emissions with a simple 
technology, solid separation, that can mitigate emis-
sions from wet and dry manure alike and can grow 
in complexity and levels of mitigation as required. 
We then consider some lessons from research into 
manure management at a North Carolina pig farm, 
which offer insight into the potential to develop truly 
sophisticated manure management systems. Finally, 
we discuss digesters, which have received much of 
the manure management focus. They have potential 
to improve manure management but also present 
risks if not properly managed.

Separating solids, liquids, and nutrients
Separating liquids from solids is a relatively simple 
measure to reduce emissions and improve manure 
management generally. Since the solid portions of 
manure are drier after separation, they are likely 
to emit somewhat less methane. The liquid por-
tion also causes fewer emissions because its lower 
carbon content gives microorganisms less to feed 
on and turn into methane.

Even without government incentives, a wide 
variety of systems already exist that can separate 
solids and, in the process, improve potential use of 
manure’s nutrients. The simplest systems use grav-
ity and a series of grates or ponds to let solids settle 
out. Many dairy farms in the United States use 
these systems. But mechanical systems can include 
screw presses or centrifuges that squeeze or whisk 
water out of solids and greatly increase the extent of 
the separation. Use of chemical “flocculents,” which 
cause small particles to bind together, can increase 
removal rates of solids to 75–90 percent or higher, 
and can remove nearly all the phosphorus. More 
advanced systems use a variety of techniques to 
strip out nitrogen and phosphorus.
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Separating liquids from solids also helps segregate 
nutrients; more nitrogen tends to remain with the 
liquid and more phosphorus stays with the solids. 
Two waste streams make it possible to better direct 
nitrogen and phosphorus to fields that need them. 
The phosphorus content of manure tends to be 
particularly high relative to local field needs, so 
concentrating and drying out phosphorus in solids 
makes it cheaper to transport the manure to fields 
that can benefit from it.31 

The degree of GHG mitigation that separation can 
achieve will probably vary according to the type of 
farm and the extent of the solid separation. Stud-
ies to date use modeling assumptions rather than 
real field data. One study of pig farms in China 
found that solid separation would reduce emissions 
by more than half compared to even a basic dry 
management system (which mixes manure with 
straw), mostly by reducing nitrous oxide emissions. 
If compared to storage of manure in a deep pit, 
solid separation systems would reduce emissions by 
two-thirds.32 

Achieving large reductions requires more than a 
low level of solid separation achieved by simple 
gravity-fed, grated systems. For example, a study of 
manure management changes on large dairy farms 
conducted for the California state government 
estimated only an 11 percent reduction in methane 
using solid separation.33 But this study assumed 
that only 15 percent more solids would be sepa-
rated, which would require only simple systems of 
solid separation.

One analysis of dairy farms in the United States 
estimated the cost of simple separation systems 
at only about $5–$6 per cow per year, with more 
advanced systems costing $50–$75 per cow per 
year.34 A cost of $75 per cow in the United States is 
roughly equivalent to only 1 cent per liter of milk,35 
and these systems can still potentially pay for 
themselves because they save other costs of manure 
management, including hauling costs, and because 
they enable more valuable use of nutrients.36 One 
analysis of dairy farms in Iowa found that farms 
using advanced solid separation actually had the 
lowest manure management costs.37 To indicate 
the potential, some dairy farms in Michigan and 

New York have installed a system that uses reverse 
osmosis to clean up effluent almost to drinking 
water standards for reuse. Although the system is 
expensive, the farm owners believe it will ultimately 
save them money, mainly by lowering hauling costs 
and making more valuable use of nutrients.38 

With good, daily solid separation, perhaps half or 
more of remaining emissions will result from the 
storage of solids, perhaps in equal parts methane 
and nitrous oxide.39 These emissions can be reduced 
by the use of chemical additives to inhibit nitrous 
oxide emissions, some of which have proven effective 
at least during composting.40 Other approaches that 
may improve performance and reduce costs include 
integrating systems into initial barn design and con-
struction that help separate urine, which is high in 
nitrogen, from feces, which are high in phosphorus.41

Although solid separation receives relatively little 
attention in the mitigation literature, it represents 
both a good technology for initial implementation 
and one that farmers are likely to improve over 
time. It has many characteristics that make it prom-
ising across multiple farms: 

 ▪ Because even simple separation can help to 
reduce emissions, solid separation is not an 
all-or-nothing strategy. Opportunities exist 
for incremental improvements, which in turn 
create opportunities for the kinds of small-scale 
innovations that tend to push down costs.

 ▪ Unlike some technologies, small farms should 
be able to employ solid separation because the 
technology should scale up or down according 
to the size of the farm and the costs will depend 
mainly on the quantity of manure.

 ▪ Solid separation is a pretreatment technology 
for almost all other likely advanced manure 
management techniques, whether designed to 
reduce emissions or other air and water pollu-
tion problems.

 ▪ Once systems are installed, farmers will have 
incentives to make them work well to reduce 
hauling costs and to increase the value of the 
use of nutrients.
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Mitigating manure managed as a liquid
Manure that is currently stored as a liquid in 
lagoons or smaller storage facilities presents the 
largest opportunities for mitigation because the 
manure provides a concentrated source of emis-
sions. Based on GLEAM data, wet manure gener-
ates 90 percent of pig farm emissions globally. 
Studies and experience with manure management 
systems for pig farms in the U.S. state of North 
Carolina illustrate the potential, given some 
financial encouragement (Box 25-1). In that state, 
roughly $15 million of research and development 
funding, distributed competitively, resulted in 
development of a sophisticated wastewater system 
that would virtually eliminate not just GHGs but all 
other forms of air and water pollution, odor, and 
disease risk. The system should add only around 2 
percent to the retail price of pork.42 These technolo-
gies emerged without the advantages of “learning 
by doing” or economies-of-scale production. They 
suggest that with more incentives, broader applica-
tion, and without the need to meet such stringent 
standards for other pollutants, variations in liquid 
manure technology would likely emerge at even 
lower costs. 

Digesters and covered storage
Advanced manure management has focused much 
of its attention on systems that “digest” manure, so 
these systems merit special attention here. One les-
son from substantial work to date is that digesters 
have promise for manure already managed in wet 
systems but are unlikely to reduce overall emissions 
from manure otherwise managed in dry systems. A 
second lesson is the critical importance of control-
ling leaks wherever digesters are used, whether 
low-technology digesters in poorer countries or 
higher-technology digesters in rich ones. 

Digesters typically confine liquid manure without 
oxygen to generate and capture methane, which 
is then often burned to provide heat or to make 
electricity. Digesters can be large and simple (e.g., 
lagoons covered with plastic tarps), large and 
more sophisticated (e.g., various forms of metal 
tanks), or small and simple (e.g., small clay or brick 
structures). In developed countries, where digesters 
are mostly large, the gas is typically used to run an 
electric turbine or cleaned of its many impurities 
and fed into a natural gas grid. These steps greatly 

raise the cost despite the energy they generate. For 
a 700-cow dairy operation in the United States, the 
overall costs of installation including the electricity-
generating turbine may be $4 million. Operating 
costs can be high—as much as the annualized cost 
of the installation.43 By contrast, household-level 
digesters in developing countries typically feed the 
gas back for use by the households, which is inex-
pensive and provides a cheaper, easier, and cleaner 
source of energy than wood or charcoal—even if the 
gas contains impurities that would fail the stan-
dards of most grid systems. The vast majority of the 
world’s digesters are in developing countries, with 7 
million in just five large Asian countries.44 

Digesters were generally developed not to reduce 
GHG emissions but to provide energy and to reduce 
odor and organisms that cause disease. Whether 
they reduce emissions depends on how much they 
leak and whether farmers would otherwise manage 
their manure wet or dry. With no leaks in either 
the digester or in transport and use of the gas, a 
digester and its ultimate use should eliminate all 
the methane and convert it to carbon dioxide, a 
much less potent GHG. But leaks raise concerns. 
The IPCC accounting guidance establishes a high, 
default emission factor for digesters of 10 percent 
of the methane-producing potential of the manure. 
In addition, the liquid “digestate” that comes out 
of the digester is itself stored in a covered form and 
continues to generate methane. Unless this diges-
tate is itself captured and its methane recovered, it 
can add leakage of an additional 10 percent or more 
of the total methane produced by the digester.45

In contrast to the IPCC standard leakage rates of 
10–20 percent from digesters, the IPCC estimate of 
methane emissions from manure stored in dry form 
is 4 percent. As a result, switching from dry storage 
to a leaky digester would increase methane emis-
sions (and the reduction in nitrous oxide emissions 
would typically not make up the difference).46 At 
typical leakage rates, even factoring in use of the 
energy to displace fossil fuels, switching from dry 
manure to wet manure managed by a digester is 
likely to increase emissions.47 

By contrast, the IPCC default emission factors for 
wet manure systems are much higher. The standard 
emission rate for a lagoon, typically a large earthen 
pond, is around 70 percent of the methane-pro-
ducing potential of the manure in the lagoon. The 
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Eastern North Carolina experienced 
massive growth in large-scale pork 
production in the 1980s and 1990s. The 
management of manure in large, open 
lagoons contributed to a wide array of local 
problems including obnoxious odors, air 
pollution, nitrogen enrichment, pathogens, 
and dangerous algal blooms in North 
Carolina’s principal estuary. Large fish kills 
occasionally occurred when lagoons broke 
or were flooded.a 

After legal action from the state 
government, the principal pork producer 
and pig purchaser in the state agreed 
to provide $15 million to fund research 
into “environmentally superior” manure 
management technologies under the 
supervision of North Carolina State 
University. It also agreed to implement 
any such technologies found to be 
economically feasible by the university. 
Reflecting the many other concerns about 
manure, the criteria for “environmentally 
superior” were stringent but unrelated 
to climate change: technologies must 
substantially eliminate all pathogens, threat 
of nutrient pollution, odor, and air pollution. 

The project’s conclusions in 2006 were 
in one sense a disappointment because 
the university found that no technologies 
qualified as economically feasible. Yet the 
economic analysis for the study assumed 
that pork facilities in North Carolina alone 
would implement these technologies, so 
anything more than trivial costs would 
put them at a competitive disadvantage 
with farms in other states. The study did 
not analyze whether requiring all pork 
producers in the United States to control 
their pollution would be economically 
advantageous. 

Review of the findings of that study 
indicates that even an extraordinarily 
sophisticated, tank-based manure 
management system would cost-effectively 
reduce GHG emissions without even 
factoring in the other pollution-reduction 
benefits. This system employed a series 
of tanks to separate pollutants, flocculent 
chemicals helped to achieve high levels 
of solid separation, and alternating tanks 
with and without oxygen drove out the 
nitrogen.b Although the system in effect 
employed the most advanced technologies 
of sewage waste management, we 
estimate from the project’s documents 

that the system would mitigate emissions 
at a cost of only $22 per ton of CO2e, while 
eliminating 99 percent of the methane 
emissions.c Costs for other manure 
management systems studied, ranging 
from simple covering of lagoons to more 
complex digesters, ranged from $12 to $55 
per ton of CO2e, excluding any GHG savings 
from fossil fuel use and any economic 
value of the solid material left over after 
digestion.d If judged in relation to the 
mitigation costs that will be involved in 
meeting global GHG emissions targets, 
these costs are not high. In fact, the GHG 
reduction could be considered free from a 
social perspective, although not to the pork 
producers, because of the large cobenefits 
from reduced water and air pollution, odor, 
and risk of disease. 

If all pork producers were required to 
implement these manure management 
measures, they would add most of the 
additional cost to the product price. 
However, the cost of the tank system for 
an average farm would represent 1.4 to 
2.5 percent of the average retail price of 
pork over the past six years in the United 
States. That cost is much smaller than the 
fluctuations in pork prices during this time.e 

BOX 25-1 |  The opportunities for improved manure management on North Carolina pig farms

Notes:
a. National Geographic (2014). 
b.  Oxygen tanks turn other forms of nitrogen into nitrate, and tanks without oxygen break down the nitrate into nitrogen gas.
c.  Costs for the treatment technology are from Vanotti et al. (2013) and are provided per pig in the form of SSLW/year (steady state live weight per year). Griffing et al. (2004) 

Table 50, estimated methane emissions at 21,353 kg/1,000 pigs of 45 kg weight average. At the most recent 100-year global warming potential (GWP) of 34, that translates into 
726 tons CO2e. Zering  et al. (2013) estimate costs of the “tank system” on a large pig farm in North Carolina at $158 per SSLW/year and costs for more typically sized farms 
ranging from $202 to $280 per SSLW/year. The unit dollars per 1,000 SSLW translates into dollars per 10 pigs of this weight. As a result, manure management systems capable 
of handling 100,000 SSLW are needed to address these emissions of 726 tons, which equals 100 x $158 or $15,800 per year. Assuming 99 percent abatement of methane, this 
calculation results in a cost estimate of $22 per ton and even assuming abatement of only 95 percent only increases that cost to $23 per ton.

d.  This figure uses the same method as above except it uses digester costs based on Zering et al. (2006) and updated by communication with Kelly Zering, November 3, 2016.
e.  USDA/ERS (2015b) averages annual prices from 2010–15.
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emission rate for a smaller “slurry tank” is around 
35 percent. As a result, switching from wet manure 
systems to digesters should reduce emissions, even 
if digesters have 10–20 percent leakage rates. 

Even so, the benefits are not certain. Digesters pro-
duce energy more efficiently if they combine manure 
with food waste, so this is a common practice. 
Because this food waste typically would generate 
less methane if left alone in a landfill—the combina-
tion of digesting manure and food waste will likely 
lead to higher overall methane emissions from even 
a moderately leaky digester.48 Fortunately, studies 
show that leakage rates from sophisticated digesters 
can be kept to a few percent.49 If those low leak-
age rates are achieved, digesters can achieve large 
mitigation benefits.50 

In developing countries, where the vast majority of 
the world’s digesters are located, the GHG benefits 
are especially contingent on controlling leaks. In 
typical, simple digesters, methane is likely to leak 
from the input and output components and from 
cracks in systems that are not well maintained.51 
Because the biogas is typically used directly by 
households, biogas production sometimes exceeds 
household needs and is deliberately vented to avoid 

harm to the digester. Studies in the south of Viet-
nam estimated these intentional releases at 34 per-
cent of the biogas (and therefore of the methane), 
while a study in the north of the country estimated 
intentional releases at only 7 percent. Because the 
alternative manure management system is likely to 
be dry storage, the potential for savings from the 
use of digesters in manure management alone is 
doubtful. 

Yet even in these systems, the potential for overall 
GHG savings exists if the biogas replaces coal or 
wood harvests as a source of energy or enables 
more efficient use of the manure as fertilizer. 
Factoring in these nonmanure benefits, one study 
estimated that even quite leaky digesters could 
reduce overall emissions on small farms in Asia.52 
Digesters also provide important cobenefits, 
including reduced disease-bearing organisms, 
improved water quality, and replacement of inef-
ficient indoor stoves—which reduces unhealthy 
indoor smoke and wood cutting. One Chinese 
study used scanning devices to detect household-
based digesters and observed lower leakage rates 
than those generally found in other Asian stud-
ies (although the study probably did not capture 
intentional venting).53 This finding suggests that 
inspection systems may be feasible and could help 
identify and reduce leakages. 
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Overall, the lesson is that digesters could provide a 
viable means of controlling manure management 
emissions—particularly using more sophisticated 
digesters to control wet manure—but only if they 
are properly managed to control leaks both from 
the digester itself and from the storage of the diges-
tate liquid that comes out of the digester. 

In addition to the leakage challenge, the large 
up-front costs of installing sophisticated digester 
systems tend to inhibit their use. The main costs 
relate either to the turbine and related components 
if the biogas is used to generate electricity, or to 
cleaning the biogas so that it can be used as natural 
gas in developed countries. A simpler alternative is 
to cover a lagoon or storage pit with an imperme-
able plastic cover and to capture the gas and burn 
it. Doing so converts methane to carbon dioxide, 
which has a much smaller warming potency. The 
cost is more modest in part because a cover helps 
reduce hauling costs by reducing the addition of 
rainwater. Cost-effectiveness also increases with 
larger operations.54 

Model Results: Mitigation Potential
Any effort to properly evaluate the costs of mitigat-
ing GHG emissions from manure must start with 
the enormous environmental and social problems 
presented by badly managed manure. Leaking 
storage systems contribute to groundwater pol-
lution and drinking water problems.55 In China, 
the world’s largest producer of pork, some 30–70 
percent of manure is discharged directly into water 
bodies without any treatment, creating the primary 
source of pollution that causes algal blooms and 
dead zones in the South China Sea.56 The south-
eastern United States experienced massive flooding 
during Hurricane Florence in September 2018, 
when at least 60 hog farm lagoons overflowed, 
releasing contaminated water into surrounding 
communities.57 Ammonia also contributes to seri-
ous air pollution problems.58 Manure carries dis-
ease-bearing organisms that pose health risks, and 
ammonia emissions often contribute substantially 
to small-particle air pollution, a major source of ill 
health in humans and animals. And large feedlots 
often cause major odor problems for surrounding 
communities, which can even be unhealthy. 

These concerns, not GHG emissions, have to date 
driven most efforts to improve manure manage-
ment. Health concerns and the need to mitigate 
the impacts of climate change together justify more 
vigorous action to manage manure effectively. 

We used GlobAgri-WRR to test three GHG 
emissions mitigation scenarios for managed 
manure (Table 25-1). Although the mix of farm 
systems changes between 2010 and 2050, our 2050 
baseline projection assumes that the share of each 
type of manure management system for each type 
of farm remains unchanged. Based on our analysis 
above, we believe that 90 percent reductions in 
methane are possible from wet manure systems. 
For dry manure pork production systems, the study 
of pig farms in China described earlier suggests that 
60 percent reductions in nitrous oxide emissions 
(but no change in methane emissions) are 
achievable with good solid separation.59 

Less research has been conducted into dry beef and 
dairy systems, so the evidence is not clear. How-
ever, dry systems tend to leave manure uncollected 
for long periods in feedlots, and there is evidence 
that collecting and distributing the manure more 
frequently can reduce nitrogen losses by 20–30 
percent.60 Although we do not expect large gains 
from animal dietary changes, we believe that 10 
percent reductions in nitrous oxide from feed 
changes are plausible. Based on these consider-
ations, we develop the following scenarios:

 ▪ In our first scenario, we assume mitigation of 
40 percent of the methane from manure that is 
managed in wet form.

 ▪ In a second scenario, we assume that all farms, 
including both wet and dry manure farms, 
reduce their total manure management emis-
sions by 20 percent. We include this scenario 
for perspective but consider it less realistic.

 ▪ In our most optimistic scenario, we assume 
80 percent reduction of emissions of methane 
from wet manure, 20 percent mitigation of 
methane emissions from dry manure, and 20 
percent mitigation of nitrous oxide emissions 
from all manure.

These scenarios reduce emissions from managed 
manure (relative to 2050 baseline) by 13 to 37 percent. 
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Table 25-1 |  Global effects of manure management scenarios on agricultural greenhouse gas emissions

SCENARIO MANURE 
MANAGEMENT 

EMISSIONS  
(MT CO2E)

TOTAL 
PRODUCTION 

EMISSIONS  
(MT CO2E) 

PRODUCTION 
EMISSIONS GHG 
MITIGATION GAP  

(GT CO2E)

2010 588 6,769 —

No productivity gains after 2010 972 11,251 7.3
(2.2)

2050 BASELINE 770 9,023 5.0

40% reduction in methane emissions from wet manure  
(Coordinated Effort) 

673 
(–13%) 8,925 4.9

(-0.1)

20% reduction in manure management emissions across all farms 
(Illustrative, not included in any combined scenario)

617
( –20%) 8,869 4.9

(-0.2)

80% reduction in wet manure emissions, plus 20% reduction of all 
other manure management emissions (Highly Ambitious, Breakthrough 
Technologies)

489
(–37%) 8,742 4.7

(-0.3)

 
Notes: Numbers not summed correctly are due to rounding. Numbers shown in parentheses are changes relative to 2050 baseline.
Source: GlobAgri-WRR model.
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Recommended Strategies
We make a number of specific recommendations:

Build spatial databases of large concen-
trated livestock facilities. Information about 
manure management is remarkably rough because 
in most of the world there has been no effort to 
map and identify the types and levels of manure 
management systems used, even on large livestock 
operations. That not only frustrates analysis but 
also inhibits action. By contrast, Denmark not only 
tracks information on every substantial pig and 
dairy farm but tracks each animal as well. As a first 
step, governments need to develop reasonable data 
on each sizable livestock operation and its manure 
management system.

Adopt regulations immediately to require 
improved manure management on all new 
farms, as well as on all medium and large 
concentrated livestock farms that currently 
use wet manure management systems. New 
livestock farms can more easily incorporate at least 
basic solid separation into their design. Even in 
parts of developing countries without power, farms 
can use gravity systems to help separate solids and 
liquids. Standards should be extended to increasing 
numbers of existing farms over time. In this way, 
sounder manure management by 2050 should be 
feasible.

Many of the farms that manage manure in wet 
form are relatively large, commercial operations,61 
particularly pig farms. In the U.S. pork industry in 
2012, for example, just 13 percent of pig farms held 
2,000 or more pigs, but these farms held 87 percent 
of all pigs nationally.62 These farms should also be 
required to meet the standards for new operations. 
Based on the technology analysis in North Carolina, 
governments of wealthier countries should require 
that farms emit methane and other pollutants at no 
more than 10 percent of the rate of today’s standard 
facilities. To avoid placing facilities at a competitive 
disadvantage, regulations should be adopted at the 
national or regional level. Large food companies 
should also adopt standards to require proper 
manure management by their suppliers. 

Phase in regulation of all existing livestock 
operations with managed manure systems, 
focusing on livestock purchasers. One goal 
of any regulatory system should be to find the 

cheapest options for mitigation first, which allows 
technology to improve and become cheaper before 
addressing more expensive challenges. For manure 
management, this would likely entail imposing 
regulations on larger wholesale operations and 
requiring increasingly large percentages of their 
product over time to come from farms certified as 
meeting higher manure management standards. 
For example, in the United States in 2012, five 
large firms controlled 62 percent of the nation’s pig 
slaughtering capacity.63 To facilitate this ratchet-
ing up of standards, the government could issue 
certificates to farms that meet different standards of 
emissions per kilogram of meat or milk or, if easier, 
per animal. Wholesalers would then be required to 
hold certificates sufficient to demonstrate that they 
meet increasingly stringent targets of emissions 
per kilogram of meat or milk. Wholesalers would 
pass on the bulk of these costs to consumers and 
reimburse the costs borne by producers who meet 
manure management standards by purchasing cer-
tificates. Such a system would encourage improved 
management by those farms that could do so at the 
least cost. If such a system assigned more credit to 
farms that meet higher standards of performance, it 
could also create powerful incentives for innovation 
and improvement wherever cost-effective. 

Adopt competitive programs to encour-
age new technology. The challenge in manure 
management is often just to refine mechanical and 
chemical engineering approaches for handling 
manure. These are engineering challenges well 
suited to the capabilities of the private sector, 
which can build upon waste-treatment technologies 
already developed for industrial wastes and munici-
pal sewage. Governments can play a role by estab-
lishing competitive grants programs for private 
companies, based on criteria such as cost, environ-
mental performance, and promise of technological 
improvement.

Adopt inspection systems to monitor 
digester leaks. For manure management systems 
using digesters, particularly in developing coun-
tries, governments should require future use of 
digester technologies with lower leakage potential. 
In addition, governments should adopt inspection 
systems that use methane detectors to monitor 
leaks. 
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MENU ITEM: REDUCE 
EMISSIONS FROM 
MANURE LEFT ON 
PASTURE
Manure deposited by cattle, sheep, and goats on grazing 

lands or in paddocks can concentrate nitrogen in carbon-rich, 

saturated conditions that encourage the production of nitrous 

oxide by microorganisms. Manure consists of both feces and 

urine, and, in general, urine contains most of the nitrogen and 

generates nitrous oxide at a greater rate than feces. Reducing 

emissions from pasture manure is challenging because sources 

are diffuse; biological and chemical nitrification inhibitors hold 

the most promise.

CHAPTER 26
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The Challenge
According to standard emission factors used by 
the IPCC, nitrogen deposited in feces and urine 
turns into nitrous oxide roughly twice as fast as 
nitrogen in fertilizer. According to FAO (reported in 
FAOSTAT), these deposits, all from ruminants, are 
rising rapidly, contributing 800 Mt CO2e emissions 
in 2010 and 846 Mt CO2e in 2014. Our estimate, 
using GlobAgri-WRR, is substantially lower at 
446 Mt CO2e in 2010, and we project emissions 
of 653 Mt CO2e by 2050 (Figure 26-1). FAO bases 
its estimates on the number of animals, assuming 
the same emissions per animal, whereas GlobAgri-
WRR uses a method based on estimated nitrogen 
in excretions from different animals based on what 
they eat. Regardless of which source is used, these 
emissions are on a course to be substantial in 2050, 
and even our lower projection would contribute 
16 percent of the total allowable emissions from 
agriculture (4 Gt target) in 2050. 

As with enteric methane, one way to reduce emis-
sions from unmanaged manure is to improve 
efficiency; that is, to improve the output of product 
per animal and per kilogram of feed. Under our “no 
productivity gains after 2010” scenario, emissions 
from unmanaged manure would reach 871 Mt CO2e 
in 2050 (Figure C5-1), but our baseline estimates 
25 percent fewer emissions due to the efficiency 
gains built into our baseline. Our Course 2 scenario 
that involves a higher efficiency target for livestock 
(discussed in Chapter 11) could reduce these emis-
sions only modestly to 630 Mt in 2050. Even our 30 
percent reduction in ruminant meat consumption 
scenario (Chapter 6) would only reduce these emis-
sions to 524 Mt in 2050. Finding additional ways to 
reduce these emissions is therefore necessary.

The Opportunity
Other studies typically estimate little to no global 
potential to mitigate this source of diffuse emis-
sions.64 We are more optimistic, but our optimism 
rests on further development of some technologies 
that have shown good potential but are not yet 
ready for deployment. They focus on “inhibiting” 
the formation of nitrate. 

Livestock deposit nitrogen primarily in the form 
of urea (CH4N2O). Through biochemical processes 
mediated by bacteria and archaea in soils, urea is 
typically converted into ammonia (NH3), ammo-
nium (NH4+), and then nitrate (NO3-). Nitrous 
oxide (N2O) is primarily released by the bacteria 
that break down nitrate in waterlogged conditions, 
and, although the quantity is small, the warming 
effect is great because of the potent warming effect 
of nitrous oxide. Because nitrate is soluble in water 
and does not adhere to soils, it is also the primary 
form of nitrogen that runs off of fields or leaches 
into groundwater, causing water pollution. Inhibit-
ing the formation of nitrate in soils reduces both 
losses of nitrogen through water runoff and leach-
ing and emissions of nitrous oxide. 

Spreading nitrification inhibitors
One way to reduce these emissions involves spread-
ing chemicals that inhibit nitrification directly 
on pastureland. Most experiments have used 
dicyandiamide (DCD), the most commonly used 
inhibitor. A summary of six experiments using DCD 
on grazing land found reductions in nitrous oxide 
ranging from 17 percent to 88 percent.65 

Figure 26-1 |   Greenhouse gas emissions from 
agricultural production, 2010 and 2050
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Inhibitors do not persist in their effects, however, 
particularly under higher temperatures, so a one-
time application is not sufficient. In New Zealand, 
the practice has been to spread the inhibitor twice 
per year, each time shortly after animals are moved 
away from a field, when grass is grazed down and 
farmers can directly apply the inhibitors to the 
urine patches, which typically cover 20 percent 
of a field.66 One study in the warmer parts of New 
Zealand suggested that three applications per year 
would be needed to achieve high effectiveness there 
because of a higher breakdown rate. Although bac-
teria might be able to develop resistance to inhibi-
tors, no studies have yet shown this effect.67

The practicality of using inhibitors in this way also 
depends on the size of fields and on the effects 
of inhibitors on grass yields. Inhibitors are most 
likely to be practical and economical on farms such 
as dairy farms in New Zealand, where intensive, 
rotational grazing is practiced on generally well-
watered, highly managed fields, and where grazing 
is concentrated in relatively small areas. Research 
studies in New Zealand have typically found posi-
tive effects of inhibitors on grass yields from 15 to 
36 percent, although these studies are not necessar-
ily representative of real, commercial operations.68 
Other studies in both New Zealand and the United 
Kingdom have found no beneficial effect on pasture 
yield, which suggests variability in inhibitor perfor-
mance.69 Use of inhibitors is likely to be less practi-
cal on more extensively managed grazing lands, 
although these lands will receive less manure and 
therefore produce fewer emissions per hectare. 

Feeding nitrification inhibitors
An alternative approach to inhibiting nitrification 
involves feeding inhibitors directly to animals. A 
few studies have found that adding inhibitors to 
water or livestock feed provides effective reduction 
of both nitrous oxide emissions and nitrogen leach-
ing, and that most of the inhibitor passes through 
the animal in the urine.70 This method would be 
easier than pasture application and would probably 
require less inhibitor to be effective.71 However, 
the inhibitor would probably need to be ingested 
frequently, even daily, by the animals.

Feeding inhibitors through water or feed does raise 
health issues. Although toxicological studies of DCD 
have found very low toxicity,72 the lack of an agreed 
international safety standard caused New Zealand to 
suspend use of DCD in 2013 after trace levels were 
found in milk.73 One New Zealand study also found 
that DCD washed off into freshwater ecosystems, 
where it might affect natural nitrification rates.74 
These concerns need to be thoroughly researched for 
any nitrification inhibitor, although the low toxicity 
ratings of DCD so far suggest that it could satisfy 
these health and environmental concerns.

Breeding biological nitrification inhibition
A third opportunity involves breeding and selecting 
grasses that inhibit the conversion of ammonium 
to nitrate, which is the first step in the process of 
generating nitrous oxide. Many studies have now 
found extremely low rates of nitrous oxide forma-
tion in fields of Brachiaria humidicola, which is 
one variant of the African brachiaria grass family 
used extensively in Brazil.75 This “biological nitrifi-
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cation inhibition” appears to be due in small part to 
stronger root uptake of nitrogen but in larger part 
to a chemical exuded by the roots of the grass (bra-
chialactone), which blocks a key enzymatic pathway 
in the formation of nitrate. The production and exu-
dation of this chemical varies widely among plants, 
but it has been found at significant levels in another 
brachiaria species (Brachiaria decumbrens).76 It 
is also plausible, although not yet tested, that cattle 
consuming one of these grass species will excrete 
some of the chemical in their manure, which would 
also help to inhibit nitrous oxide production.

The results suggest in part that more widespread 
use of Brachiaria humidicola could reduce emis-
sions. But this species is useful only in tropical 
and subtropical areas. It constitutes only a small 
percentage of total brachiaria use in Latin America, 
and its preferential use compared to other species 
depends on many agronomic factors. For grazing 
purposes, the alternative is to breed this inhibitory 
effect into other grass species.

Mitigation Potential 
An important question for estimating mitigation 
potential is whether the present emission factors 
used by the IPCC are too high. The IPCC Tier 1 
sets an emission factor of 2 percent of nitrogen in 
manure turning into nitrous oxide, which is double 
the rate assumed for fertilizer and is based on older 
measurements in temperate countries. A variety of 
recent evidence suggests lower rates. Because emis-
sions require a high level of soil saturation, emis-
sions factors in hotter and drier climates, where 
urine patches dry out quickly, should be substan-
tially lower, which is the finding of several recent 
studies.77 Even in wetter, temperate countries, 
some studies are finding lower emission factors, for 
example in New Zealand and the United Kingdom.78 

Despite this evidence, there is a growing discrep-
ancy between field-level estimates of nitrous oxide 
emission rates, studies that use flux towers, and 
studies that use modeling based on patterns of 
nitrous oxide sensed in the atmosphere by satel-
lites.79 It is already difficult to reconcile IPCC 
emission factors with measured global nitrous 
oxide levels, and estimated emissions rates that 
are lower than IPCC figures—whether from pasture 
or cropland—would create larger inconsistencies. 

One likely explanation is that the rates vary greatly 
depending on a range of soil and temperature con-
ditions. There are also likely hotspots—areas that 
are more frequently saturated or that have the right 
acidity, which result in large releases of nitrous 
oxide.80

These differences could present an opportunity. 
Identifying hotspots would allow mitigation to 
focus on them. Mitigating nitrous oxide emissions 
from manure deposited on extensive grazing lands 
in arid regions would be difficult because urine 
patches will be spread over large areas, farmers do 
not provide daily feed supplements, and farmers 
do not use planted grasses. If evidence continues to 
confirm low emission rates from extensive grazing 
in more arid areas,81 mitigation in these areas could 
be ignored. Mitigation efforts could then focus on 
more intensive grazing systems in wetter areas. 

Overall, although promising technological 
approaches exist to mitigate nitrous oxide emis-
sions from grazing operations, they all are too little 
developed to allow refined estimates of mitigation 
potential. We exclude additional mitigation in our 
Coordinated Effort scenario because all progress 
relies on some degree of technological improve-
ment. We also assume that mitigation on arid 
grazing land will be economically or practically 
unfeasible because the emissions are too low to 
justify the expense of addressing them. We assume 
mitigation improvements on wetter grazing lands of 
20 percent and 40 percent in our Highly Ambitious 
and Breakthrough Technologies scenarios, respec-
tively. Finally, for illustrative purposes, we show 
one scenario with 60 percent mitigation on wetter 
grazing lands (Table 26-1). 

Recommended Strategies
Because solutions for this source of emissions are 
underdeveloped, research and regulatory incentives 
have to focus on ways to develop them. 

Increase research funding 
The most obvious recommendation is that govern-
ments and research agencies should substantially 
increase research funding into methods for reduc-
ing nitrification of nitrogen on pasturelands. Three 
initiatives are appropriate:
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 ▪ Research into development and uses 
of nitrification inhibitors. Virtually all 
published research on their use in pastures 
comes from a few small research groups in New 
Zealand. Other countries need to expand these 
efforts.

 ▪ Research into biological nitrification 
inhibition. Analysis of biological nitrifica-
tion inhibition is currently being undertaken 
by a small cooperative effort of four research 
institutions coordinated by the Japan Interna-
tional Research Center for Agricultural Scien-
tists and the International Maize and Wheat 
Improvement Center. Not counting the salaries 
of participating researchers, the budget for 
their research is roughly $1 million per year.82 
A budget of tens of millions of dollars would 
be the minimum appropriate for this research 
given its level of importance and the many ways 
additional research could be performed.

 ▪ Research on agricultural emissions 
rates. As the discussion above indicates, it 
is likely that emissions rates of nitrous oxide 
vary greatly from one area to another and are 
concentrated in certain hotspots. Although 
some research shows these effects, it is not sys-
tematic. Field analyses have become cheaper, 
however, and can be combined with measures 
from tall towers and satellites. The world needs 
a comprehensive, international initiative to 
identify these hotspots and emissions rates.

Create private regulatory incentives 
Opportunities also exist to craft regulations that 
give incentives to industry to develop workable new 
technologies by guaranteeing them a market. For 
example, governments could promise to require use 
of nitrification inhibitors on an increasing percent-
age of farms if industry could demonstrate products 
or technologies that achieve a specified level of 
nitrous oxide reduction at a specified cost per ton of 
nitrous oxide saved. We elaborate on these regula-
tory opportunities at the end of this course. 

Table 26-1 |  Global effects of scenarios of emissions reductions from manure left on pasture on agricultural greenhouse 
gas emissions

SCENARIO NITROUS OXIDE EMISSIONS 
FROM PASTURE, RANGE, 

AND PADDOCK 
(MT CO2E)

TOTAL 
PRODUCTION 

EMISSIONS  
(MT CO2E) 

PRODUCTION 
EMISSIONS GHG 
MITIGATION GAP  

(GT CO2E)

2010 446 6,769 —

No productivity gains after 2010 871 11,251 7.3
(2.2)

2050 BASELINE and Coordinated Effort 653 9,023 5.0

20% reduction of nitrogen left on wetter pastures  
(Highly Ambitious) 584 8,954 5.0

(-0.1)

40% reduction of nitrogen left on wetter pastures 
(Breakthrough Technologies) 515 8,884 4.9

(-0.1)

60% reduction of nitrogen left on wetter pastures  
(illustrative, not included in any combined scenario) 445 8,814 4.8

(-0.2)

 
Notes: Numbers not summed correctly are due to rounding. Numbers shown in parentheses are changes relative to 2050 baseline. Coordinated Effort scenario 
assumes no reduction in nitrous oxide emissions relative to levels projected in the 2050 baseline.
Source: GlobAgri-WRR model.
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MENU ITEM: REDUCE 
EMISSIONS FROM 
FERTILIZERS BY 
INCREASING NITROGEN 
USE EFFICIENCY
Less than half of the nitrogen added to crop fields is absorbed 

by crops and the remainder contributes to emissions and other 

forms of nitrogen pollution. This menu item involves increasing the 

efficiency of nitrogen use, in significant part by focusing on the 

composition of fertilizers themselves, to reduce both the quantity 

of fertilizer required and associated emissions.

CHAPTER 27



WRI.org        340

The Challenge
Although fertilizing crops with nitrogen, phospho-
rus, and potassium—the major nutrients—is vital 
to achieving high crop and pasture yields, it also 
contributes substantially to GHG emissions. Using 
GlobAgri-WRR, we estimate fertilizer emissions in 
2010 at 1,289 Mt CO2e, of which 94 percent resulted 
from nitrogen use (Figure 27-1). Two-thirds of 
these nitrogen emissions were in the form of 
nitrous oxide emitted in crop fields from all forms 
of applied nitrogen; the other one-third came from 
the energy used in the manufacture and transporta-
tion of nitrogen fertilizer (Figure 27-2).83 (Because 

fertilizer production is so energy-intensive, and 
because more efficient nitrogen use would substan-
tially reduce these emissions, we discuss emissions 
from fertilizer manufacture both in this menu item 
and in our menu item focused on ways of reducing 
fossil energy use.) Synthetic fertilizer accounts for 
roughly half of all nitrogen fertilization,84 the other 
half comes from manure applied to crops (excluded 
from manure management calculations), the 
residues of nitrogen-fixing crops such as soybeans, 
nitrogen in rain, irrigation water and air dust; and 
even nitrogen fixed by freely associated microor-
ganisms in soil.

Fertilizer (mineral and organic) also contributes to 
a variety of other environmental challenges. These 
include small particulate smoke and smog (techni-
cally ground-level ozone), which are the leading air 
pollution problems for human health.85 Agricultural 
runoff is the principal cause of unsafe levels of 
nitrate in drinking water from wells or rivers in 
many areas in the world. When nitrogen runoff or 
leachate into rivers reaches coastal waters, it can 
contribute to algal blooms, some of which are toxic 
to fish and other sea life. Other algal blooms lead 
to hypoxia—a condition where coastal waters have 
little or no oxygen—also called “dead zones.” Both 
types of blooms have been increasing in size and 
frequency and now contaminate large portions of 
major water bodies such as the Gulf of Mexico, the 
Chesapeake Bay, and the China Sea during certain 
seasons. Figure 27-3 maps 762 overfertilized coastal 
waters around the globe.86 Phosphorus runoff also 
contributes to algal blooms and dead zones in lakes 
and rivers and in brackish coastal waters, which 
mix fresh and saltwater.87 One estimate suggested 
that alleviating the nitrogen contribution to envi-
ronmental problems would require reductions 
in nitrogen losses to the environment of roughly 
one-half.88 

Figure 27-1 |   Greenhouse gas emissions from 
agricultural production, 2010 and 2050
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Figure 27-2 | Approximately 94 percent of emissions from fertilizing soils are the result of nitrogen application

Figure 27-3 | More than 700 “dead zones” exist in the world’s coastal waters

Note: This chart excludes emissions from manure left on paddocks and pasture, discussed above, and differs from FAOSTAT estimates in part because GlobAgri-WRR is based on 
nitrogen estimates underlying Zhang et al. (2015b) and nitrogen availability in manure from a livestock management component based on Herrero et al. (2013).
Source: GlobAgri-WRR model.

Note: Eutrophic water occurs when water bodies are oversupplied with nutrients and support rich plant and algal growth. Hypoxic water occurs when abundant plants and algae 
die and decompose, consuming oxygen and depriving other aquatic life of oxygen.
Maps are for illustrative purposes and do not imply the expression of any opinion on the part of WRI concerning the legal status of any country or territory, or concerning the 
delimitation of frontiers or boundaries.
Source: WRI (2013).
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Increasing food production implies a growing 
demand for fertilizer and higher associated emis-
sions and pollution. How much higher depends 
on how efficiently crops use nutrients. On a global 
basis, estimates of the efficiency with which crops 
absorb the nitrogen (from all sources) added to 
croplands range from only 42 to 47 percent.89 As 
Lassellatta et al. (2014) found, this nitrogen use 
efficiency (NUE)90 actually declined from around 
68 percent to 47 percent between 1961 and 1980 as 
farmers around the world adopted synthetic fertiliz-
ers, and it has remained roughly at that level since.91 
Put another way, more than half of the nitrogen 
applied to crops is lost to the environment.

Countries differ greatly in both their NUE (Figure 
27-4) and rates of nitrogen fertilizer application 
per hectare (Figure 27-5). Regions group into four 
broad categories. At one extreme, most countries 
in sub-Saharan Africa use little fertilizer, and 
whatever fertilizer they use is more fully absorbed 
by crops, leading to an average NUE of 72 percent 
and above.92 At the other extreme, China and 
India—which accounted for 80 percent of the global 
increase in total nitrogen use between 2000 and 

200993—generally overapply fertilizer and have 
NUEs of roughly 30 percent.94 In a third category, a 
few developed countries, such as the United States, 
Canada, and France, have NUEs approaching 70 
percent. In the fourth category is the rest of the 
world which has NUEs of around 50 percent.95 

Rising NUEs in some regions and for some crops 
inspire confidence that increases in NUE are both 
possible and practical. The Netherlands, for exam-
ple, cut back its nitrogen use from an astonishing 
level of around 600 kg per hectare in the late 1970s 
to around 300 kg in more recent years, mostly by 
exporting or processing some of the manure from 
the country’s dairy farms instead of spreading it 
excessively on farm fields.96 France, whose agricul-
ture is more focused on crops, applies fertilizer at 
only a little more than half the per-hectare rate of 
the Netherlands. Total fertilizer application rates 
per hectare in France have remained stable now for 
many years. Yet yields in France have increased, 
meaning that fertilizer use per ton of crop has 
decreased, and NUE has increased from roughly 30 
percent in the late 1970s to approximately 70 per-
cent in 2010.97 Nitrogen use efficiencies have also 

Figure 27-4 | The percentage of applied nitrogen that is absorbed by crops varies widely across the world

Note: Absorption rates greater than 100 percent mean crops are mining nitrogen from soils. Maps are for illustrative purposes and do not imply the expression of any opinion on 
the part of WRI concerning the legal status of any country or territory, or concerning the delimitation of frontiers or boundaries.
Source: Zhang et al. (2015b). 
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been growing in the United States, from roughly 
60 percent in 1990 to around 70 percent in 2010, 
according to one study.98 

Despite these improvements, there are reasons not 
to be overly optimistic about potential reductions in 
nitrous oxide emissions from fertilizer use.

First, in Africa, nitrogen use efficiency is likely to 
decline. The region’s farmers today apply so little 
fertilizer that the annual removal of crops depletes 
the soils of nitrogen and phosphorus.99 As farmers 
in Africa apply more fertilizer, which is necessary to 
boost yields, plants will be less able to absorb all the 
nitrogen and nitrogen use efficiency will decline.

Second, although Zhang et al. (2015b) showed that 
nitrogen use efficiency has stopped declining in 
most countries, and has improved in some, it has 
yet to start improving in most countries.

Third, major agronomic reasons help to explain 
the wide differences in NUE among countries. One 
reason China’s NUE is so low is that it produces 
large quantities of rice and vegetables, which have 
low NUEs. Rice NUEs are low in part because the 

Figure 27-5 |  Total nitrogen fertilizer application is heavily concentrated in China, the United States, India, and Western Europe

Note: Maps are for illustrative purposes and do not imply the expression of any opinion on the part of WRI concerning the legal status of any country or territory, or concerning 
the delimitation of frontiers or boundaries.
Source: Mueller et al. (2012).

flooding and drainage required for paddy rice leads 
to increased nitrogen loss, while fruit and vegetable 
NUEs are low probably because their high economic 
value makes it economical for farmers to apply 
more nitrogen even when it leads to only modest 
additional production. According to Zhang et al. 
(2015b), half of the difference between NUEs in 
China and the United States is explained by China’s 
crop mix.100 In addition, farmers in countries with 
greater rainfall variability and less rich soils will 
find it harder to use nitrogen efficiently because 
crops will not be able to fully absorb available nitro-
gen in bad rainfall years. These differences help to 
explain why countries with similar yields for the 
same crops have different NUEs.101

Even for farming regions such as the U.S. corn 
(maize) belt that have achieved large increases in 
NUE, those increases have still been insufficient to 
reduce nitrogen losses to the environment because 
nitrogen used for higher production exceeds 
the nitrogen saved through higher efficiency.102 
Despite increases in NUE since 2005, U.S. agri-
cultural nitrous oxide emissions have increased 
by 7 percent,103 and the corn belt remains a global 

Major cereals: Average (1997–2003) nitrogen fertilizer application rate (kg N/ha)
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hotspot for nitrous oxide.104 Over the same period, 
the region’s contribution of nitrogen to the major 
dead zone in the Gulf of Mexico has remained 
roughly constant.105

Overall, studies reveal no clear trend line in NUE 
across different crops and regions.106 For this rea-
son—although some increases in NUE would also 
be plausible—our baseline 2050 projection assumes 
that farmers in each region will produce each crop 
with the same NUE as today. As a result, we project 
an increase of 48 percent in the use of nitrogen 
fertilizer from 2010 to 2050, which is roughly in 
the middle of other prominent estimates.107 That 
increased use is likely to increase overall losses of 
nitrogen to the environment by roughly 50 per-
cent.108 We also project in our baseline that annual 
total emissions from fertilization will grow to 1,741 
Mt CO2e by 2050, an increase of 35 percent over 
2010 levels.109

The Opportunity
Strategies for improving NUE typically focus on 
fertilizer management by farmers and these well-
understood practices have an important role to 
play. But the scale of improvement required is so 
great that additional measures are necessary to 
exceed what farmers can achieve alone. We there-
fore focus also on measures to improve nitrogen 
fertilizer compounds themselves, as well as 
advances in breeding.

Better general agronomy and nutrient 
management 
The traditional focus of fertilizer management has 
been characterized by the International Fertilizer 
Institute as the “Four Rs”: the right source, at the 
right rate, at the right time, in the right place.110 In 
effect, this means applying fertilizer at a rate that 
does not exceed what crops can use at a time when 
they can use it. As an example of improved timing, 
many farmers in the United States and Europe have 
split their nitrogen load into two applications. The 
right place means applying nitrogen to a plant’s 
root zones. Some forms of nitrogen are injected into 
the soil to limit losses. 

Despite these opportunities, improved NUE in the 
United States is probably due mostly to general 
improvements in agronomy. Data from the U.S. 
Department of Agriculture suggest that only 25 
percent of cropland is fertilized in line with the 
“Four Rs” recommendations,111 and that adoption of 
these recommended practices has not increased.112 
NUE improvements probably owe more to breeding 
crops with higher yields, which has simultaneously 
increased their nitrogen uptake efficiency.113 In 
addition, there has been an overall increase in man-
agement intensity, including weed and pest control, 
optimal seeding rates, and improved irrigation 
practices. These changes have led to greater yield 
stability, which increases NUE because there is a 
greater likelihood that the nitrogen farmers apply 
will be used by the growing crop. 

Manure management is also relevant because the 
concentration of livestock production today in 
many parts of the world leads to the “dumping” 
of excess fertilizer on nearby farm fields, much of 
which escapes to the environment. In Europe, the 
Nitrates Directive of 1991 has restricted the quan-
tity of manure nitrogen applied per hectare. Despite 
some implementation exceptions, the directive 
has played a significant role in the improvements 
in some European countries, such as the Nether-
lands and Denmark, which apply a large quantity 
of manure to crop fields. The limits have often 
required transport of excess manure to where it can 
be well used.114 

These experiences suggest that some techni-
cal potential exists everywhere to increase NUE 
without any major technological breakthroughs. 
The largest opportunities exist in China and India, 
where nitrogen overuse is high115 (Box 27-1).

The United States and Europe also have potential 
to increase their NUE through more sophisticated 
“precision” agriculture. Many farmers already use 
precision agriculture techniques, which allow them 
to deliver different quantities of nitrogen to differ-
ent portions of fields. Yet the information about 
precisely how much to deliver in different portions 
of fields is less developed. Researchers and industry 
are cooperating on some projects to develop more 
detailed and consistent data for analyzing how to 
adjust rates and application times in the corn belt, 
which should help to tailor recommendations more 
precisely.116 



        345Creating a Sustainable Food Future

Alternative nitrogen fertilizer compounds
We project growth of more than 50 percent in the 
amount of crops that will need to be fertilized by 
2050. This means that even if changes in farming 
practices using existing technologies were able to 
improve NUE globally by about 50 percent over 
the same period—a large ambition—the world 
would still need to use roughly the same amount of 
fertilizer that it does today. Because even greater 
increases in NUE will be required to reduce nitrous 
oxide emissions and other forms of nitrogen pollu-
tion, we believe that technological advances are also 
needed. We believe that significant opportunities 
exist to increase the use of fertilizer additives that 
can control the release of nitrogen into the environ-
ment and develop this whole class of technologies 
further.

Appreciating the importance of such compounds 
requires an appreciation of how important timing is 
to the efficient use of nitrogen. Most nitrogen fertil-
izer is applied as ammonium or a form of nitrogen 
(such as urea or ammonia) that quickly converts 
to ammonium in soils. Ammonium is relatively 
immobile in soils, but microorganisms convert it 
easily into nitrate. It is nitrate that is highly soluble 
in water and easily runs off, and it is the breakdown 
of nitrate when soils are waterlogged that leads to 
emissions of nitrous oxide. 

If economics did not matter, farming could achieve 
high levels of nitrogen use efficiency by frequent 
applications of just enough fertilizer to feed crops 
for a few days. Crops generally need little nitrogen 
early in the growing season, large quantities of 
nitrogen at peak growth periods, and then little 
nitrogen thereafter.117 Chen et al. (2011) describe 
a series of experiments in China that combined 
detailed crop modeling of maize by region to 
determine the best crop varieties and planting 
dates, and the likely nitrogen needs of the crop over 
the course of its growth. Researchers then fertil-
ized the maize five times over the course of the year 
with the estimated quantities needed for that part 
of the growth cycle. The experiment doubled yields 
with no increase in nitrogen quantities and nearly 
eliminated nitrogen surplus. If farmers everywhere 
were willing and able to apply fertilizer many times 
during a cropping season and to devote equivalent 
scientific effort to estimating plant needs, they 
could probably achieve very high NUEs as well. 

BOX 27-1 |  Improving nitrogen 
management in China 

In 2011, farmers in China applied 51 percent more nitrogen 
to each hectare of maize than farmers in the United States, 
yet yields were 18 percent lower.a Most farmers in China 
could probably cut their nitrogen application rates without 
any negative effect on yields, and many farmers apply so 
much nitrogen that reducing rates would increase yields.b 
In addition, while the amount of manure produced in China 
increased fourfold from 1949 to 2005, the proportion applied 
to agricultural soils fell from almost all the manure to slightly 
more than half, which means that nutrients in this manure 
are being dumped elsewhere where they cannot be used.c 
A partnership of researchers from China and the United 
Kingdom has comprehensively investigated opportunities to 
reduce fertilizer use or better use manure while maintaining 
yields. In a summary, these researchers stated that by using 
simple nitrogen management practices, China could reduce 
fertilizer use—without altering yields—enough to reduce total 
Chinese GHG emissions by 2 percent.d 

A first level of progress can probably be achieved mainly by 
working closely with farmers to educate them about nitrogen 
management. A group of scientists in China undertook 
such an effort without substantial government support 
by developing a multiorganization collaboration of more 
than 1,000 researchers, working with extension agents and 
agribusiness to reach 21 million farmers managing 38 million 
hectares (Mha).e Their efforts increased yields on average by 
roughly 11 percent, and decreased nitrogen application by 
15–18 percent, depending on the crop. Despite an elaborate 
network of extension agents (people assigned to help 
farmers), China’s agricultural extension system is known to 
be ineffective, and this collaborative effort delivered more 
compelling results.

Notes and sources: 
a. Li et al. (2014).
b.  A national meta-analysis found that decreasing N input rate by 28 percent 

(national average) would on average slightly increase yields (Xia et al. 
2016), and a study in Shaanxi Province found that nitrogen use in maize 
and wheat could be reduced by 70 percent and 20 percent, respectively, 
without changing or only slightly decreasing yield (Zhang et al. 2015a). 

c. Li et al. (2014).
d. SAIN (2011).
e. Cui et al. (2018).
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Such a solution unfortunately is not practical, given 
that applying nitrogen so frequently is expensive. 

Without some cost-effective measures to keep 
nitrogen on the farm field until crops can absorb 
them, NUE improvements will be limited. And to 
the extent that soils hold nitrogen in the form of 
nitrate, some of that nitrate will probably be con-
verted to nitrous oxide after rainfall that saturates 
soils, even briefly.

Fortunately, compounds generally known as 
“enhanced efficiency fertilizers” (EEFs) can keep 
nitrogen in the soil available to crops longer by 
delaying the chemical progression to nitrous oxide. 
One approach involves coatings or other com-
pounds that protect the fertilizer from dissolving in 
water. Another is the use of urease inhibitors, which 
inhibit the conversion of urea fertilizer to ammonia. 
Although ammonia is not a GHG, it is a volatile gas 
that can be lost to the atmosphere, reducing NUE 
and contributing to air quality problems. As ammo-
nia is also an intermediate stage in the production 
of nitrate, these inhibitors can also reduce nitrous 
oxide emissions. The third group of compounds is 
nitrification inhibitors that slow the conversion of 
ammonium to nitrite, and from nitrite to nitrate. 
The International Fertilizer Institute lists seven 
patented nitrification inhibitors as of 2010.118 

All of these compounds can increase NUE and 
reduce nitrous oxide by delaying the conversion 
processes by which nitrogen is turned into the 
forms in which it easily escapes (ammonia and 
nitrate). Despite great variation in results from field 
to field and year to year—probably heavily influ-
enced by weather patterns—the great majority of 
studies have found, on average, substantial reduc-
tions in nitrogen losses to the environment when 
using any of the three types of compounds.119 

Metastudies have also found that nitrification 
inhibitors and polymer-coated fertilizers on average 
reduced nitrous oxide emissions by between 35 and 
40 percent.120 There are two main reasons to believe 
that controlled-release fertilizers can become still 
more effective. One is simply the lack of research. 
One report estimates that the entire global research 
and development budget of the fertilizer industry 
for all purposes is only around $100 million per 
year, equal to 0.1–0.2 percent of its revenue.121 By 
comparison, pharmaceutical companies and seed 

industries devote 10–20 percent of their revenues 
to research.122 Probably only a fraction of this 
fertilizer R&D spending goes into EEFs. As a result, 
little funding has been made available by fertilizer 
companies to pursue new, better, and cheaper EEFs 
or to demonstrate where existing products will 
work best. 

A second reason lies in the large variation in 
effectiveness of different compounds in different 
agronomic conditions.123 Although some variability 
is likely inevitable because of variable weather pat-
terns, compounds can respond differently to these 
patterns, as well as to different crops and soils. Bet-
ter understanding of this variability should enable 
more effective and efficient use of compounds that 
delay the conversion of nitrogen in other forms 
into nitrate. There is no reason that fertilizer 
compounds, with different types and quantities of 
EEF compounds, could not be tailored to different 
conditions.

Because of their potential to reduce nitrous oxide 
emissions, nitrification inhibitors are often included 
in studies that examine cost-effective steps for 
climate mitigation.124 For example, applying nitri-
fication inhibitors to average corn fields in the 
United States might have a gross cost of around 
$50 per ton of CO2e reduced.125 But the evidence is 
growing that these compounds can have substantial 
economic benefits that at a minimum greatly reduce 
the net costs. 

One potential source of economic savings is reduc-
ing nitrogen application while maintaining yields. 
Many studies do not test whether these compounds 
allow lower overall fertilizer use. Accordingly, one 
scientific review in 2009 concluded that there was 
no good evidence that inhibitors reduce the amount 
of fertilizer needed and therefore no good evidence 
that lower fertilizer costs offset the cost of the inhib-
itors.126 However, other studies have found that 
these kinds of compounds make it possible to apply 
substantially less nitrogen while maintaining or 
boosting yields.127 One such metastudy found that 
controlled-release fertilizers on average increased 
NUE by 13 percent.128 Based only on this reduced 
need for fertilizer, one European study estimated 
that reduced fertilizer application would in general 
fully offset the costs of inhibitors.129 
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Increases in yield are also possible. A recent meta-
analysis of nitrification inhibitors for farms apply-
ing nitrogen at recommended rates observed wide 
variability in yield effects but found average yield 
increases of 7.5 percent—with bigger increases in 
irrigated fields.130 Another meta-analysis found 
average yield increases of 9 percent for grains, 5 
percent for vegetables, and 14–15 percent for hays 
and straws.131 If these kinds of yield gains are real, 
using nitrification inhibitors should be profitable. 
For example, one study estimated an additional 
cost of only $26 per hectare for good U.S. corn 
fields, and a yield gain equal to $164 per hectare.132 
The potential to increase yield, however, probably 
depends on how much nitrogen farmers are already 
applying. Where they apply too much fertilizer, an 
inhibitor is less likely to boost yields, so the main 
potential savings are probably from reduced use of 
fertilizer. 

Given this potential for positive responses,  
McKinsey & Company has gone so far as to assume 
that these compounds save money overall, which 
leads to “negative costs” for reducing nitrous oxide 
through their use.133 Yet one global marketing com-
pany estimated sales of controlled-release fertilizers 
to be only around 2 percent of global sales of nitro-
gen fertilizers in 2012–14.134 If these compounds are 
profitable, then why do farmers use them so little?

Much of the explanation probably lies in the high 
variation and, therefore, uncertainty in the costs 
and benefits farmers will face.135 For example, while 
one recent meta-analysis found increased yields on 
cereal crops, another found increased yields only 
on forage and vegetable crops, but not cereals.136 
Given this uncertainty, compounds are marketed to 
those farmers who face the greatest threat of losing 
nitrogen before crops can use it—such as those who 
apply fertilizer for the next year’s crop in the fall, or 
those who farm on sandy soils. Despite the promise 
of this technology, increased use probably depends 
on regulations that not only directly require more 
use but also encourage development of information 
about when and where these compounds work best. 
Such a regulatory push is probably also necessary 
to persuade the fertilizer industry to explore the full 
potential development of these technologies.

Breeding opportunities
Chapter 12 discussed the promising option of 
deliberately breeding crops to utilize nitrogen more 
efficiently, as well as the increases in NUE that 
probably occur when breeding for increased yields 
alone. Taking a more radical step, and therefore 
with less chance of success, some breeders are 
trying to breed major grains to fix their own nitro-
gen.137 Although this effort has received some pub-
licity, the minimal literature on breeding to increase 
NUE—even at the level of discussion—suggests that 
research efforts are small. 

Biological nitrification inhibition (BNI) for crops, 
similar to that for pasture grasses discussed ear-
lier, provides another major opportunity. Just as 
researchers found that the Brachiaria humidicola 
grass exudes a chemical that inhibits nitrification, 
so they have found that each of the world’s major 
grains, including wheat, maize, rice, and sorghum, 
has either wild or cultivated varieties with some 
level of BNI. A research partnership is under way 
to increase the production of the natural inhibitor 
sorgoleone in sorghum, and a BNI sorghum will 
probably be available within five years.138 Research 
is also under way to transfer the chromosome 
region that controls BNI function from wild wheat 
strains into modern elite wheat varieties.139 

As these researchers point out, BNI has potential 
advantages over chemical additives because BNI 
would come as an integral part of the plant and 
require no additional labor. In addition, the biology 
of plants has evolved to exude these inhibitors pre-
cisely into the parts of soils where nitrogen builds 
up and to continue to do so as plants grow. As a 
result, they can potentially achieve more inhibition 
than chemical inhibitors, which to date can last no 
more than a few weeks. 

Improving balance among multiple nutrients
For most of the world’s farmers, fertilization 
focuses on the macronutrients nitrogen, phos-
phorus, and potassium and ignores additional 
nutrients that can be both deficient and important 
to crop growth, such as sulfur, calcium, iron, zinc, 
and nickel. Unfortunately, the needs for these 
micronutrients are poorly understood, and the 
quantity of micronutrients needed may depend on 
the availability of other micronutrients.140 Soil and 
root interactions are poorly understood, especially 
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complex microbial influences. Greater knowledge 
would probably enable improved breeding of crops 
and increased “inoculation” of soils by spread-
ing microorganisms that help roots fix nutrients. 
Seed coatings with either micronutrients or one of 
the major nutrients have shown promise in some 
cases. In other situations, the best opportunity may 
involve directly spraying micronutrients onto the 
crops.

In all cases, more efficient fertilization has the 
potential to increase NUE and reduce emissions 
by leading to greater crop growth and more effi-
cient use of the principal, potentially polluting, 
macronutrients nitrogen and phosphorus. But this 
whole field of knowledge receives limited research 
funding. 

Estimating the opportunity
Although the evidence suggests that some improve-
ment in NUE and consequent reduced nitrous oxide 
emissions would be cheap or even profitable, there 
is no sound basis for estimating what level of NUE 
is economically achievable or cost-effective. Zhang 

et al. (2015b) developed global NUE targets for 
major crop categories, which would raise the global 
average efficiency for all crops from 42 percent to 
68 percent.141 The 68 percent target includes NUEs 
of 85 percent for soybeans, 60 percent for rice, 40 
percent for sugar crops and fruits and vegetables, 
and 70 percent for all other crops. In the GlobAgri-
WRR model, we developed four scenarios in which 
farms in each of the world’s regions close the gap 
between present performance and the goals of 
Zhang et al. (2015b) by 25 percent, 50 percent, 75 
percent, and 100 percent.

Table 27-1 shows the results. Although all NUE 
progress contributes to significant emissions 
reductions, only achieving a global average NUE 
of 71 percent—slightly above the target in Zhang et 
al. (2015b)—would keep fertilizer emissions close 
to their 2010 levels. An NUE of 71 percent would 
reduce 2050 emissions by more than 600 Mt, 
roughly a 35 percent reduction. Yet even under this 
most optimistic scenario, fertilizer emissions would 
still remain above 1.1 Gt per year in 2050—more 
than one-quarter of our target for total agricultural 
production emissions of 4 Gt per year. 

Table 27-1 | Global effects of scenarios of improved nitrogen use efficiency on agricultural greenhouse gas emissions

SCENARIO GLOBAL AVERAGE 
NITROGEN USE 

EFFICIENCY 
(PERCENT)

EMISSIONS 
FROM SOIL 

FERTILIZATIONa 
(MT CO2E)

TOTAL 
PRODUCTION 

EMISSIONS  
(MT CO2E) 

PRODUCTION 
EMISSIONS GHG 
MITIGATION GAP  

(GT CO2E)

2010 46 1,289 6,769 —

No productivity gains after 2010 1,758 11,251 7.3
(2.2)

2050 BASELINE 48 1,741 9,023 5.0

25% NUE gap closure  
(Coordinated Effort) 56 1,459 8,741 4.7

(-0.3)

50% NUE gap closure  
(Highly Ambitious) 62 1,306 8,588 4.6

(-0.4)

75% NUE gap closure  
(Breakthrough Technologies) 67 1,205 8,487 4.5

(-0.5)

Meets high NUE targetb 71 1,130 8,412 4.4
(-0.6)

Notes: 
a. “Emissions from soil fertilization” includes emissions from the energy used to produce and transport fertilizer.
b. Defined in Zhang et al. (2015b) as 70 percent for most crops, 85 percent for soybeans, 60 percent for rice, and 40 percent for sugar, fruits, and vegetables).
Numbers not summed correctly are due to rounding. Numbers shown in parentheses are changes relative to 2050 baseline.
Source: GlobAgri-WRR model. 
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Nitrogen use efficiencies may play an even 
more prominent role in determining global 
GHG emissions than our model calculates. 
GlobAgri-WRR uses a “default” emission 
standard adopted by the IPCC, which assumes 
that nearly all nitrogen deliberately applied 
to cropland, and all fertilizer applied to 
grassland, generates the same quantity of 
nitrous oxide per kilogram of nitrogen. The 
percentage in Tier 1 calculations works out to 
1.45 percent of all nitrogen applied. As a result, 
10 percent more nitrogen applied to farm 
fields means 10 percent more nitrous oxide. 
There is also a higher, fixed IPCC Tier 1 rate 
of 2 percent for nitrogen excreted in manure 
and urine by grazing animals, and that too is 
the same on all fields. But estimating nitrous 
oxide emission rates is challenging because 
the bulk of a field’s emissions often will occur 
over only a few hours on one or a few days 
per year. The resulting data have enormous 
variation. In recent years, evidence has 
been growing that these estimates are too 
simple, which has important implications for 
mitigation strategies.

First, data are accumulating that emission 
rates likely overestimate emissions in 
drier regions, such as Australia and much 
of Africa,a but also likely underestimate 
emissions from wetter regions, at least on 
farms that use large quantities of nitrogen. 
Some of these underestimates may result 
from an underestimate of indirect emissions 
when nitrogen runs off into streams.b As 
soils around the world become increasingly 
saturated with nitrogen, emission rates may 
also increase.c These findings make intuitive 
sense because nitrous oxide should be 
higher where soils are more likely to become 
saturated and where there is more nitrogen 
available to the microorganisms that release 
nitrous oxide. 

Second, there is a good chance that nitrous 
oxide emissions will increase as yields grow 

because, even with constant NUE, higher 
yields mean a larger nitrogen surplus per 
hectare. To use a simple numerical example, 
if crops remove half of the applied nitrogen 
and the rest is surplus, then doubling the 
yield while maintaining the same NUE will 
double the surplus. Unfortunately, evidence 
is increasing that the greater the surplus 
of nitrogen, the higher the rate at which 
nitrogen turns into nitrous oxide. 

One meta-analysis of data from several 
studies indicated low nitrous oxide emissions 
at high rates of NUE but high exponential 
growth in emissions thereafter as NUE rates 
decline: emission rates could potentially 
approach 10 percent of all applied nitrogen 
rather than the 1 percent used by the IPCC.d 
Two other meta-analyses found a slower, 
but still exponential growth rate tied to 
application rates,e which should be generally 
correlated with surpluses. These results 
tally with several experimental field trials in 
different countries.f

These studies have several policy 
implications, and are cause for both optimism 
and pessimism:

 ▪ The studies suggest that nitrogen emis-
sion rates may vary significantly both 
from country to country and among 
types of farms within a country. Once 
scientists can define these conditions 
better, mitigation efforts can focus on the 
high-emission sources.

 ▪ The data suggest that the problem is 
more acute in wetter regions that use 
abundant fertilizer, such as North Amer-
ica, Europe, and China. Because of the 
technical sophistication of agriculture in 
these regions, they are better positioned 
to use advanced technology to apply ni-
trogen more efficiently.g The studies also 
suggest that increasing nitrogen use in 

Africa, which will result in declining NUE, 
might not result in nitrous oxide emis-
sions as high as the levels we estimate 
using IPCC default emission rates. 

 ▪ Global accounting rules may lead to a 
global underestimation of emissions. 
Under approved guidelines by the UN 
Framework Convention on Climate 
Change, countries are allowed to 
use lower emission rates if they can 
document and justify them. As a result, 
countries with drier climates have an 
incentive to document their lower emis-
sions rates, while countries with higher 
actual emissions will lack this incentive 
and may instead adhere to IPCC methods 
that underestimate emissions. If science 
bears out these patterns, the IPCC should 
adjust its default emissions methods and 
countries should accept those changes.

 ▪ These data make increasing NUE even 
more important. On the one hand, as 
yields grow, just maintaining the same 
NUE means that surpluses of nitrogen per 
hectare will keep growing as yields in-
crease. To illustrate, an NUE of 50 percent 
means that 50 percent of applied nitrogen 
is surplus to crop requirements. As a 
result, fertilizing a hectare that yields 10 
tons of maize versus one that generates 
5 tons will result in twice the nitrogen 
surplus per hectare. If the emissions rate 
is always 1 percent, as we and the IPCC 
assume, then emissions double, but if the 
emissions rate were to jump from 1 to 2 
percent with the higher surplus, then the 
level of emissions would quadruple when 
the yield grows to 10 tons. 

 ▪ Overall, if nitrogen surpluses dictate the 
rate of nitrous oxide emissions, then inef-
ficient nitrogen use becomes even more 
harmful and highly efficient nitrogen use 
becomes even more beneficial.

BOX 27-2 |  Possible refinements of nitrous oxide emission rates from fertilizers and their 
significance for nitrogen use efficiency (NUE)

Sources: 
a. Hickman et al. (2014, 2015).
b. Turner et al. (2015).
c. Reay et al. (2012).
d. Van Groenigen et al. (2010).
e. Shcherbak et al. (2014); Hickman et al. (2015).
f.  Hickman et al. (2015); McSwiney and Robertson (2005).
g. Gerber et al. (2016).
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There are, however, several good reasons to believe 
these efficiencies underestimate the benefits of the 
measures we propose. 

 ▪ First, nitrification inhibitors might be able to 
reduce nitrous oxide even more than improve-
ments in average NUE by keeping nitrogen in 
the form of ammonium longer or perhaps at 
key times. Our analysis does not factor in ad-
ditional benefits beyond the increases in NUE.

 ▪ Second, our analysis uses the simplest IPCC 
emission factors for emissions of nitrous oxide 
from farm fields. This emission factor applies 
the same emission rate to each kilogram of 
nitrogen regardless of how large the amount of 
nitrogen surplus is on the field and regardless 
of the amount not used by crops (Box 27-1). If 
farms achieved the higher efficiencies proposed 
in our model scenarios, even though the quan-
tity of nitrogen used would still grow modestly 
compared to 2010, the surplus nitrogen not 
absorbed by crops would decline disproportion-
ately—by approximately 50 to 80 Mt according 
to one study.142 New science suggests that the 
emissions depend on the amount of this surplus 

nitrogen, as discussed in Box 27-2, and not the 
total amount of nitrogen. If correct, then emis-
sions in our mitigation scenarios could decline 
much further.

 ▪ Third, science increasingly suggests that 
present systems are underestimating various 
indirect sources of nitrous oxide, which do not 
result from the farm soil itself but from the 
nitrogen after it is lost from the soil. One paper 
suggests that the major sources of loss from the 
U.S. corn belt could be occurring in the many 
drainage systems for farm fields plus the tiny 
streams that receive water flowing from them 
or from leaching of farm water through the 
ground.143 Because large increases in NUE could 
disproportionately reduce these waterborne 
losses, they could also reduce nitrous oxide by 
more than we estimate. 

Overall, some improved management with exist-
ing technologies could lead to meaningful prog-
ress. Major progress seems possible with use of 
enhanced efficiency fertilizers, and truly impres-
sive progress may be possible with technological 
breakthroughs. 
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Recommended Strategies
The true scope of the nitrogen challenge by 2050 
indicates that large improvements in both practices 
and technology are required. Our four recommen-
dations reflect that challenge.

Establish flexible regulatory targets to push 
fertilizer companies to develop improved fertilizers
Our assessment is that nitrification inhibitors and 
related compounds hold great promise to increase 
NUE, boost yields, and reduce nitrogen runoff and 
nitrous oxide emissions in cost-effective ways. 
In some circumstances, farmers may experience 
increased profits. This potential exists on a variety 
of farms even with present technology, and the 
variability in performance suggests high potential 
both to make compounds better and cheaper and to 
target them where they are most effective. Yet this 
potential is going unrealized because compounds 
have variable and uncertain effects on different 
farms and crops, because farmer decisions do not 
need to reflect environmental costs, and because 
industry devotes too little research funding to 
inhibitor technology. A flexible regulatory approach 
therefore seems appropriate to encourage the 
industry to market more vigorously to the farms 
that would benefit the most with current inhibitor 
technologies, to improve understanding of opti-
mal uses over space and time, and to improve the 
technology. 

One approach is to mimic vehicle fuel efficiency 
standards, as elaborated in Kanter and Search-
inger (2018). In the United States, as a result of 
fuel efficiency standards in place since the 1970s, 
auto manufacturers are responsible for increasing 
the fuel efficiency of their fleets over time. This 
obligation created the incentive to design the most 
efficient cars for consumers, and to improve fuel-
efficiency technology over time.144 It also probably 
encouraged innovation in marketing. The need to 
sell small, more fuel-efficient cars to average out 
their fleet efficiencies gave auto manufacturers an 
incentive to improve them and target consumers 
most likely to appreciate such cars. 

A similar program might impose obligations on 
fertilizer companies to incorporate compounds into 
their mix of fertilizer sales to achieve increasing 
levels of nitrous oxide reductions over time. For 
example, a law might start with a requirement for 

15 percent of sales to incorporate EEFs and steadily 
increase the requirement to 30 percent in 15 years. 
An alternative could vary the quantity of EEFs sold 
based on their effectiveness. Companies would have 
to demonstrate quantities sold and likely reduc-
tions based on how farmers use their product. This 
approach would allow companies to choose the 
types of compounds they sell and to target com-
pounds where they would have the most impact. It 
would also encourage manufacturers to research 
where compounds would be most effective to sup-
port their sales efforts and give them incentives to 
improve their products and tailor them to different 
farming conditions.

To justify this kind of regulation, it is not necessary 
to downplay other nitrogen-reduction strategies. 
Nor do EEFs need to be effective for all farms or 
be used by all farmers. The evidence merely needs 
to show, as we believe it does, that EEFs have the 
technical and economic potential to play a larger 
part in a cost-effective nitrogen-management 
effort. Phasing in higher efficiency standards over 
time would allow companies to start by selling the 
least-expensive yet effective compounds to a small 
share of farms that existing science indicates would 
benefit the most. 

The fertilizer production industry is highly concen-
trated, but its distribution system relies heavily on 
independent retailers and distributors. However, 
the U.S. Renewable Fuel Standard (RFS) illustrates 
how to address this complexity. The RFS requires 
that increasing quantities of renewable fuels be 
blended with gasoline or diesel over time and in 
this way is similar to our proposal for steadily 
increasing percentages of EEFs. As with the fertil-
izer industry, the fuel distribution network can 
be complex. The RFS deals with this complexity 
by assigning responsibility for meeting blending 
requirements to refiners or importers of oil. A 
fertilizer program could imitate this approach by 
applying requirements to producers and importers 
of fertilizers. However, the RFS program awards 
credits to producers of renewable fuels. Producers 
and importers meet their obligations by acquiring 
these credits from other producers, from other 
actors who blend further down the fuel chain, or 
from a credit market, which ensures that standards 
are met overall even if a particular blender falls 
short.68 In this way, producers and importers of fuel 
do not have to produce renewable fuels themselves; 
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they just need to make sure that someone along 
the supply chain is doing so, and in an amount that 
meets the percentage requirement of the producer 
or importer. In the same way, fertilizer manufac-
turers or importers could meet their obligations 
without producing EEFs themselves and without 
having to track their own fertilizers by assuring that 
sufficient quantities of EEFs are sold somewhere. 

India provides the closest example to date of this 
approach with its New Urea Policy, adopted in 
2015.145 It requires that fertilizer manufacturers 
coat all domestically produced urea with neem, 
a natural coating substance that delays nitrogen 
release over the course of the growing season. 

Any country or subnational government could move 
this process along by adopting this kind of regula-
tory standard. For example, the state of California 
has led climate change efforts in the United States 
and is a natural candidate for pioneering this 
approach. Large food companies could also encour-
age this process through their own purchasing stan-
dards. For example, Walmart announced in 2013 
that it would require its suppliers to submit plans 
to cut their nitrogen fertilizer use substantially.146 
Increasing use of advanced fertilizer compounds 
could play a valuable role in such plans.

Shift fertilizer subsidies into support for higher 
NUE 
A wide range of economic research supports the 
view, predicted by basic economic theory, that 
farmers’ fertilizer application rates reflect the ratio 
of fertilizer prices to crop prices in both developed 
and developing countries.147 The price ratio helps 
explain differences in application rates across coun-
tries.148 If subsidies artificially lower fertilizer prices 
to farmers, then farmers will use more fertilizer 
than they otherwise would. 

In Africa, where farmers currently use little fertil-
izer, the case for and against fertilizer subsidies 
is complex (and we evaluate these arguments in 
Chapter 36). But in Asia, the case seems clear that 
fertilizer subsidies should be phased out. Economic 
studies have found that fertilizer subsidies in Asia 
contributed to agricultural growth and poverty 
reduction in the early years of policy implementa-
tion but that their effect declined thereafter.149 Since 
the early years of subsidy programs, other efforts to 
raise agricultural productivity have had far greater 
impact. These efforts include agricultural R&D, 
roadbuilding, irrigation, and education. Reforms 
in tenure law and agricultural market liberalization 
have had even bigger effects.150 

The evidence is strong that farmers in both China 
and India overuse fertilizer.151 This overuse leads to 
particularly high emissions in China because much 
of the fertilizer in China is generated using energy 
from coal.152 Fertilizer subsidies in China reached 
$18 billion in 2010 through various mechanisms.153 
In a bold step forward, China decided in 2015 to 
phase out the principal subsidies by the end of 
2017, which had been artificially lowering prices for 
fertilizer manufacturers.154 

Nitrogen fertilizer subsidies remain high in many 
other Asian countries, including India, Bangla-
desh, and Indonesia.155 In India, fertilizer subsidies 
reduced domestic nitrogen prices to less than 
one-fifth of international prices from 2011 to 
2014.156 The annual cost of up to nearly $15 billion157 
constituted 5.6 percent of total government spend-
ing in 2011.158 For many years, fertilizer subsidies 
have been particularly distorting because they more 
generously supported nitrogen than other nutri-
ents, resulting in unbalanced fertilizer application. 
This structure has led to both reduced yields and 
highly inefficient use of nitrogen.159 

The challenge of reforming fertilizer subsidies 
is mainly socioeconomic and political. All Asian 
countries with high fertilizer subsidies have large 
numbers of small farmers whose economic condi-
tions are stressful and who benefit from fertilizer 
subsidies. Realistically, there is probably greater 
opportunity to reorient subsidies than to eliminate 
them.
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We therefore recommend shifting subsidies from 
fertilizer toward NUE. Governments could start by 
shifting subsidies toward fertilizers that include 
nitrification inhibitors or other delayed-release 
compounds. Governments also should develop 
incentives to shift to application techniques that 
apply fertilizer more frequently and in balanced 
amounts. 

Support critical research and development
Reaching long-term nitrogen management goals 
requires major innovations. Highly promising 
options include improved development and use of 
chemical EEFs and BNI. Less developed but also 
promising options include nitrogen-fixing cere-
als and crop breeding targeted to increase NUE. 
As we discuss in Chapter 12, funding for all these 
categories of research is minimal in relation to their 
importance and promise, and governments need to 
increase this funding.

At a more applied level, governments and the 
private sector need to pursue the kinds of detailed, 
site-specific agronomic analyses that can lead to 
more tailored application and use of fertilizers. The 
examples described above of researchers work-
ing with farmers in China or coming together to 
improve data in the U.S. corn belt illustrate the 
kinds of effort needed. 

Fund demonstration projects of advanced 
technologies
Governments already support agricultural con-
servation efforts through national conservation 
funding and international aid projects. Outside of 
Africa, where fertilizer application rates are sim-
ply too low, the focus of such efforts should be on 
advanced technologies, such as use of inhibitors, or 
highly site-specific application levels. One option 
governments should pursue involves performance-
based projects that reward producers, or fertilizer 
contractors, for achieving high levels of NUE. 
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MENU ITEM: ADOPT 
EMISSIONS-REDUCING 
RICE MANAGEMENT AND 
VARIETIES
Rice is one of the world’s most important staple crops, but its 

production is a potent source of GHG emissions, primarily in the 

form of methane generated by flooded or “paddy” rice. This menu 

item focuses on strategies to reduce the GHG emissions produced 

by rice-growing and the potential of these strategies to increase 

rice yields and save water. 

CHAPTER 28
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The Challenge
Rice is the largest staple crop for roughly half of 
the world’s population.160 Most rice is produced 
in flooded fields and, as in wetlands generally, 
flooding blocks oxygen penetration into the soil, 
which allows archaea that produce methane to 
thrive. Common estimates put paddy rice methane 
emissions at roughly 500 Mt CO2e per year,161 but 
adjusting for the IPCC’s more recent estimates of 
the potency (global warming potential) of methane 
increases those estimates to 800 Mt CO2e per year. 
In addition, paddy rice fields emit roughly 15 Mt 
CO2e in the form of nitrous oxide.162 The GlobAgri-
WRR model estimates methane emissions from 
rice in 2010 at 1,120 Mt CO2e,163 using the more 
advanced methods for estimating methane rice 
emissions (so-called Tier 2 methods).

In short, paddy rice methane contributed at least 
10 percent (and possibly more) of all global agricul-
ture-related emissions in 2010 and approximately 2 
percent of total human-generated GHG emissions. 
For most rice-growing countries in Southeast Asia, 
rice contributes around 50 percent of agricultural 
production GHG emissions and between 2.5 
percent and 20 percent or more of total national 
emissions.164

Because the amount of methane emitted by rice 
cultivation depends more on the area of irrigated 
paddy rice land under production than on the 
amount of rice produced, boosting yields provides 
one way to reduce emissions per unit of produc-
tion.165 In 2014, farmers harvested rice on 163 Mha 
worldwide, an area roughly half the size of India. 
Ninety percent of production was in Asia.166 Irri-
gated, flooded rice, which is responsible for the bulk 
of methane emissions, accounts for roughly half of 
total rice-growing area and 75 percent of the world’s 
rice production.167 Building on FAO projections, we 
project an increase in demand for rice of 32 percent 
between 2010 and 2050.168 Using FAO projections 
for rice yields in 2050, we estimate some modest 
growth in paddy rice area, which means emissions 
will rise by roughly 150 Mt to 1,266 Mt of CO2e in 
our baseline (Figure 28-1). 

Unfortunately, the impacts of climate change, 
although uncertain, could decrease rice yields and 
increase GHG emissions from production. Some 
estimates of higher temperature effects on rice 
yields are harsh, on the order of an 8–10 percent 
decline in yield for every 1 degree Celsius increase 
in local temperature.169 Millions of hectares of 
high-quality, low-lying rice lands in Asia could be 
affected by sea level rise, increasing the risks of 
salinity and flooding.170 In addition, higher concen-
trations of carbon dioxide in the atmosphere may 
directly increase methane emissions by increasing 
the supply of carbon to the microorganisms that 
produce methane.171 Although the science is evolv-
ing, one study estimated that the combination of 
lower yields and rising methane emissions could 
double the emissions per unit of rice by 2100.172 
This threat of growing emissions creates a powerful 
need to reduce rice emissions in ways that boost—
or at least do not harm—yields and therefore hold 
down the need to expand rice-growing area.

Figure 28-1 |   Greenhouse gas emissions from 
agricultural production, 2010 and 2050
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The Opportunity
Four main strategies exist for mitigating GHG 
emissions from rice production: increase rice yields 
more rapidly, breed rice that produces less meth-
ane, improve management of rice straw, and reduce 
periods of flooding.

Increase yields more rapidly 
The first strategy is to increase rice yields fast 
enough to reduce the necessary amount of future 
rice-growing area. FAO projects yields of 5.3 tons 
per hectare per year in 2050, which would be 23 
percent higher than in 2010.173 This yield growth 
is equivalent to only half of the annual absolute 
growth rate from 1962 to 2006, and the lower pro-
jection reflects judgments by experts that rice has 
decreasing potential to grow at higher yields. But if 
rice yields could grow at 62 percent of the annual 
rate that was achieved from 1962 to 2006, and 
reach 5.5 tons per hectare per year, rice-growing 
area would not need to expand.174 An expert review 
on rice has found sufficiently high technical growth 
potential for rice yields to meet 2050 demand with-
out land expansion. Fischer et al. (2014) estimated 
that the global potential yield for rice is 7.4 tons per 
hectare per year, well beyond the yield necessary to 
hold rice area constant.175 Increasing yields beyond 
5.5 tons per hectare per year could lead to an actual 
decrease in rice area and future emissions.

Breed lower-methane rice
Scientists have long known that some rice variet-
ies emit less methane than others.176 One 2017 
paper showed that some high-yielding rice variet-
ies already in use generate roughly 10 percent less 
methane than the average rice variety.177 

More ambitiously, in 2015, a group of research-
ers reported developing a new breed of rice that 
generates only 10 percent or less of the methane 
emissions of normal rice under controlled condi-
tions in small pots during parts of the rice-growing 
seasons.178 The researchers had added a barley gene, 
which had the effect of transferring growth from 
roots to granules, resulting in higher (but starchier) 
yields and providing less feeding opportunities 
for methane-producing archaea in the roots. The 
results were promising, but there are also reasons 
for caution. This 90 percent reduction occurred 
only during early parts of the rice-growing season 

and therefore would not alter the methane emis-
sions that occur later. The researchers have added 
the gene to only one variety of rice so far. And field 
experiments would be necessary to determine both 
how well rice plants do with more limited root 
growth and how methane emissions react under 
broader, real-world field conditions. 

Minimal efforts are devoted to deliberately breeding 
low-methane rice varieties and encouraging their 
wider use. Overall, research results suggest that a 
deliberate effort to do so should be able to reduce 
methane emissions. 

Remove rice straw
Rice straw is the nongrain portion of rice plants. 
Methane emissions increase when farmers add 
fresh (noncomposted) rice straw to flooded fields, 
which increases the carbon available to produce 
methane, particularly if farmers do not plow the 
straw under before planting. Yet burning, a com-
mon alternative for rice straw in some regions, also 
creates methane and other GHGs as well as local 
air pollution. Strategies to reduce emissions include 
incorporating rice straw into fields well before the 
new production seasons start. Another option is 
to remove rice straw from fields to use for other 
productive purposes, such as growing mushrooms, 
generating energy, or creating biochar.179

Reduce flood periods
Various practices can reduce or interrupt periods of 
flooding. The longer rice remains flooded, the more 
methane-producing archaea grow, and the more 
methane they generate. Decreasing the duration of 
flooding therefore reduces methane production and 
emissions.180 The drawdown of water in rice paddies 
is accomplished by temporarily halting irrigation, 
allowing water levels to subside through evapo-
transpiration, percolation, and seepage. Interrupt-
ing flooding even with occasional drawdowns has a 
dual effect: it quickly drives down the population of 
methane-producing archaea, and it stimulates the 
breakdown of methane by bacteria. Although the 
reduction in methane emissions is not necessarily 
proportional to the duration of the drawdown, stud-
ies have found that almost any means of reducing 
or interrupting this flooding reduces methane 
emissions.181 Even reducing flooding during the off-
season—as many Chinese farmers do—can reduce 
emissions.
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Systems for reducing flooding and emissions during 
the crop-growing season fall into four categories:

 ▪ Dry seeding. Most paddy rice production in 
Asia follows the traditional pattern of trans-
planting seedlings grown in nursery areas into 
already flooded paddies. But direct seeding 
of rice into dry fields is spreading in Asia and 
probably now accounts for one-quarter of all 
rice production in the region.182 Farmers in 
the United States use direct seeding because 
it requires less labor.183 Direct seeding can be 
practiced in flooded fields (“wet seeding”) or 
by drilling seeds into dry fields (“dry seeding”). 
Wet seeding in flooded fields is unlikely to 
reduce methane emissions.184 But dry seed-
ing reduces emissions because it shortens the 
flooding period by roughly a month.185

 ▪ Single midseason water drawdown. Stud-
ies have shown that a single drawdown during 
the crop production season, sufficient to allow 
oxygen to penetrate the soils, substantially 
lowers GHG emissions. Typically, this kind of 
drawdown must occur for 5–10 days to gener-
ate methane benefits.186 Most farmers in China, 
Japan, and South Korea already practice this 
drawdown to increase yields.

 ▪ Alternate wetting and drying (AWD). 
This practice involves repeatedly flooding a 
farm field, typically to a water depth of around 
5 centimeters, allowing the field to dry until the 
upper soil layer starts to dry out (typically when 
the water level drops to around 15 centimeters 
below the soil surface), and then reflooding the 
field. This cycle can continue from 20 days after 
sowing until two weeks before flowering.187 This 
approach is also known as “controlled irriga-
tion” or “multiple irrigation,” depending on 
the country and the research context. Because 
each drying cycle sets back the generation of 
methane-producing bacteria, AWD achieves 
even larger reductions in methane emissions 
than a single drawdown. AWD can be practiced 
along a continuum of less to more frequent 
drawdowns. 

 ▪ Aerobic rice production. Like AWD, this 
system involves adding irrigation water only 
when needed. It avoids standing water, aim-
ing instead to keep soils moist. This system can 
drastically reduce—or nearly eliminate—meth-
ane production. In general, however, aerobic 
rice production has lower yields than rice 
produced through traditional methods or the 
three methods listed above. Still, as the case 
study below shows, some farmers in China are 
maintaining high yields by constructing raised 
beds and ditches, which limit standing water to 
furrows.

Effectiveness of reducing flood periods 

All reductions in flooding can reduce methane 
emissions. Various studies have found that dry 
seeding can lead to reductions in GHG emissions 
of 30 percent or more.188 IPCC guidance provides 
that a single drawdown will reduce emissions that 
would otherwise occur by 40 percent, and multiple 
drawdowns by 48 percent.189 However, these figures 
are global averages. Evidence from the U.S. state of 
Arkansas indicates that AWD could reduce emis-
sions by as much as 90 percent.190 There is also 
evidence that combining different water-saving 
approaches can have additive benefits for mitiga-
tion. For example, studies combining dry seeding 
with AWD have found emissions reductions of 90 
percent.191 

One concern is that while drawdowns decrease 
methane emissions, they tend to increase emissions 
of nitrous oxide, another powerful GHG. Nitrous 
oxide emissions are generally low in continuously 
flooded rice systems. However, under water-saving 
strategies, nitrous oxide emissions tend to increase 
because alternating periods when oxygen is and is 
not present in soils maximizes the opportunities for 
nitrous oxide production. In general, studies that 
have measured nitrous oxide emissions under dif-
ferent water management regimes have found that 
increases in nitrous oxide have substantially less cli-
mate significance than the reductions in methane as 
long as excessive nitrogen is not introduced through 
high doses of fertilizer.192 Reflecting this difference 
in impact, the IPCC guidelines do not account for 
increases in nitrous oxide emissions under water-
saving techniques, and below we have chosen to 
follow this convention in our consideration of these 
techniques’ GHG mitigation potential. 
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Significantly, one study using a more frequent 
sampling technique found very high emissions of 
nitrous oxide from three Indian rice farms that 
flooded their fields for only a few days at a time. 
The emissions were so high that the researchers 
suggested these brief flooding conditions could 
cause nitrous oxide emissions in excess of methane 
savings.193 Overall, the farms in this study that 
contributed the high nitrous oxide emissions were 
flooded for only a small portion of the growing sea-
son, and the study did not present any continuously 
flooded farms as a control. This type of wetting and 
drying, lasting for short periods, contrasts with 
standard AWD, which has much longer cycles and 
which therefore maintains flooding much longer. 
When analyzing this form of AWD in contrast 
with continuous flooding, researchers have found 
that nitrous oxide emissions increase a little but 
not enough to cancel out savings from reduced 
methane.194 The India study therefore does not cast 
doubts on the standard way of practicing AWD but 
it does raise concerns about whether such briefly 
flooded rice fields are common and whether all such 
fields contribute high nitrous oxide emissions. It 
therefore makes a case for efforts to replicate these 
findings on other farms and to analyze how many 
other farms may be flooded so briefly.

Because farmers do not directly benefit from reduc-
ing GHG emissions, emissions reductions alone do 
not motivate adoption of rice water management 
techniques. In contrast, many farmers directly ben-
efit from saving water, which provides a potential 
incentive to reduce flooding. Rice production uses 
around 40 percent of the world’s irrigation water,195 
and almost one-third of rice-growing areas face 
high levels of water stress.196 AWD and dry seed-
ing would lead to the largest reductions in water 
consumption because they involve the shortest 
inundation periods.

Yet current estimates of water savings are at the 
field level; they do not necessarily reflect water 
savings for a local area. Evidence suggests that most 
or perhaps nearly all of the water savings will result 
from reduced percolation,197 which implies that 
some of the irrigation water saved by an individual 
field would otherwise have recharged groundwater 
or been used further downstream.198 However, in 
periods when surface soils are allowed to dry out, 
evaporation from soils should decrease, which 
means that reduced flooding should also make 

some more water available at the system level. Fur-
ther analysis in each district is necessary to deter-
mine the extent to which field-level water savings 
translate into savings for the district or aquifer.

Evidence of the effect of these water manage-
ment practices on rice yields is mixed. Many early 
studies found yield declines from AWD.199 But as 
AWD becomes more widely practiced, studies in 
Asia typically found yield gains, including in the 
Philippines,200 Vietnam,201 and Bangladesh.202 
Studies in India have found yield gains from 
AWD when practiced as part of a broader rice 
production system known as the “System of Rice 
Intensification.”203 In China, an estimated 80 
percent of farmers perform a single midseason 
drawdown for 7–10 days because they have found 
that doing so increases crop yields. 

Determining the precise reason for these yield gains 
requires further investigation, but there are at least 
three possible explanations:204

 ▪ Better resistance to lodging (bending over) of 
stems, attributable to better anchoring of well-
developed roots or sturdier stems.

 ▪ More profuse early rice tillering (additional 
shoots), while midseason drawdowns suppress 
unproductive late tillering, which consumes the 
plant’s energy while producing few or no rice 
grains.

 ▪ Less susceptibility to disease in some cases 
(although some studies have found greater 
susceptibility to disease and weeds).

Recent studies in the United States have found 
that AWD has no effect on yields as long as soils 
retained an acceptable level of moisture at all times. 
Studies also indicate that yields could drop dra-
matically if soil was allowed to dry too much at any 
one time. U.S. yields are nearly universally high, 
indicating a persistently high quality of manage-
ment, which may help explain why changes in water 
management have not boosted yields. 

Unfortunately, just because some of these water 
management practices are possible does not mean 
they are feasible everywhere or all the time. For 
example, to be able to practice AWD, farmers 
realistically need a number of physical conditions 
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to be met. They require well-leveled fields to avoid 
pockets that dry excessively. They must also be able 
to manage their water reliably, which means they 
must be able to drain their fields effectively and 
then they must also have a reliable source of water 
to rewet their fields as soon as needed. But most 
rice-growing regions have distinct wet and dry sea-
sons. In the wet season, farmers may not be able to 
drain their fields adequately. In the dry season, only 
some irrigation systems can provide water reliably 
enough to encourage farmers to practice AWD. 

In a series of case studies, we highlight what is 
known and not known about the opportunities and 
challenges of using some form of water manage-
ment to reduce methane emissions during rice 
production. The case studies are drawn from key 
rice-producing areas in India, the Philippines, the 
United States, and China. 

INDIA

India produces more rice than any country but 
China, and the states of Tamil Nadu in the south 
and Punjab in the north illustrate the opportuni-
ties and challenges for water management. Rice is 
the dominant crop in both states. Small farmers 
(working less than 2 hectares [ha]) farm half of 
the land in Tamil Nadu and one-third in Punjab 
and constitute the majority of farmers. Farms of 2 
to 10 ha make up the majority of the remainder in 

both states. Both states also experience great water 
scarcity, withdrawing roughly 40 percent more 
water than rainfall replenishes each year. Farmers 
mine groundwater to meet their needs, and water 
tables are falling. In parts of Punjab, water tables 
have been falling by up to one meter per year, 
increasing pumping costs severalfold, and leading 
to contamination of soils with salt and wells with 
arsenic. Unable to conceive of an alternative solu-
tion, a recently released government plan proposed 
to reduce rice farming in Punjab by more than 40 
percent.205 

Researchers have performed at least a few studies 
of AWD or midseason drawdowns206 in each region 
and have found substantial GHG emission reduc-
tions, yield gains, and water savings at the farm 
level (Figure 28-2).207 Based on these water-saving 
and production benefits, government policy in both 
regions has promoted the System of Rice Intensi-
fication (SRI), which includes many practices of 
which one is, in effect, AWD. Although many farm-
ers in Tamil Nadu and Punjab have adopted some 
components of SRI, few have adopted some kind of 
midseason drawdown.

The technical potential to engage in AWD, or even 
one midseason drawdown, varies in both regions. 
Because of porous soils, drainage is possible even 
during the wet seasons. However, many farmers 

Figure 28-2  |  Midseason drawdown reduces greenhouse gas emissions from rice production in Punjab by one-third 

Note: Solid bars show average statewide emissions.  Error bars represent one standard deviation.
Source: Pathak et al. (2012). 
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rely exclusively on surface water irrigation net-
works, which are too unreliable in both regions to 
practice wetting and drying. Somewhat more than 
half the farmers in Tamil Nadu and most farmers in 
Punjab also pump groundwater.208 These farmers 
could therefore time their irrigations to perform 
AWD. Many farmers in Tamil Nadu also receive 
irrigation water from large earthen pits used to 
store water from the rainy season.209 The potential 
probably exists to time water deliveries from these 
pits to allow AWD, although designing such a sys-
tem would be more complicated than just turning 
pumps on and off. For many of these farms, addi-
tional leveling would also be necessary to ensure 
that drying the lower portions of fields does not 
lead to excessive drying of higher areas.

Dry seeding of rice is also starting to emerge as an 
alternative production system in Punjab, though 
it was practiced on only 5,000 ha in 2012.210 Some 
studies have found GHG benefits and large irriga-
tion savings at the field level.211 One study found 
modest declines or increases in yields depending 
on the variety of rice used,212 but follow-up stud-
ies found that these yield declines occurred where 
farmers did not follow recommended regimens of 
fertilizer and pesticide use. 

Despite the potential for many farmers to practice 
AWD, two factors greatly limit their incentive to do 
so. First, farmers currently enjoy essentially free 
water. Second, governments heavily subsidize the 
electricity used to run pumps in both states. Unless 
it is proven to increase yields substantially, farmers 
have little individual incentive to implement some 
form of water management.

PHILIPPINES

The Philippines ranks eighth in global annual rice 
production, with around 4.4 Mha in production in 
2010.213 It is also the world’s largest rice-importing 
country. Roughly 70 percent of the Philippines’ 
total rice area is irrigated, but it produces relatively 
low yields of around 3.3 t/ha.214 As in India, a few 
research studies in the country have found substan-
tial reductions of methane emissions from midsea-
son drawdowns, although there are no studies yet 
of AWD.215 Yet few rice farmers engage either in 
drawdowns or dry seeding. One limitation is physi-
cal. One rice-growing season in the Philippines 
occurs during periods of heavy rainfall, which are 
heavy enough to limit the potential of most farms to 

dry their fields unless they employ drainage systems 
that are not now common. It is possible that one 
midseason drawdown might be possible on some of 
these fields, but that requires further analysis. Dry-
season irrigation limitations are also important. 
Nationally, 86 percent of irrigation water comes 
from surface water irrigation, primarily rivers. The 
water supply is typically too unreliable for farmers 
to have confidence that they could replenish fields 
if they drain them. Two experiences, however, show 
some potential. 

Roughly one-quarter of all rice farms use pumps to 
access groundwater, typically those at the last stage 
of surface water irrigation systems, where water 
deliveries are most unreliable.216 These farmers can 
face high pumping costs. According to one study, 
half of all such farmers targeted by government 
initiatives to adopt AWD did so.217 An analysis of 
an initiative in Central Luzon that targeted farmers 
with pumps found no statistically significant impact 
on yields under AWD. It also found no change in 
labor costs, which also suggested no increase in 
weeding problems.218 This study also found that 
farmers employing AWD reduced their hours of 
irrigation by 38 percent219 (while other studies 
found water savings of 15–30 percent).220 

In general, these studies have confirmed farmers’ 
willingness to switch to AWD where the costs of 
pumping water are high but not where costs are 
low.221 Beyond physical limitations of surface-water 
irrigation schemes, farmers currently would also 
have little incentive to adopt AWD because they 
typically pay a fixed irrigation fee per hectare, 
usually about $50–$70 per season, and therefore 
have little financial incentive to use irrigation water 
judiciously. Creating incentives for AWD would 
thus require changing payment systems.

An irrigation project on the island of Bohol in the 
Visayas illustrates another potential model for 
some areas. In 2005 the National Irrigation Admin-
istration constructed a new dam with Japanese 
assistance to address declining and unreliable 
water supply. This new dam generated a far more 
reliable source of irrigation water; to optimize its 
use, the administration imposed an AWD irrigation 
schedule in 2006. Each farmer has irrigation water 
for three days, then none for the next 10 to 12 days. 
The project allowed farmers to cultivate in a man-
ner that resulted in overall yield increases of 11–13 
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percent, an increase of 16 percent in irrigated land, 
and two rice crops instead of one in some parts of 
the island.222 This project suggests how irrigation 
improvements could be tied to AWD for both GHG 
benefits and water savings.

UNITED STATES

The United States produces only 1.1 percent of the 
world’s paddy rice and harvests only around 0.6 
percent of the world’s rice area.223 Nevertheless, it 
has high yields of more than 8 tons per hectare and 
contributes 10 percent of internationally traded 
rice.224 Six states produce nearly all U.S. rice: 
Arkansas, California, Louisiana, Missouri, Mis-
sissippi, and Texas, with half of production from 
Arkansas alone. In both the southern United States 
and California, recent studies have confirmed large 
GHG reductions via AWD of 50 percent or more.225 
In California, a study found emissions reductions 
of 90 percent when AWD was combined with dry 
seeding.226 Rice farmers already mostly dry seed 
rice in Arkansas but not in California, where one 
study found nearly 50 percent reductions in meth-
ane emissions from dry seeding.227

In theory, AWD could prove attractive in both 
states because both suffer from severe water 
shortages and falling aquifer levels. One Arkansas 
study found increases in water use efficiency from 
AWD of 22 percent at the field level.228 However, in 
California, AWD could lead to higher rates of water 
loss into groundwater because soils are heavy clay, 
which allows little percolation when flooded but 
cracks when dried.

Growing season rainfall is sufficiently low in Arkan-
sas that farmers can dry their fields, and farmers 
are able to use pumps or on-farm reservoirs—filled 
in the winter—that provide sufficient and reliable 
water supplies. The main physical limitation in 
Arkansas is the size of fields. Unlike the small rice 
fields of Asia, single rice fields in the Arkansas are 
typically between 20 and 50 ha, with some much 
larger. Most are carefully leveled, which makes 
them promising for AWD. But because of their size, 
farmers usually divide fields into separate basins, 
separated by levees and weirs to control water 
heights and to allow water to move from one basin 
to another in a controlled fashion. To provide the 
level of water management for AWD, farmers would 
probably have to make adjustments to be able to 

deliver water separately to each separate part of the 
field.

Opportunities for AWD adoption are considerably 
lower in California. Because the state’s Mediter-
ranean climate generates little to no rainfall during 
the summer growing season, farmers rely on water 
deliveries from large, regionally managed water sys-
tems fed heavily by snowmelt and reliant on gravity. 
Farmers therefore do not have direct control over 
their water, and California’s irrigation systems are 
generally unable to supply water quickly enough 
to all farmers at the time it is needed. Dry seeding 
probably provides the best option for water saving. 
Since dry seeding can increase the need for weed 
control, additional incentives would probably be 
necessary to persuade farmers to adopt the practice.

The other main concern is potential impacts on 
yield. Unlike in other countries, there is no evidence 
from U.S. tests that AWD would increase yields, 
and some earlier studies suggested yield declines. 
Meanwhile, there is some risk of lower yields if 
farmers overdrain fields.229 The fact that Chinese 
and Japanese farms experience yield gains from at 
least one midseason drawdown but U.S. farmers do 
not presents a scientific puzzle. 

Overall, it would appear that most Arkansas farm-
ers, with reasonable adjustments, could implement 
AWD, while dry seeding should be an option for 
most California farmers. As in other countries, 
essentially free water limits their incentives to do 
so even while there might be collective benefits to 
farmers through water savings from broad adoption 
of these practices.

CHINA

Farmers in China harvest almost 20 percent of the 
world’s rice fields by area and produce almost 30 
percent of the world’s rice.230 The vast majority 
of China’s farmers practice at least one midsea-
son drawdown. Although most rice is grown on 
well-irrigated flatlands, much is still grown in hill 
environments, including two-thirds of Sichuan 
Province’s 3 Mha of rice. The hilly terrain limits 
yields, increasing GHG emissions per ton of rice. 
Although farmers have long practiced intermittent 
flooding to reduce water consumption—with the 
side benefit of reducing methane—farmers also tend 
to keep fields flooded in the winter to ensure that 
water is available in the spring, when droughts are 
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frequent. This maintenance of standing water in the 
winter increases emissions.

One new technique used in Sichuan relies on plastic 
covering as mulch. As shown in Figure 28-3, farmers 
construct a series of furrows and raised beds, cover 
the beds with long strips of thin plastic film 1.5 to 2 
meters wide, punch holes in the film, and transplant 
rice into the holes. Farmers maintain water in the 
furrow for approximately 1.5 months after trans-
planting seedlings but no water on the bed surface, 
and furrows themselves are drained for around 
two weeks in the middle of the season to inhibit 
late-emerging unproductive tillers, to remove toxic 
substances, and to improve root activity. 

Research has found that plastic film mulching 
reduces GHG emissions by maintaining higher 
oxygen content in the rice bed, thereby inhibiting 
methane-producing bacteria.231 Counting all sources 
of emissions, these studies suggest GHG emissions 
reductions of roughly 50 percent per hectare, and 
55–60 percent per ton of rice, and even more if 

farmers use nitrification inhibitors.232 Studies have 
also found yield and water benefits. In controlled 
comparison studies, plastic film mulching tends to 
improve yields by 5 to 20 percent, probably by rais-
ing temperatures.233 Scientists have reported water 
savings per hectare of 58–84 percent and increased 
water use efficiency of 70–106 percent when factor-
ing in the benefits of increased yields.234 Economic 
studies have also found economic benefits through 
decreased costs of fertilizer, pesticides, weeding, 
and yield gains.235

In lowland parts of Sichuan Province, the use of 
plastic does not boost rice yields because soils 
are warm enough that they do not benefit from 
the increased warming, but a similar cultivation 
method has been developed without the film. 
Called either “ridge-ditch cultivation” or “aerobic 
cultivation,”236 it too involves construction of raised 
beds and then maintenance of water in the fur-
rows but not on the bed surface. As with plastic 
film mulching, studies have found that ridge-ditch 

Figure 28-3  |  New rice-growing techniques in Sichuan Province use furrows, raised beds, and plastic covering as mulch

Image source: Jing Ma.



WRI.org        364

cultivation significantly reduces methane emis-
sions from paddy fields.237 Studies also have found 
that this practice can enhance water use efficiency, 
improve topsoil temperature and soil aeration, 
reduce the amount of toxic substances, enhance 
soil microbial activities, and therefore promote soil 
nutrient transformation.238 By improving soil condi-
tions, ridge-ditch cultivation has also been mea-
sured to improve rice grain yields by 12.3 percent to 
45.8 percent in comparison with traditional cultiva-
tion systems.239

Despite the promising results, these practices occur 
in only a small fraction of suitable rice-growing 
areas in the province. One reason is that these 
practices require more intensive labor during rice 
transplanting. Purchasing the plastic film also adds 
to production costs. 

Model Results: Mitigation Potential 
We used GlobAgri-WRR to explore six rice mitiga-
tion scenarios plus a number of variants: 

 ▪ Mitigation scenario 1 includes rates of crop 
yield gains from 2010 to 2050 that are 20 
percent higher than projected by FAO, which 
reduces the area under cultivation and there-
fore methane emissions. Instead of projecting 
increases from a global average of 4.3 tons of 
rice per hectare in 2010 to 5.3 tons in 2050 in 
our baseline scenario, we project that yields will 
grow to reach 6.4 tons per hectare. This growth 
would reduce rice area by 27 Mha compared to 
the area in our baseline.

 ▪ Mitigation scenario 2 involves a 10 percent 
reduction in methane emissions from rice 
production “across the board” due to improved 
breeding.

 ▪ Mitigation scenario 3 involves adoption of 
water drawdowns. In our baseline, we estimate 
that 90 percent of irrigated rice farms in China, 
Korea, and Japan already employ a midsea-
son drawdown and 10 percent use continuous 
flooding, but we estimate that outside of these 
three countries, 90 percent of farms use con-
tinuous flooding. 

 □ In mitigation option 3a, we estimate that 
only 50 percent of farms outside of China, 
Korea, and Japan use continuous flood-
ing, 25 percent employ one midseason 
drawdown, and 25 percent employ multiple 
drawdowns. 

 □ In mitigation option 3b, we assume that 
90 percent of all irrigated farms outside 
of these three countries employ multiple 
drawdowns.

 ▪ Mitigation scenario 4 involves shifts in rice 
straw management so that rice straw is re-
moved or mulched in some manner outside of 
the growing season. In some areas with double 
or triple cropping, a new rice crop is planted 
within a few days of the last rice crop. In those 
situations, we assume farmers have no time to 
remove their rice straw. 

 □ In mitigation option 4a, we assume half of 
all farms that are not growing a new rice 
crop in such a short time switch to out-of-
season straw management. 

 □ In mitigation option 4b, 100 percent of all 
such farms employ out-of-season straw 
management.

 ▪ Mitigation scenario 5 combines options 3a and 
4a, simulating a combination of low water-level 
drawdowns and a low level of straw mitigation.

 ▪ Mitigation scenario 6 combines faster growth 
in yields to 6.4 tons per hectare per year, a 10 
percent across-the-board reduction in emis-
sions due to plant breeding, and our first-level 
improvements in water and straw management 
(options 1, 2, 3a, and 4a). 

Table 28-1 shows the results. Each of the mitigation 
options achieves substantial GHG emissions reduc-
tions relative to the baseline in 2050. Most options 
close the total GHG mitigation gap by between 1 
and 3 percent, but scenario 6—which also includes 
yield gains and thus avoids future land conversion 
and associated emissions—closes this gap even 
more. Scenario 6, which puts together different 
forms of mitigation at plausible levels, would cut 
rice-production emissions by nearly 40 percent, 
close the production emissions GHG mitigation gap 
by 10 percent, and close the total GHG mitigation 
gap by 7 percent.
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Table 28-1 | Global effects of scenarios of improved rice management on agricultural greenhouse gas emissions

SCENARIO DESCRIPTION METHANE 
EMISSIONS 
FROM RICE 

PRODUCTION 
(MT CO2E)

TOTAL 
PRODUCTION 

EMISSIONS  
(MT CO2E) 

PRODUCTION 
EMISSIONS GHG 
MITIGATION GAP  

(GT CO2E)

2010 1,120 6,769 —

No productivity gains after 2010 1,696 11,251 7.3
(2.2)

2050 BASELINE 1,266 9,023 5.0

1: 20% yield gains
Global rice yields reach 6.4 tons/hectare 
instead of 5.3 tons/hectare in 2050  
(and 4.3 tons/hectare in 2010)

1,055 8,806 4.8
(-0.2)

2: new low-methane rice 
breeds

10% across the board reduction in rice 
methane due to new breed varieties 1,139 8,896 4.9

(-0.1)

3a: 50% water management
In countries that do not already employ 
drawdowns, half switch to midseason 
drawdown(s) or AWD

1,111 8,869 4.9
(-0.2)

3b: 90% water management
In countries that do not already employ 
drawdowns, 90% switch to midseason 
drawdowns or AWD

960 8,717 4.7
(-0.3)

4a: 50% off-season straw 
management

Roughly half of all farms manage rice 
straw out of season in all seasons where 
that is possible

1,170 8,927 4.9
(-0.1)

4b: 100% off-season straw 
management

All farms manage rice straw out of season 
in all seasons where that is possible 1,075 8,832 4.8

(-0.2)

5: 50% water management 
+ 50% off-season straw 
management (Coordinated 
Effort, Highly Ambitious)

Combination of scenarios 3a and 4a 1,032 8,789 4.8
(-0.2)

6: Combined  
(Breakthrough Technologies) Combination of scenarios 1, 2, 3a, and 4a 774 8,526 4.5

(-0.5)

Notes: Numbers not summed correctly are due to rounding. Numbers shown in parentheses are changes relative to 2050 baseline.
Source: GlobAgri-WRR model.
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Recommended Strategies
From a purely technical perspective that ignores 
economic cost, available research suggests a high 
potential for mitigating GHG emissions from rice 
production. For example, although our case studies 
revealed a number of technical obstacles to employ-
ing midseason drawdowns on all farms, most 
farms could implement dry-seeding, many farms 
could implement water drawdowns today, and the 
obstacles facing other farms seem reasonable to 
overcome (such as the need for more level rice pad-
dies in India or for more field pipes for distributing 
irrigation water in Arkansas). Faster yield gains are 
technically feasible and could do much to mitigate 
emissions. The most speculative mitigation option 
involves breeding low-methane rice varieties. But 
lower-methane varieties already exist, and sci-
ence suggests real potential from more extensive 
breeding. 

The mitigation options all have significant potential 
to provide economic returns through higher yields 
and reduced water consumption, which provides 
benefits even if subsidies presently keep many 
farmers from realizing them, but these options also 
have unknown costs. The lack of detailed analyses 
of mitigation costs and benefits in specific rice-
producing areas makes our estimates somewhat 
speculative. Unfortunately, we are aware of no coor-
dinated national, let alone international, projects to 
mitigate emissions and to systematically improve 
our understanding of how to do so. 

Based on these assessments, we offer the following 
recommendations:

Development agencies and national govern-
ments should fund a coordinated series of 
rice emissions mitigation projects that focus 
on synergies with water savings and yield 
improvements. Among criteria, projects should 
be chosen because of their potential for synergies 
and to test synergistic mitigation options in a range 
of different rice-growing settings.
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Development agencies and national govern-
ments should similarly support coordinated 
technical support, research, and assessment 
of such projects through an international, 
collaborative technical team. Such an effort 
would help maximize impacts per dollar, assess 
results, and steadily improve technical understand-
ing of how to pursue rice mitigation over time. The 
team should incorporate experts with a range of 
expertise, including knowledge of rice emissions 
and plant breeding, hydrology, irrigation manage-
ment, and economics. The team should ensure that 
projects generate information not only on project 
design but also on yield, disease management, 
water conservation, and cost implications of various 
production options. 

Governments should reform water and 
energy subsidies that distort mitigation 
goals and structure incentives and rules 
to encourage mitigation. Farmers practicing 
improved water management techniques typically 
do so because they anticipate yield gains, reduced 
pumping costs, and—in the case of dry-seeding—
sometimes reduced labor costs. However, subsidies 
for water and energy distort these incentives. Sub-
sidies to small farmers can be provided in ways that 
do not encourage excess water use. At a minimum, 
in areas where rice farming is already threatened by 
insufficient water supplies, water allocation systems 
should reward farmers who use water more effi-
ciently by giving them priority access when water is 
short. 

Crop breeding institutions should prioritize 
breeding of low-methane crop varieties. As 
discussed in Chapter 12, breeding for environmen-
tal goals can complement the primary breeding goal 
of increasing yields—or at least maintaining yields 
in the face of climate change. This should involve 
immediate efforts to cross-breed low-methane 
varieties with those that produce the highest local 
yields. Governments and international aid agencies 
should support large-scale pilot efforts to explore 
new varieties that produce lower amounts of 
methane. 

International institutions should offer a 
prize for low-methane rice. The Green Climate 
Fund or another international funder should create 
a prize for a variety of rice that comes into wide-
spread usage and reduces methane emissions in 
real-world conditions by 50 percent or more.

 

For more detail about this menu item, see  
“Wetting and Drying: Opportunities and Challenges 
for Rice Management,” a working paper supporting 
this World Resources Report available at  
www.SustainableFoodFuture.org.

http://www.worldresourcesreport.org.
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MENU ITEM: INCREASE 
AGRICULTURAL ENERGY 
EFFICIENCY AND SHIFT 
TO NONFOSSIL ENERGY 
SOURCES
Agriculture uses energy to produce and transport inputs such as 

fertilizer and animal feeds, to heat and cool farm buildings, and 

to run on-farm vehicles and machinery. This menu item focuses 

on increasing energy efficiency in agriculture and shifting to low-

carbon energy sources to reduce emissions.

CHAPTER 29
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The Challenge
We estimate that total GHG emissions related to 
energy use in agriculture will be 1,642 Mt CO2e in 
2050 (Figure 29-1). Of these emissions, 1,062 Mt 
result from on-farm energy use, 408 Mt result from 
manufacturing and transporting nitrogen fertilizers, 
and 172 Mt result from manufacturing and trans-
porting all other inputs of nutrients and pesticides. 
(These total estimates of energy use emissions 
are somewhat higher than previous estimates in 
our Creating a Sustainable Food Future series240 
because they incorporate newer, higher estimates of 
on-farm energy use by FAO.)241 

Overall, these emissions are only about 9 percent 
higher than in 2010, but our estimate is based in 
part on difficult projections. As poorer countries 
develop, they are likely to adopt more mechaniza-

tion, and even developed countries may use more 
machinery than they do today. At the same time, 
there is likely to be some growth in efficiency of 
energy use, probably modest in tractors242 but 
higher in other applications. In our baseline sce-
nario, on-farm emissions stay the same because 
we assume that a 25 percent growth in energy use 
efficiency on farm cancels out a 25 percent growth 
in the level of energy use. The baseline also fac-
tors in a slightly smaller 23 percent increase in the 
energy efficiency of nitrogen production at fertilizer 
plants. This projection is based on a time lag that 
can be observed in the past: it takes 30 years for the 
average efficiency of all fertilizer plants to improve 
to the point where it matches the efficiency of the 
most efficient plants at the beginning of the 30-year 
period.243 Yet, even under these generally optimistic 
assumptions, emissions from agricultural energy 
use in 2050 would amount to 1.6 Gt, filling 40 
percent of our target budget for total agricultural 
production emissions (4 Gt CO2e). Efforts to reduce 
these emissions are necessary. 

The Opportunity
The opportunities to reduce emissions from energy 
use in agriculture mostly match the opportuni-
ties to reduce emissions from energy use in other 
economic sectors, which are the subject of many 
other studies.244 They center on energy efficiency 
measures and on shifts from fossil-based energy 
feedstocks to zero-emission feedstocks such as 
solar, wind, and—in some studies—nuclear power. 

Energy efficiency
One mitigation opportunity involves improvements 
in energy efficiency. Although we have found few 
studies of this potential in agriculture, one Indian 
study from 2013, for example, found potential to 
improve the energy efficiency of irrigation pumps 
by 40 percent.245 Another study of cassava drying 
found potential for doubling efficiency.246 More 
broadly, studies identify significant potential 
increases in energy efficiency in the aviation, mari-
time, and manufacturing sectors, and we doubt that 
agriculture is fundamentally different.247 Although 
little explored, potential for efficiency gains in 
agriculture is likely larger than we have assumed in 
our baseline.

Figure 29-1 |   Greenhouse gas emissions from 
agricultural production, 2010 and 2050
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Renewable energy sources 
Energy efficiency measures alone will not be 
sufficient to address climate change, and further 
mitigation will have to be achieved through shifts 
in energy supply. Electricity provides probably the 
easiest way to switch to low-carbon energy sources. 
Electricity accounts for approximately 40 percent 
of the roughly 1.2 Gt of baseline energy emissions 
in 2050 that result from on-farm energy use and 
manufacturing of inputs other than nitrogen fertil-
izers.248 Another 25 percent of emissions from on-
farm energy use and manufacturing involves direct 
on-farm use of coal for heat.249 To reduce these 
emissions, farms need to shift to solar heat supplies 
or to electricity powered by low-carbon sources, 
such as solar or wind. The challenges and opportu-
nities involved in energy shifts are likely to mirror 
those of shifting to low-carbon energy sources in 
other sectors. However, agriculture might enjoy an 
advantage in that farms generally have land avail-
able to generate their own solar or wind energy.

A greater challenge is the need to replace diesel 
fuel, which generates around one-third of agricul-
ture-related energy use emissions. Agriculture uses 
diesel fuel for tractors and other farm equipment, 
and for some heavy machinery used in mining 
phosphate and potash. Battery-powered equipment 
may be a partial solution, but some of these end 
uses require such concentrated power that they will 
be difficult to electrify. Some experts view them as 
primary targets for biofuels. Because the capacity to 
produce truly low-carbon biofuels is limited (Chap-
ter 7), we see less potential, although powering 
heavy equipment would be a good use of biofuels 
supplied by truly “additional” biomass. Another 
alternative might be the use of fuel cells powered 
by renewably generated hydrogen, or synthetic, 
carbon-based fuels made from renewable energy. 
However, the economical deployment of such fuels 
will require technological enhancement.250 

Nitrogen fertilizer manufacturing 
Dramatically reducing emissions from nitrogen 
fertilizer manufacturing presents a particular 
challenge. We estimate that the production process 
for fertilizer will emit 408 Mt CO2e in 2050, an 
increase from 359 Mt CO2e in 2010. Nitrogen fertil-
izer production generates high emissions because 
the Haber-Bosch process requires high tempera-

tures, high pressures, and therefore high energy 
levels to break the double nitrogen atom bond of 
nitrogen gas into nitrogen atoms that can be bound 
in various fertilizer compounds.

One opportunity involves making this process more 
efficient. Modern production facilities use 36 giga-
joules (GJ) of energy per ton of nitrogen fixed, but 
this is already roughly three times more efficient 
than the original Haber-Bosch method.251 Most 
of the improvement has been in the “upstream” 
supply of hydrogen and nitrogen to the synthesis 
process,252and further improvements seem plausi-
ble because different fertilizer manufacturing plants 
have different efficiencies. Plants with the lowest 
energy requirements are roughly 25 percent more 
efficient than the global average. 

China provides a special opportunity because it pro-
duces roughly one-quarter of the world’s fertilizer253 
but uses 15 percent more energy than the global 
average and 35 percent more than the most efficient 
plants.254 China also uses coal mined in ways that 
produce disproportionate emissions. One study 
estimated that China could reduce its emissions 
from nitrogen production by 30 percent just by 
moving to global average manufacturing standards 
for nitrogen.255 Our 2050 baseline already incorpo-
rates 23 percent reductions in the global average 
fertilizer manufacturing emissions rate, bringing 
energy use down from an average of 36.6 to 28.0 GJ 
per ton of nitrogen fertilizer, which is the standard 
for the most efficient plants today. The theoreti-
cal limit to the efficiency in modern production 
systems is 20 GJ per ton of nitrogen fertilizer, and 
we hypothesize that it might be possible to reduce 
energy use to 24 GJ in real conditions still using the 
Haber-Bosch method. 

In addition to efficiency measures, a wide variety 
of technologies will need to be deployed. The most 
straightforward opportunity involves a shift to 
producing fertilizer with electricity generated from 
solar or wind energy. The principal requirement 
would be to use solar or wind power to produce 
hydrogen, which is used in the production of 
ammonia. Hydrogen production in conventional 
ammonia plants accounts for approximately 85 
percent of the energy requirements for nitrogen 
fertilizer production.256 Given this heavy energy 
use to produce hydrogen, it might be practicable 
to retrofit existing ammonia production facilities 
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with “bolt-on” facilities for supplying hydrogen 
and ammonia.257 Long-established “electrolyzer” 
technologies exist to make hydrogen from electric-
ity, but their use to produce relatively cost-effective 
low-carbon hydrogen is impeded by the higher 
costs of low-carbon electricity, by inefficiencies in 
converting that electricity into hydrogen fuel, and 
by the costs of the electrolyzers themselves. Sub-
stantial research therefore focuses on improving 
efficiencies and reducing these costs, as well as on 
designing systems that can utilize cheap, intermit-
tent solar or wind power. None of the barriers seem 
insurmountable.258 In addition, research is ongoing 
into ways to use solar radiation directly to generate 
hydrogen without first generating electricity,259 and 
these approaches have the potential to be cheaper 
and more efficient. Two prototype solar fertilizer 
plants are being built in Australia.260

Mitigation Potential
As with crop yields and livestock systems, our base-
line factors in an increase in energy efficiency of 24 
percent per unit of agricultural output—sufficient to 
cancel out the effects of increased mechanization—
and this increase will already require significant 
effort. We therefore treat our baseline also as our 
Coordinated Effort scenario. 

Our Highly Ambitious scenario contemplates a 50 
percent reduction in emissions per unit of output, 
with the exception of nitrogen fertilizer production, 
where we project slightly lower efficiency gains 
of 45 percent, which represents the limits of the 
Haber-Bosch system.

Our Breakthrough Technologies scenario reduces 
emissions by 75 percent from the baseline level of 
efficiency and applies to emissions from all energy 
uses including production of nitrogen fertilizers. 
Such a significant reduction would require deploy-
ment of breakthrough technologies in both heavy 
machinery use and production of nitrogen from 
renewable sources of energy. 

Model results are shown in Table 29-1. Our Highly 
Ambitious and Breakthrough Technologies sce-
narios reduce the production emissions GHG 
mitigation gap by 8 to 18 percent and reduce energy 
emissions from nitrogen production and transpor-
tation by 14 to 67 percent. 

Recommended Strategies
For the most part, strategies for reducing energy 
emissions in agriculture are the same as those for 
reducing energy emissions more generally across 
all economic sectors. They involve measures that 
increase the price of fossil-based energy sources 
(e.g., carbon taxes, GHG cap-and-trade systems), 
measures that lower the price of zero-emissions 
sources (e.g., incentives to purchase equipment that 
generates or uses zero-emissions energy), and tech-
nical and financial support for research. Because 
these issues are large and the subject of a vast 
amount of academic literature, we do not discuss 
them further here. However, we offer three specific 
recommendations related to agriculture:

Integrate low-carbon energy sources into all 
government agricultural investment pro-
grams and projects. On-farm renewable energy 
programs already exist to encourage alternatives to 
fossil fuels. Opportunities include low-carbon tech-
nology systems for aquaculture,261 “passive solar” 
food storage,262 solar- and wind-powered irrigation 
pumps,263 and manure digesters.264 Efforts to reduce 
energy emissions from farms should be built into 
national government agriculture projects and inter-
national aid projects and should be a focus of dealings 
between larger food companies and their suppliers.

Invest in research into low-carbon fertil-
izer production and build pilot facilities. 
The world’s research agencies that are now fund-
ing energy innovations should invest heavily in 
research to develop production of nitrogen from 
renewable electricity. Much of that work could 
be linked to work now being done on developing 
hydrogen fuel produced by solar and wind power. 
Because these facilities will operate for two decades 
or more, moving the technologies forward quickly 
is necessary to avoid locking in highly polluting 
technologies for decades.

Apply carbon pricing or regulation to fertil-
izer. Governments should apply the same taxes or 
other regulations on emissions from manufactur-
ing facilities to fertilizer production. Europe has 
included fertilizer manufacturing in its emissions 
trading system. As in the case of aircraft manufac-
turers, in initial years fertilizer manufacturers may 
need to purchase offsets, but this approach would 
create incentives to engage in their own R&D and to 
shift toward low-carbon fertilizer production. 
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Table 29-1 | Global effects of scenarios of agricultural energy use reduction on agricultural greenhouse gas emissions

SCENARIO DESCRIPTION TOTAL 
EMISSIONS 

FROM ENERGY 
USE IN 

AGRICULTURE 
(MT CO2E)

PORTION 
OF ENERGY 
EMISSIONS 

FROM NITROGEN 
PRODUCTION AND 
TRANSPORTATION 

(MT CO2E)

TOTAL 
PRODUCTION 

EMISSIONS  
(MT CO2E) 

PRODUCTION 
EMISSIONS GHG 
MITIGATION GAP  

(GT CO2E)

2010 1,502 359 6,769 —

No productivity 
gains after 
2010

1,982 374a 11,251 7.3
(2.2)

2050 
BASELINE and 
Coordinated 
Effort

25% reduction in energy 
emissions per unit of 
agricultural output in 2050 
relative to 2010 but energy 
use for nitrogen fertilizer 
manufacturing reduced from 
36.6 to 28.0 GJ per ton. 

1,641 408 9,023 5.0

50% Energy 
Emissions 
Reduction 
(Highly 
Ambitious)

50% across the board 
emissions reductions per 
unit of agricultural output. 
For nitrogen, the reduction 
is 45%, which achieves the 
thermodynamic limit of the 
Haber-Bosch process.

1,280 349 8,661 4.7
(-0.4)

75% Energy 
Emissions 
Reduction 
(Breakthrough 
Technologies) 

75% reductions in energy 
emissions per unit of 
agricultural output across 
the board, including nitrogen 
production. 

762 134 8,143 4.1
(-0.9)

 
Notes: 
a. Emissions in the “no productivity gains” scenario are lower than our baseline scenario because lower livestock productivity leads to production of more manure, which partially 
substitutes for fertilizer.
Numbers not summed correctly are due to rounding. Numbers shown in parentheses are changes relative to 2050 baseline. Coordinated Effort scenario assumes no reduction in 
emissions from energy use relative to levels projected in the 2050 baseline. 
Source: GlobAgri-WRR model.
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MENU ITEM: FOCUS ON 
REALISTIC OPTIONS TO 
SEQUESTER CARBON IN 
AGRICULTURAL SOILS
Some researchers are optimistic about the potential for 

large-scale sequestration of carbon in agricultural soils. 

Other researchers are more skeptical. This chapter analyzes 

both optimistic and more pessimistic claims and concludes 

that the realistic potential for sequestering carbon in 

agricultural soils is limited and that efforts should focus on 

sequestration as a cobenefit of boosting productivity, with a 

goal to stabilize soil carbon.

CHAPTER 30
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The Sequestration Debate
Many strategies for agricultural GHG mitigation 
have focused less on directly reducing agricultural 
emissions and more on offsetting them by seques-
tering more carbon in soils or trees on agricultural 
land.265 The 2007 integrated assessment of the 
IPCC, the so-called AR4, estimated that various 
forms of carbon sequestration on agricultural land 
provided 80–90 percent of the global technical 
and economic potential for agricultural emissions 
mitigation.266 The subsequent assessment, the AR5, 
in 2014 reproduced this figure.267 The analysis that 
went into this figure has remarkable staying power: 
a 2017 paper in Nature quantifying estimates of 
the mitigation potential for soils in agriculture is 
based on essentially the same modeling analysis 
that generated the AR4.268 Today, there is also a 
major international initiative with the stated goal 
of increasing global soil carbon by 4 percent per 
year, which would remove more than 4 Gt of carbon 
dioxide from the atmosphere each year.269 

Some of these climate mitigation strategies focus 
on restoring agricultural land to forests or other 
natural vegetation. We explore these strategies 
in Chapter 20 and conclude that some important 
options exist to reforest both marginal and real-
istically unimprovable agricultural land, and that 
restoring drained peatlands should be a priority. 
Much larger-scale reforestation depends on—and 
must wait for—a high level of success in implement-
ing the strategies described in this report. 

The claim of large potential to store carbon in soils 
gained wide attention with publication of a paper in 
Science in 2004.270 As this paper argued, use of land 
for cropland has undoubtedly led to great carbon 
loss, which is probably on the order of 25 percent of 

the carbon within the top meter of soil.271 Loss rates, 
however, vary greatly and are probably due in part 
to management. At least some management prac-
tices can undoubtedly increase carbon in soils, such 
as adding manure, mulch, or more crop residues. 
There is also no doubt that many grasslands have 
lost carbon and could store more. 

Claims of achievable carbon sequestration rates 
per hectare vary,272 but, if all of the world’s agri-
cultural lands could sequester 0.5 tons of carbon 
per year, then the world could achieve something 
on the order of 2.5 Gt of carbon storage each year 
(roughly equal to 9 Gt of carbon dioxide, almost 20 
percent of annual anthropogenic emissions from all 
sources).273 Supporters of such soil carbon seques-
tration efforts also cite multiple cobenefits, such as 
aiding productivity and helping soils hold water and 
resist droughts, which would increase resilience to 
the rainfall variability likely to result from climate 
change. Many researchers have continued to make 
the case for large soil carbon sequestration poten-
tial using approaches that are, in effect, based on 
the physical potential of agricultural soils to store 
more carbon and the fact that a variety of practices 
can in theory increase soil carbon.274

In response to these claims, a number of other 
researchers have published articles expressing 
strong disagreement.275 Our analysis of these claims 
leads us generally to side with the doubters. We 
believe that the realistic potential for soil carbon 
sequestration is far more limited than has been 
claimed and that before soil carbon sequestration 
can be treated as an offset for other emissions, it 
needs to be used to stabilize current global soil 
carbon stocks. 
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The Challenge
There are only two ways to boost soil carbon. One is 
to add more carbon to soils, and the other is to lose 
less. Losing less primarily means trying to manage 
soils so that microorganisms are less effective at 
consuming carbon and respiring it back into the 
atmosphere. We agree with the observations of oth-
ers that carbon sequestration claims based on add-
ing more carbon have frequently double-counted 
carbon sources, and that there are serious scientific, 
technical, and economic doubts about the ability to 
manage soils to starve microorganisms.

Building soil carbon with manure, mulch, and crop 
residues 
Farmers can build soil carbon by cutting up parts of 
trees and shrubs and adding the mulch to soils, by 
adding manure, and by leaving more crop residues 
in the soil.276 Yet in each case, the primary effect is 
to divert carbon from some other storage location 
or use to storage in soil. Pruning and mulching trees 
only shifts carbon from above-ground to below-
ground storage—unless the trees were going to be 
pruned and burned. (As discussed in Chapter 7 on 
bioenergy, even though trees might eventually grow 

back, cutting down trees to use them for energy 
will increase carbon in the atmosphere for decades, 
and cutting wood to add to soils is likely to do so as 
well.)277 Cows produce a given quantity of manure, 
so using manure on one farm usually means using 
less in another place. Although some crop residues 
are burned, most that are not already left on the 
soils are used for animal feed or household energy, 
so their use as mulch has both economic and carbon 
costs because their replacement as fuel or feed also 
causes emissions.278 

Available carbon is finite, and any calculation of 
the sequestration benefits when carbon sources 
are used as a soil amendment in one location must 
count the costs of not using that carbon for another 
purpose or for soil amendment in another location. 
This calculation is typically ignored by the more 
optimistic carbon sequestration analyses. 

There are some sources of wasted or inefficiently 
used carbon, such as organic municipal waste now 
landfilled, that could be added to soils. In China 
much manure is discharged directly into streams,279 
so diverting this manure onto farm fields would 
avoid pollution and sequester additional carbon in 
soils. 
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Another potential source of soil carbon is crop resi-
dues that are currently burned. These arise in some 
cropping systems including sugarcane harvested by 
hand, rice straw in much of India, and many cereals 
in northeastern China.280 Crop residues are burned 
for a variety of reasons: to get rid of bulky wastes; 
to make it easier to harvest some crops, particu-
larly sugarcane; to control pests; and sometimes to 
improve the pH of soils. The need to burn residues 
can be reduced by mechanization and pesticide 
use. For example, in Brazil, the shift to mechanized 
harvesting of sugarcane has greatly reduced burn-
ing of sugarcane leaves and appears to contribute to 
higher soil carbon compared to burned systems.281 

The potential soil carbon gains from further 
residue incorporation are limited, however, if only 
because only around 10 percent of crop residues 
are burned.282 According to FAO estimates for 
2016, these residues globally amounted to only 
381 Mt of dry matter, which therefore probably 
contain 190 Mt of carbon. The amount of carbon in 
residues incorporated into soil probably depends 
heavily on availability of nitrogen, but may be 
around 10 percent in nitrogen-rich environments.283 
Therefore, elimination of all residue burning and 
incorporation of all residues into soils would result 
in soil absorption of only about 19 Mt of carbon, 
equivalent to roughly 70 Mt of carbon dioxide per 
year, or less than 1 percent of likely agricultural 
production emissions in 2050.

Even increasing these estimates severalfold would 
create soil carbon gains on cropland of only a small 
fraction of the more enthusiastic estimates. It 
would also require overcoming the many practical 
challenges faced by farmers who burn residues to 
control pests and reduce soil acidity, and who lack 
mechanized means to mulch residues. 

Crop residues are also commonly targeted as feed-
stocks for biofuels. We are sympathetic to the use of 
residues as a soil amendment primarily because of 
likely benefits for soil fertility, which include not just 
increased carbon content but other improved soil 
properties.284 Yet this use reduces the potential for 
biofuels even more than we analyze in Chapter 7. 

Overall, there is probably some potential to add 
otherwise underutilized organic material to soils, 
but the quantities are limited and there are real 
obstacles. 

Reducing carbon losses through changes in 
tillage practices 
In the normal course of farming, crop roots and 
residues left in the field help replenish carbon 
released into the atmosphere by soil microbes. 
Much hope has rested on “no-till” techniques that 
drill seeds into the ground without turning over 
the soil. Because the original plowing of grassland 
or of cut-over forests contributed to the loss of 
soil carbon, the plausible theory has been that 
reducing annual soil turnover should expose less 
of that soil carbon to decomposition by microbes. 
Many field studies initially appeared to support 
this view.285 But in 2007, a scientific debate broke 
out when some researchers pointed out that past 
studies focused only on shallow soil measurements, 
often the top 10–30 centimeters, and that studies 
measuring soils to a depth of a full meter showed 
no consistent pattern of change in soil carbon.286 In 
effect, analyses measuring carbon only at shallow 
depths ignored a variety of potential ways in which 
tillage could transfer more carbon deeper into the 
soil, so even if no-till practices increase carbon in 
the top layer of soil, that might be offset by reduced 
carbon at lower depths.287 Scientists defending 
no-till argued in return that the statistical vari-
ability in measuring soil carbon changes at depth 
blocked any solid conclusion that soil carbon gains 
had not occurred,288 but the proper inference is 
that we do not really know.289 A consensus appears 
to be emerging that results are highly variable. In 
some areas, no-till appears to have no effect on soil 
carbon, and in other areas it appears to have a small 
effect of perhaps 0.3–0.4 tons of carbon/hectare/
year (tC/ha/yr) (assuming continuous use).290 

No-till has probably been most widely adopted 
in Brazil where, in 2012, the practice reached 29 
Mha,291 roughly half of all cultivated land. High 
adoption rates in Brazil probably reflect the high 
risk of soil erosion due to intense storms and the 
discovery of some additional agronomic benefits; 
for example, reductions in soil acidity. Brazil also 
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widely cultivates glyphosate-resistant soybeans, 
so farmers can use glyphosate to control weeds 
without the need for tillage. No-till in Brazil tends 
to persist year after year. A number of studies have 
shown that the consistent practice of no-till—at 
least of recently cleared areas in the Cerrado—has 
maintained soil carbon levels comparable to those 
of soils under natural vegetation, while areas under 
conventional tillage have lost carbon.292 

Where no-till generates small carbon gains, it still 
faces many practical challenges. 

No-till agriculture is hard to maintain over 
time. Outside of Brazil, even where no-till is 
practiced, periodic plowing still commonly occurs 
to control weeds, deal with soil compaction or meet 
other agronomic needs.293 There are virtually no 
data about how many farms employ truly long-
term no-till, meaning no-till practiced for 10 or 20 
years, but the data show that continuous no-till 
even for 10 years is infrequent. For example, in one 
complicated analysis of Iowa using data from the 
1990s, the authors estimated that the probability of 
no-till persisting for even two consecutive years was 
only 8 percent, with the vast majority of farmers 
practicing no-till for a single year.294 A study by the 
U.S. Department of Agriculture using more recent 
data estimated that only 13 percent of cropland in 
the Upper Mississippi River basin was in no-till for 
three consecutive years, the maximum period for 
which data could be assessed.295 Regular or even 
occasional plowing probably causes much or all of 
any soil carbon gains to be lost, although there is 
some uncertainty because the data are so limited.296 

Nitrous oxide emissions may increase. 
There is evidence that if practiced for only a few 
years, no-till may increase nitrous oxide emissions 
by temporarily saturating some portion of soils 
immediately after rainfall, leading to the low oxygen 
conditions that encourage nitrous oxide formation. 
This nitrous oxide can cancel out the benefits even 
of large carbon gains.297 However, there is also 
evidence that nitrous oxide emissions decline after 
10 years of continuous no-till on those limited areas 
that practice no-till that consistently. These con-
trasting results heighten the importance of whether 
no-till cultivation is practiced persistently.

No-till may reduce yields or increase costs. 
For many farms, no-till probably decreases yields 
although effects are variable. No-till appears to 
result in lower yields on average in wetter climates 
but to boost yields on average in some drier cli-
mates if combined with other practices.298 Again, 
a key point is that there is high variability, but the 
yield consequences of practicing no-till are obvi-
ously an obstacle to adoption in many areas. Projec-
tions of large potential global carbon gains do not 
address this issue. 

Finally, as discussed in Chapter 13 on soil and 
water conservation, there can be other challenges to 
adopting no-till, particularly in developing coun-
tries. They include the increased need for herbi-
cides, and sometimes additional labor. 

To put these numbers in perspective, if we assume 
that even one-third of the world’s croplands were 
cropped using no-till—a big assumption given 
adverse yield and other practicable challenges on 
much cropland—and if we further assume that no-
till is persistent on half of these croplands and that 
there are no offsetting nitrous oxide emissions—
more big assumptions— and that half of these lands 
sequester carbon at 0.4 tC/ha/yr while the others 
do not, then the total mitigation would be ~200 
MtCO2 per year globally. This level of mitigation 
would offset only around 2 percent of likely agricul-
tural production emissions in 2050, which would 
be a small contribution from such expansive efforts 
and given such optimistic assumptions.

Sequestering carbon on grazing land 
Early studies were optimistic about the potential 
to increase carbon on grazing land, often by reduc-
ing the number of grazing animals.299 Subsequent 
analyses have shown that the impact of improved 
rangeland management practices on soil carbon 
is highly complex, site-specific, and hard to pre-
dict.300 In some grasslands, reduced grazing leads 
to more soil carbon and in some places it leads to 
less. Stranger still, truly poor grazing practices that 
undermine grassland productivity may actually 
promote carbon sequestration in some savannas 
by favoring tree growth.301 Even in New Zealand, 
where grasslands are intensively managed and 
carefully studied, there is a high level of scientific 
uncertainty over the soil carbon effect of different 
management practices.302
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In some cases, the claimed gains from improved 
grassland management probably reflect the 
ongoing benefits of efforts to restore cropland to 
grazing land. For example, one paper with care-
ful grassland measurements in the southeastern 
United States, which has been cited for showing 
the potential gains of “improved management on 
grazing lands,” studied a site that had recently been 
converted from cropland to grassland.303 Newly 
established grasslands appear capable of building 
soil carbon quickly, and as Smith (2014) points 
out, may continue to gain carbon, although in 
declining amounts, for 100 years.304 However, like 
forests, they will eventually reach an equilibrium. 
Management appears capable of altering the rate 
at which they gain carbon, but the benefits that 
should be counted are only the increase in the rate, 
not the total gain, and this increased rate may not 
change the ultimate carbon stock the grassland will 
achieve. 

This long-term recovery of carbon stocks is just 
one of many issues to be considered when assess-
ing claims that improved grazing can result in 
“climate-neutral” beef, in which soil carbon gains 
would cancel out emissions from animals.305 Some 
studies of European grazing lands directly mea-
sured soil carbon, with some reporting these lands 
gaining carbon and others losing it.306 A recent 

large European research project used a form of air 
monitoring at 15 sites to measure carbon fluxes in 
and out of soil and vegetation and found net gains 
of 0.76 tC/ha/yr.307 That is a large figure, repre-
senting perhaps three-quarters of the common 
estimate of carbon sequestration by grasslands that 
have been newly reestablished on cropland. It was 
surprising because science has generally shown 
that long-established grasslands typically reach an 
equilibrium in which they stop gaining carbon.308 

Unfortunately, this argument does not prove that 
carbon gains were caused by the grazing operation 
and does not compare the consequences of graz-
ing to the counterfactual of not grazing. Part of the 
explanation may be that many of these grasslands 
are still recovering from previous plowing, so the 
gain would occur whether these lands were grazed 
or not.309 In subsequent papers, the European 
researchers and others explain the results using 
modeling; they attribute half of the carbon gain 
to reduced numbers of animals grazing—leaving 
more biomass to be returned to the soil—and half 
to climate change and the associated rise of carbon 
dioxide concentrations, which stimulated more 
plant growth.310 Yet if the carbon gains are the 
result of climate change, they would happen anyway 
and should not be attributed to grazing operations. 
In fact, assigning carbon gains to the grazing land 
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ignores the far greater levels of carbon the land 
would sequester if it were allowed to return to for-
est, which would be the fate of the vast majority of 
European grazing lands if they were not grazed.311 

In addition, moving toward less intensive grazing 
in Europe, even if it resulted in more carbon gains 
on European pasture lands, would probably lead 
to greater aggregate emissions globally if this shift 
resulted in reduced milk and meat production in 
Europe. Assuming the same level of global con-
sumption, these efforts would necessitate increased 
production of milk and meat in regions where farm-
ing is less efficient (i.e., lower output and higher 
emissions per hectare), and would therefore likely 
trigger pastureland expansion in those regions. 

We believe that a paper312 claiming potential for 
“carbon-neutral” beef in the United States using 
only grazing land suffers from similar limitations. 
The authors estimated that carbon-neutral beef 
would require twice as much land per cow as the 
standard alternative using some feedlots, but they 
did not count the GHG emissions that would occur 
as more forests and savannas globally are converted 
to pasture. Even in an ideal situation of globally 
reduced agricultural land area, more grazing land 
would reduce the potential to sequester carbon 
through reforestation.

For reasons we discuss below, we believe that car-
bon gains on grazing land are possible but that early 
estimates of high potential cannot be justified.

Need for additional soil nitrogen 

In 2011, Kirkby et al. pointed out that lack of nitro-
gen presents a major challenge to efforts to seques-
ter carbon.313 Soil organic matter is sequestered 
over the long term through microbial activity that 
requires 1 ton of nitrogen for roughly every 11 tons 
of carbon. By contrast, plant material on average 
has only 1 ton of nitrogen for every 100 tons of car-
bon. To sequester more carbon therefore requires 
more nitrogen, which Kirkby et al. (2011) calculated 
at around 80 kg of additional nitrogen for each ton 
of carbon. This additional nitrogen must be surplus 
to the amount used by plants. 

In a 2017 comment, a number of other academics 
argued that this need for nitrogen made carbon 
sequestration an unrealistic climate mitigation 
strategy in light of both the practical challenges and 

environmental concerns associated with the addi-
tional nitrogen.314 They calculated that achieving 
the goal of sequestering 1.2 Gt of carbon per year 
established by the 4 per 1000 Initiative315 would 
require a 75 percent increase in the global applica-
tion of nitrogen. 

A number of academics known as champions for 
soil carbon sequestration wrote a response that 
only partially disagreed.316 They did not challenge 
the need for vast amounts of nutrients to build soil 
carbon, and they agreed that trying to supply these 
nutrients through synthetic fertilizer would be too 
expensive and environmentally unwise. But they 
argued that regions with surplus nitrogen and other 
nutrients could supply the nutrients needed for soil 
carbon sequestration.

One major implication of this argument is that soil 
carbon sequestration at scale, sufficient to mitigate 
climate change, is enormously challenging at this 
time in sub-Saharan Africa. Much of the region is 
nutrient-deficient and is still far from being able to 
provide enough nitrogen even to grow crops. Build-
ing soil carbon would require nutrient additions 
that are high enough both to fully feed crops and 
to leave a surplus of nutrients to build soil carbon. 
This limitation does not undercut the importance 
of boosting soil carbon as part of the larger effort to 
improve yields and resilience in the region, but it 
does suggest that building soil carbon in this region 
to levels that would significantly affect carbon con-
centrations in the atmosphere is not feasible. 

It remains highly uncertain how much even areas 
with nutrient surpluses could build soil carbon 
at scale without additional nitrogen applications. 
Nitrogen is released by soils or applied as fertil-
izer at particular times and in particular molecular 
forms. Microbes that turn plant carbon into stable 
carbon in humus probably cannot always take 
immediate advantage of all of this available nitro-
gen before it is lost from the field. A compelling 
study found that, if nitrogen is not available when 
carbon is added, soil microbes would break down 
existing soil organic matter in order to access the 
nitrogen embedded with it that would allow the 
microbes to feed on the new carbon source. This 
process would lead to a loss of soil carbon overall.317 
To build soil carbon by adding crop residues or 
other carbon sources (i.e., without deliberately add-
ing more nitrogen), this study suggests that nitro-
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gen from earlier fertilization must be freely avail-
able in soils or that it must be present in reasonable 
quantities as part of the added carbon material (as 
it is in manure or the residues of legumes).  

The need for additional nutrients is a fundamen-
tal challenge to sequestering soil carbon and has 
received far less attention in the literature than it 
deserves. At the very least, it limits the capacity to 
sequester additional carbon in soils without the 
additional expense and the risk of further pollution 
(including GHG emissions) from additions of more 
nitrogen to the agricultural system. 

Carbon gains or reduced losses? 

Another important factor that is little discussed is 
the reasonable probability that the world is actually 
losing soil carbon today. The main goal (and likely 
effect) of efforts to sequester soil carbon may be to 
avoid further losses rather than to generate gains. 
One issue is that many of the studies claiming soil 
carbon benefits from different practices do not 
differentiate between actual soil carbon gains and 
reduced losses.318 There are many technical reasons, 
including the availability of nitrogen, why it might 
be easier to reduce losses than to build additional 
carbon. 

Current fluxes in agricultural soil carbon vary 
by region. For example, there are claims of rela-
tively modest soil carbon gains overall in China,319 
conflicting estimates of soil carbon in the United 
States,320 and estimates of soil carbon loss in 
Europe.321 In general, global nitrogen studies 
provide the main reason to believe that carbon 
stocks on cropland are decreasing globally. Because 
nitrogen is needed to store carbon in soils, a loss 
of nitrogen from croplands implies that soils are 
losing carbon. Today, global studies that attempt 
to account for all inputs and outputs of nitrogen 
estimate that soils are losing tens of millions of tons 
of nitrogen.322 In other words, even after account-
ing for all nitrogen that is applied to croplands, the 
amount of nitrogen that is removed by crops or lost 
to air or water indicates that, on balance, there is a 
net loss of nitrogen from soils. Although uncertain, 
if one estimate of nitrogen loss from croplands 
producing cereals is correct, then global soil carbon 
losses from these crops alone would account for 2.5 
Gt of CO2 emissions per year.323 

Ton for ton, reducing the global loss of carbon is 
just as important for mitigating climate change as 
increasing global sinks, but standard global climate 
assessments do not assume any ongoing soil carbon 
losses on existing cropland, aside from peatlands. 
Because of the uncertainty, our model does not 
assume such losses either.324 However, if these 
nitrogen budgeting studies are correct, then our 
projected emissions—and the projections of other 
modelers—are too optimistic. Additional manage-
ment practices will be needed just to maintain soil 
carbon levels and reduce emissions to bring them 
into line with current projections.

Complexity of the soil carbon issue 

Despite the complexity of the issues presented, our 
discussion still fails to communicate the full degree 
of uncertainty about nearly all features of soil 
carbon. 

Accuracy of soil carbon measurements. 
Whether analyses are based on accurate measure-
ments is itself a major issue. Today, it is commonly 
agreed that soil carbon measurements need to be 
taken at a depth of a full meter and adjusted to take 
account of the different density of soils at different 
depths to generate proper carbon content measure-
ments. But vast quantities of soil data have not been 
collected in accordance with these practices. As a 
result, some meta-analyses exclude much data and 
end up relying on limited sources and still need 
to adjust for some inadequacies.325 Many others 
simply rely on data measured to limited depth.326 

Another big issue, rarely explicitly addressed, is 
how to define soil carbon. Much plant residue 
remains, at least for some time, in small pieces that 
will decompose as microbes turn it into more stable 
material. If some of this material is measured as 
soil carbon, there can be the appearance of large 
gains. At least one study that carefully considered 
this issue had to exclude much global soil carbon 
data because they not been gathered in ways that 
excluded larger residue particles.327 

In addition, determining soil carbon changes over 
a few years is challenging because the amount of 
change is small by comparison with the total stock 
of carbon in the soil. Soils are heterogeneous and 
tillage practices can result in different surface 
configurations. Even when measurements are taken 
by scientists renowned for their care, different 
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measurement techniques can result in dramatically 
different estimates.328 

Accumulation and retention of soil carbon. 
The processes that affect accumulation and reten-
tion of carbon in soil are also enormously complex. 
In 2013, a large group of prominent soil scien-
tists published an article, “The Knowns, Known 
Unknowns and Unknowns of Sequestration of Soil 
Organic Carbon,” whose dominant lesson was the 
scope of the known unknowns.329 Although add-
ing carbon and nitrogen are inherently critical to 
building soil carbon, in some cases each is known 
to decrease soil carbon by “priming” microorgan-
isms to become more active and consume more of 
the previously stored carbon. As summarized in 
this study, it generally appears that soil carbon can 
more easily be sequestered in clay soils, but some 
studies show no correlation. Soil erosion could 
have a large effect on the global storage of carbon, 
but, because eroded soils may bury carbon else-
where, researchers disagree about whether erosion, 
on average, leads to more or less carbon storage 
globally. 

In addition to all the other challenges discussed 
above, these complexities suggest that carbon gains 
are likely to be site-specific. Most conclusions to 
date carry with them a significant level of uncer-
tainty, and carrying out a strategy to boost soil 
carbon will be hard to implement and harder still to 
verify. 

Summary of the Challenge

Since a prominent 2004 Science paper,330 research-
ers estimating soil carbon sequestration potential 
have continued to emphasize the simple fact that 
many of the world’s agricultural soils can techni-
cally store more carbon than they do today and that 
practices exist to enhance their carbon levels.331 
We believe that analysis is too simple because the 
ability of soils to store carbon is only one factor and 
generally not the principal limiting factor of seques-
tering more carbon in soils. (Banks have additional 
shelf space to store more money, and there are 
“practices” for making money, but that does not 
mean it is easy for the world to become richer.) The 

technical capacity of soils to store more carbon does 
not by itself resolve the technical, practical, and 
economic challenges of getting the carbon into the 
soil and keeping it there. 

At best, studies estimating large soil carbon gains 
focus on technical potential, which is itself complex, 
and do not deal with the practical and economic 
challenges. To summarize, these challenges include 
the differential yield effects; the need to count only 
additional carbon and biomass (or to count only net 
gains if diverting this biomass from another use); 
the need for more nitrogen; the multiple practical 
challenges facing farmers who try to change tillage, 
crop rotations, and manure- and residue-man-
agement practices; and the fact that even short-
term gains can quickly be lost through changes in 
management due to changing markets and farm 
conditions. 

The Opportunity
Despite the challenges and uncertainties, it is 
obvious that some types of farming tend to result in 
more soil carbon than others (even if only because 
they lead to smaller losses) and that increased soil 
organic carbon has important agronomic benefits 
in addition to mitigating climate change. In many 
systems, it will be worthwhile to continue to push 
no-till farming forward to help reduce soil erosion 
and improve water retention. Except in rice sys-
tems, where retaining rice straw increases methane, 
it makes sense to try to retain on the land those 
crop residues that are currently burned or removed. 
Doing so would necessitate replacing crop residues 
used as livestock feeds with more nutritious fod-
ders, which would benefit livestock production 
where farmers are able to generate those fodders 
(although that may require some additional land).

On the whole, however, we believe that the realis-
tic potential to sequester carbon is to be found in 
approaches such as those described below that can 
plausibly generate economic gains independently 
and that do not sacrifice carbon storage in another 
location. 
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Boost crop and pasture productivity 
Measures that increase cropland and pasture pro-
ductivity (Course 2) have the potential to help build 
soil carbon. Increasing yields will also increase crop 
residues and root growth, which can contribute 
to boosting or maintaining soil carbon. Efforts to 
boost crop yields are responsible for the soil carbon 
gains on cropland in China (at least in the top soil 
layers) as discussed above, and they have either 
modestly boosted or reduced the losses of soil 
organic carbon in the United States. 

The same is true for grazing land. In Brazil, for 
example, there is consistent evidence that soil car-
bon is higher under productively managed pasture 
than degraded pasture.332 China has made extensive 
efforts to restore the productivity of overgrazed 
land and, although the performance is variable, 
the evidence is strong that many grazing lands 
have simultaneously sequestered more carbon.333 
There is some evidence that introducing legumes 
into grasslands can increase soil carbon through 
root effects to levels beyond those achievable with 
improvements in fertilization.334 A new meta-
analysis found small gains from largely unspecified 
“improved grazing” practices on existing grazing 
land.335

A more recent global modeling study suggests 
that optimizing grazing globally has the technical 
potential to sequester the equivalent of up to 0.6 Gt 
of carbon dioxide per year336—around 40 percent 
of the IPCC’s 2007 estimate of carbon sequestra-
tion economic potential on grazing land.337 Because 
achieving this potential would require improve-
ments in grazing practices on billions of hectares of 
land, including the introduction of legumes (which 
presents problems because legumes are often selec-
tively grazed by animals), it should be used mainly 
as a theoretical estimate. Yet it does highlight that 
increasing productivity can increase soil carbon.  

Agroforestry
Agroforestry, discussed in more depth in Chapter 
13, may provide a means of boosting soil carbon 
by increasing carbon uptake. Unlike annual crops, 
trees can grow year-round and therefore take 
advantage even of the drier season. They can also 
often tap into groundwater that annual crops can-
not reach. Although farmers commonly clear trees 

to provide more light for their annual crops, trees 
can sometimes boost productivity. In tropical areas, 
shade from trees can be less of a problem than in 
temperate systems because sunlight is abundant, 
some crops need some shading, trees can increase 
humidity or add nutrients, and some trees lose their 
leaves during the growing seasons of some crops.

Trees, of course, also store carbon in vegetation. 
Although this chapter has focused on soil carbon 
because we deal elsewhere with reforesting agricul-
tural land, agroforestry can provide opportunities 
to build vegetative carbon without reducing food 
production. 

Despite potential benefits, we believe the practical 
potential of agroforestry at this time is too uncer-
tain to estimate. Agroforestry can refer broadly to 
any form of agriculture incorporating the cultiva-
tion and conservation of trees. It can include any 
form of tree-based crops, such as rubber or cocoa. 
Growth in the agroforestry sector is obviously lim-
ited by demand for the outputs and, although con-
verting annual crops to tree crops would sequester 
carbon, the annual crops would need to be replaced 
by cultivation elsewhere.

In some analyses, the term agroforestry is applied 
to any trees found on farms. Using this broad 
definition, one recent study estimated that growth 
of trees on farms globally sequestered an average 
of 0.75 Gt CO2e each year between 2000 and 2010, 
predominantly on parcels of land that are mixed 
combinations of forest and agriculture.338 Findings 
like this must be considered in the light of numer-
ous data and mapping challenges. We believe that 
this paper is probably counting as agroforestry what 
is primarily reforestation of abandoned agricultural 
land.339 

The potential true net carbon gains from agrofor-
estry are those that result from incorporating trees 
and shrubs into existing productive systems with-
out loss of yield, such as productive silvopastoral 
systems discussed in Chapter 11, and park systems 
in the Sahel in Chapter 13. Agricultural landscapes 
also often include land that is producing little or no 
food, such as some (but not all) field borders. Some 
studies focusing on such opportunities have esti-
mated meaningful opportunities for carbon gains.340 
As we discuss in Chapter 13, much of the true 
technical potential to expand agroforestry remains 
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unclear and unexplored but we believe it has more 
potential than realized today.

Possibility for new scientific breakthroughs 
Driving much of the interest in soil carbon is the 
basic fact that microbial decomposition of organic 
materials in soils and dead vegetation returns tens 
of gigatons of carbon to the atmosphere each year, 
while the amount of this carbon that is instead 
retained in soils varies greatly from one location 
to another. If changed land-management practices 
could retain even a small fraction of the carbon that 
microbes are now respiring, then the climate-mit-
igation impact could be significant. The conditions 
that influence the level of carbon retention turn out 
to be far more complex than thought only a decade 
ago. They depend significantly on soil structure and 
on a variety of biological and ecosystem condi-
tions.341 In forests, for example, research has shown 
that the presence or absence of one group of fungi 
has a major effect on levels of carbon storage.342 
New research could generate new mechanisms for 
increasing carbon storage. One research initia-
tive, for instance, aims to breed plants whose roots 
produce more suberin, an organic compound highly 
resistant to breakdown.343 The potential importance 
of soil carbon storage warrants research into the 
fundamental science of soil carbon storage and 
creative ways of increasing it.

Recommended Strategies
The challenges and uncertainties involved in boost-
ing soil carbon do not imply a complete lack of 
opportunities to improve soil management, but the 
uncertainties are too high to project how much. We 
also believe the best evidence indicates that agri-
cultural soils are losing carbon today—with total 
losses exceeding even the losses from peatlands, 
which are commonly counted as agricultural emis-
sions. However, losses form nonpeatland soils are 
too uncertain to be reflected in our 2050 baseline. 
Although new science may change this impres-
sion in the future, we believe that the reasonable 
goal in the short and medium term should be to 
maintain global soil carbon. We therefore believe 
that improvements are necessary, but we count 
them only as maintaining global soil carbon, and 
we assume that such improvements occur in our 
baseline and all our mitigation scenarios. 

The effort that societies can and will put into solv-
ing the food and climate challenge is not unlimited, 
and it should focus on the most promising options. 
In the case of carbon storage, we know that defor-
estation and other land-use changes are obvious 
targets. We could reduce gigatons of emissions by 
avoiding conversion of forests and other native 
landscapes and producing the food we need on 
existing agricultural land. Only 26 Mha of drained 
peatlands generate more than a gigaton of emis-
sions, and we know those emissions can be stopped 
by rewetting the land. Based on these and the other 
promising opportunities we identify in this report, 
we do not believe that carbon sequestration in soils 
should receive much effort for climate mitigation 
purposes alone.

Instead, we believe that such efforts should follow 
a no-regrets strategy that focuses on boosting soil 
carbon either as a cobenefit of other actions taken 
for different purposes or when boosting soil carbon 
is critical to meeting other objectives. Such efforts 
include improving cropland and grazing land 
productivity, and appropriate development of agro-
forestry. No-till potentially offers other benefits, 
including yield gains in dry climates, reduced soil 
erosion, and other beneficial soil properties when 
practiced over the long-term. Where it is practicable 
to achieve truly continuous no-till beyond 10 years, 
reductions in nitrous oxide and yield advantages 
also appear achievable. Alternative animal feeds to 
replace crop residues will benefit livestock produc-
tivity, and any emissions reductions or soil carbon 
gains would be additional.344 

In Chapter 13, we also highlight the urgent need to 
rebuild degraded soils in sub-Saharan Africa. This 
task does not represent an easy source of climate 
benefits—it is hard—but improving soils will be 
critical if Africa is to feed itself, reduce poverty, and 
reduce clearing of forests and savannas. Overall, 
we believe there are many potential opportunities 
for such synergies, and they should be the focus of 
efforts to sequester more carbon in soils. 
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THE NEED FOR FLEXIBLE 
REGULATIONS
Among the many menu items discussed in Course 5, some 

common themes stand out. They include the need for greater 

production efficiencies and for innovation in technology and 

management systems. Another theme is the need for government 

regulations that require improved performance while allowing 

flexibility in implementation.

CHAPTER 31
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Why Regulations? 
If there is no regulation—financial or otherwise—
the world treats agricultural production emissions 
as though they are without cost. Farmers and 
agricultural companies have economic incentives to 
increase productivity, which will often have a side 
effect of reducing emissions, and many measures to 
reduce emissions will have other economic benefits, 
such as health benefits from reduced air pollution. 
Yet measures needed to solve climate change will 
not always be profitable to farmers, particularly 
when they involve technologies that are not fully 
developed. 

Part of the need for regulation is to spur technologi-
cal advances. In critical areas, our analysis shows 
that promising potential innovations exist to reduce 
emissions, including ruminant feed additives, new 
techniques for manure management, and differ-
ent fertilizer compounds. Most of these options 
may—at least initially—involve additional costs, but 
they appear to be cost-effective relative to climate 
change mitigation strategies in other sectors. Many 
options would have large collateral benefits, such 
as reducing the water pollution, air pollution, and 
disease-bearing organisms associated with excess 
use of nutrients or poorly controlled livestock 
waste. Many might eventually more than pay for 
themselves as technologies evolve, including addi-
tives for enteric methane or nitrification inhibitors. 
Yet these technologies do not seem likely to evolve 
absent either strong incentives or some form of 
regulation designed to advance their development 
and deployment.

Regulatory requirements have advantages over 
purely incentive-based approaches because they 
encourage farms, like businesses generally, to find 
the cheapest ways of meeting new requirements. 
Voluntary incentives alone do not establish a level 
playing field, and first movers—those who act early 
to reduce environmental effects on their own—may 
suffer a competitive disadvantage when govern-
ments then subsidize efforts by those who chose to 
wait before acting. Regulations can also encourage 
the spread of cost-effective mitigation methods that 
farmers might otherwise ignore.

Subsidized regulations 
Regulations can be advantageous even if govern-
ments choose to absorb much or all of the cost. In 
most of the world, regulation of agriculture has 
been limited either because of the political power 
of the agricultural community or a concern about 
economic impacts on farmers. Who pays the costs 
of environmental controls, however, is a separate 
question from whether to use regulations to encour-
age those controls. If governments reimburse the 
average costs of compliance, for example, farms 
could even make money if they find cheaper meth-
ods to meet the regulation. Over time, the costs 
should then come down.

Flexible regulations 
Intelligent regulations can encourage innovation. 
In our discussion of new nitrogen fertilizer com-
pounds, we suggest phasing in requirements for 
fertilizer companies to increase the market share 
of new compounds that increase fertilizer use 
efficiency (and thus reduce nitrous oxide emissions 
and nitrogen runoff). Preferably, such regulations 
would reward compounds that are more effective 
than others. This kind of approach would both 
allow and encourage companies to develop better 
and less expensive fertilizer compounds, gather the 
information to identify which farmers could most 
benefit from them, and market the better com-
pounds to those farmers. 
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Shifting regulations to industry where feasible 
One reason our recommendation for nitrogen 
fertilizer improvement could be effective is that the 
responsibility for regulatory compliance would rest 
with large entities. Such entities can better assem-
ble the resources to push technologies forward and 
can spread the costs. Such entities can also select 
the most promising opportunities for improve-
ment, such as those farms most likely to benefit 
from enhanced efficiency fertilizers, increasing 
the benefits of flexibility. For similar reasons, we 
recommend that requirements to improve manure 
management be applied to large pork businesses 
that control much of the pork production in the 
United States. 

Creating future markets 
Technologies have yet to be developed to con-
trol some types of emissions. In other cases, the 
technology has not yet been sufficiently proven 
to be effective and economical, as in the case, for 
example, with methane-inhibiting compounds 
for ruminant stomachs and inhibitors to control 
nitrous oxide from urine that can be fed to cattle. In 
these situations, governments can create incentives 
for industry to develop these techniques by com-
mitting in advance to require their use if they prove 
cost-effective. Innovative companies would invest 
in these new technologies to capture market share 
or otherwise gain a comparative advantage over 
competitors. For example, governments could com-
mit to requiring use of a technology if and whenever 
its cost per ton of CO2e mitigation reaches $25 or 
less. (Such costs should be a net cost, accounting 
for yield gains and other economic benefits.) Such 
promises would assure companies that they will 
have markets if they develop mitigation techniques 
that work.

Overall, our review of options to mitigate GHG 
emissions from agricultural production suggests 
some promising ways forward. Given the enor-
mous challenge of reducing annual agricultural 
production emissions to 4 Gt by 2050 and the need 
for innovation, the key is to guarantee markets 
for those who develop or evolve better and more 
cost-effective mitigation techniques. We believe 
that flexible regulations—sometimes with com-
pensation—realistically need to be a part of such 
approaches. 
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demand reductions. But this chart identifies mitigation poten-
tial only in broad categories, such as forestry or agriculture, 
and does not identify the types of agricultural mitigation. It 
therefore does not modify the impression from Figure 11.13.

268. Paustian et al. (2016) cited Smith et al. (2008), which was the 
peer-review paper that presented the modeling analysis that 
went into the 2007 IPCC report. 

269. Van Groenigen et al. (2017).

270. Lal (2004). 

271. Although there are great variations in soil carbon losses, this 
figure seems a reasonable estimate based on meta-analyses 
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the original tree if left in place.

278. Powlson et al. (2011a); McCarthy et al. (2011).
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carbon content in the top layer is not meaningful by itself. 

290. Powlson et al. (2014). 

291. De Freitas and Landers (2014).
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obtain carbon and then by 3.67 to convert carbon to carbon 
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