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Nitrogen pollution is a key environmental challenge of the 
twenty-first century and is likely to increase significantly as 
global population continues to grow and the average diet 

becomes more meat-intensive1. Inefficiencies in the management of 
synthetic fertilizer and manure make agriculture the largest source 
of nitrogen (N) pollution worldwide. More than half of the N applied 
to agricultural land does not go towards its intended use — plant 
and animal growth2. Once N has been fixed from the atmosphere, it 
can easily shift molecular form — from ammonia (NH3) to nitrogen 
oxides (NOx), nitrate (NO3

–) and nitrous oxide (N2O) — causing a 
cascade of environmental and human-health impacts from air and 
water pollution to biodiversity loss, stratospheric ozone depletion 
and climate change3.

The projected 50%–100% growth in global food demand by 2050 
means that reducing N pollution will require dramatic increases in 
agricultural N use efficiency (NUE), which we define as the pro-
portion of N inputs that reach the desired end use4,5. Although 
there is much variability in NUE trends across different countries 
— increasing steadily in some, dropping considerably in others — 
global NUE, which declined from 1960 to 1980, has stayed roughly 
constant since, at 43–47%. By contrast, optimal NUE levels are 
likely close to 70%2,6.

The key to increasing NUE is the synchronization of soil N sup-
ply and demand, ensuring that anthropogenic N inputs are only 
added to the soil when and where plants need them. One approach 
involves tailoring the application of traditional fertilizers. This can 
be achieved using multiple applications of fertilizer throughout 
the growing season, GPS technology and soil N testing7. A second 
approach involves the use of modified fertilizer products known as 
enhanced-efficiency fertilizers (EEFs), which are the main focus of 
this study.

Today, EEFs comprise two sets of products. One set are N inhibi-
tors, which delay a specific process of the N cycle to retain N in the 
soil for longer periods of time: nitrification inhibitors delay the con-
version of ammonium (NH4

+) to NO3
– to limit N leaching, and urease 

inhibitors constrain the urease enzyme to limit NH3 volatilization.  

The other set consists of slow- and controlled-release fertilizers, 
which often involve coating traditional fertilizer types with a poly-
mer that dissolves over the course of the growing season, delaying 
the release of N into the soil8.

The United States has experienced a 10% improvement in NUE 
over the last two decades, likely the result of new crop variet-
ies and broad changes in agronomic practices2. Yet this increase 
does not appear to have been fuelled by improved farm-level N 
management, evidenced by limited voluntary uptake of N man-
agement practices over the same period despite large increases in 
federal funding for agricultural conservation programmes (Fig. 1;  
Supplementary Information, Section 1)9,10. A recent modelling 
study suggests that annual field-level N losses in the US for 2003–
2006 would have been 30% higher in the absence of any conser-
vation practices. However, this study also showed only 25% of 
cropland meeting USDA recommendations for N application tim-
ing, rate and method over the same period11. Recent increases in 
NUE have also not been sufficient to avoid higher N use or losses 
to the environment due to increasing total production (Fig. 1).  
Since 2005, US agricultural N2O emissions have increased  
by 7% (ref. 12), agricultural NOx emissions by 21% and agricultural 
NH3 emissions by 10% (ref. 13). Over the same period, NO3

– runoff 
has consistently exceeded target levels in watersheds such as the 
Mississippi river basin14.

Although farmers could do more to reduce N losses in the United 
States and elsewhere by tailoring N application rates and timing15–17, 
these efforts face practical and political limitations. Practically, crops 
need N throughout the growing season — however, applying suffi-
cient N in a one-time application increases the risk of significant N 
losses, and applying several smaller doses multiple times is relatively 
costly. Indeed, the cost of a side-dress application (US$25–37 per 
hectare) is similar to the cost of EEF use (US$23–38 per hectare)8,18. 
EEF products that can reduce the risk of N losses or synchronize 
N release with crop demand have the potential to increase NUE 
beyond what many farmers are likely able to achieve via improved 
management practices alone.
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Pushing farmers to do more also comes with political challenges. 
Voluntary efforts have been insufficient, yet changing farming 
practices via a regulatory approach must contend with the political 
power of the agricultural lobby at the national and regional level, 
and the transaction costs associated with monitoring and enforcing 
changes in the behaviour of millions of farmers19. By contrast, regu-
latory policies focused on a limited number of actors and pollution 
sources tend to be more effective. Examples include the approxi-
mately 1,500 coal-fired power plants whose NOx emissions were 
regulated by the Clean Air Act Amendments of 1990 (ref. 20) and 
the handful of companies that produced the world’s chlorofluoro-
carbons (CFCs) at the time the Montreal Protocol was signed21. If 
powerful companies strongly oppose a new policy they might mobi-
lize against it22, but the potential exists for regulated companies to 
support regulatory efforts if they can profit from the shift to alterna-
tive products, because, for example, they control the patents23. We 
argue that such a dynamic exists in the North American fertilizer 
industry, due to its high market concentration and the fact that a 
majority of major fertilizer manufacturers produce EEFs or provide 
fertilizer services.

Consequently, for both technical and political reasons this paper 
explores an additional strategy to improve NUE and reduce N pollu-
tion in the United States that shifts some of the focus away from farmer 
decision-making: mandating changes in fertilizer products by regu-
lating fertilizer manufacturers. We focus here on synthetic fertilizer,  

not manure, because even though farmers can add EEFs such as 
nitrification and urease inhibitors to manure, the diffuse sources of 
manure would make such a policy more complex to implement.

Although other countries, such as China, have greater gains to 
make from a shift to better N management given their extremely high 
N application rates8, this study spotlights the United States for two 
reasons: the lack of success current policies have had in reducing agri-
cultural N pollution, and the characteristics of the North American 
fertilizer industry described above and explored further below.

The technical potential of enhanced-efficiency fertilizers
To justify an EEF-focused strategy, other strategies do not need to be 
unimportant, and EEFs do not need to be effective for all farmers, 
but there must be evidence to demonstrate that EEFs have the techni-
cal and economic potential to play a larger part in a cost-effective N 
management effort. Several meta-analyses in recent years have syn-
thesized the impacts of EEFs across a range of different crops, climate 
and soils, focusing on three key impacts: crop yields, NUE and N 
losses to the environment (Fig. 2). The analyses offer several lessons.

First, EEFs on average reduce N losses to the environment. One 
meta-analysis in 2010 found that both nitrification inhibitors and 
polymer-coated fertilizers reduced N2O emissions by 35–40% (ref. 24).  
Meta-analyses have also found that nitrification inhibitors tend to 
increase NH3 volatilization, which can be offset when combined 
with urease inhibitors25. Second, EEFs can on average increase NUE. 
One meta-analysis found that controlled-release fertilizers increased 
NUE by 13% on average26. This finding suggests that farmers could 
apply less N while maintaining yields27. Third, EEFs can often boost 
yields28. Although a recent meta-analysis of nitrification inhibitors 
found wide variability in yield response, yields increased on aver-
age by 7.5% (refs 26,29). Other meta-analyses have reported similar 
results, with one finding average yield increases of 9% for grains, 5% 
for vegetables, and 15% for hays and straws30, and another reporting 
yield gains of roughly 10% in grassland and rice systems27.

Although on average EEFs appear to be effective at reducing 
losses and increasing NUE and yields, their effectiveness varies 
greatly across different climatic and agronomic conditions. For 
example, studies on N2O and NO3

– suggest that while EEFs generally 
reduce emissions immediately following application, their effective-
ness for the remainder of the growing season is largely determined 
by regional characteristics such as soil temperature and rainfall pat-
terns31,32. Evidence also suggests EEFs are most effective at reduc-
ing NO3

– leaching on coarse-textured soils where leaching rates are 
otherwise elevated26, but more effective at reducing N2O leaching 
in fine-textured soils, which retain moisture more easily33. There is 
less agreement about the impact of soil acidity on EEF effectiveness, 
as well as farm-management practices such as fertilizer application 
method and tillage routine26,34,35.

A separate question is how the break-down of EEFs in the soil 
affects the environment and human health. While there is little infor-
mation publicly available on this issue, Nutrien’s Environmentally 
Smart Nitrogen (ESN) — currently the most widely used controlled-
release fertilizer in North America — is reportedly vegetable-based 
and biodegradable, decomposing completely within 18–24 months 
(ref. 36). Studies have so far found the most commonly used nitrifi-
cation inhibitor, dicyandiamide, to be minimally toxic37.

These results offer several opportunities for the right regula-
tory scheme. First, the economic opportunity to improve yields and 
reduce N application costs suggests that increased use of EEFs could 
be costless to many farmers and require less labour than other N 
management practices. For example, one study estimated an addi-
tional cost of US$26 per hectare and a yield gain equal to US$164 
per hectare for a US corn farm applying 125 kg N ha–1 (ref. 30).  
A European study estimated that the reduced fertilizer application 
enabled by EEFs fully offsets their cost38. These results are often 
so promising that they raise the question of why so few farmers  
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Fig. 1 | Agriculture in the united States. a, Percentage of US corn farmers 
using different nitrogen best-management practices and enhanced-
efficiency fertilizers over the period 1996–2010 (ref. 71). b, Different 
forms of agricultural nitrogen losses in the United States over the period 
2002–2013. The NO3

– losses are solely those to the Gulf of Mexico from 
the Mississippi river basin.
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are using EEFs. At most, 13.3% of total N sales in 2017 in the 
United States were treated with or sold as EEFs, based on reports 
of 570,000 metric tons of N from nine self-reporting companies, 

which probably represent the most active EEF producers (go.nature.
com/2MQxlP7). One explanation may be farmers’ dependence on 
fertilizer dealers and seed companies for information regarding 
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Fig. 2 | Data from eight meta-analyses. The studies measured the impact of different enhanced-efficiency fertilizers on a, crop yield; b, nitrogen losses; 
and c, nitrogen-use efficiency. NI: nitrification inhibitors; UI: urease inhibitors; CRF: controlled-release fertilizers. Error bars represent the variability of field-
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application rates and new technologies39,40. Other causes might be 
that high variability in EEF performance limits individual farmers’ 
confidence that their farm will benefit, or that the potential for rela-
tively modest yields gains are an insufficient incentive.

Both explanations suggest that opportunities exist to improve 
both the marketing and the targeting of EEF use to specific condi-
tions. For such improvements to occur, the fertilizer industry needs 
stronger incentives to research which crops, climates and soil condi-
tions are best suited to specific EEFs. EEF variability also suggests 
the opportunity to improve the products themselves. New com-
pounds are required that respond better to crop-root activity and 
soil N levels, and that remain active in the soil for longer periods of 
time41. These innovations will become increasingly important with 
climate change as warmer, wetter and more-variable rainfall condi-
tions have the potential to make both current EEF formulations and 
other N management practices less reliable42.

Despite their potential, research into EEFs is limited. Although 
no publicly-available data exists on the size of global investments 
in EEF research, one report estimates that the global research and 
development budget for the entire fertilizer industry, including 
manufacturing, is US$100 million per year, equivalent to 0.1–0.2% 
of its revenue43. By comparison, pharmaceutical and seed indus-
tries devote 10–20% of their revenues to research and develop-
ment44. Even with such limited funding, a rapidly growing number 
of EEF patents have been filed over the past two decades (see 
Supplementary Information, Section 2), although these patents are 
primarily directed at specialty markets such as fruits, vegetables and 
golf courses45.

The North American fertilizer industry
The N fertilizer industry in North America has a high market con-
centration, with several major companies producing more-efficient 
fertilizer products and services in addition to their traditional prod-
uct offerings. Two companies (CF Industries and Nutrien) control 
64% of North American ammonia and urea production capac-
ity, with five companies controlling 84% of production (Fig. 3)46. 
Imports of N also make up an important part of the market, sup-
plying 25% of US ammonia consumption in 2017, though this value 
is down from 44% in 2008 largely due to falling natural-gas prices 

in the US, which lowered production costs47. Three of the five com-
panies in Fig. 3 produce an EEF (Table 1), with Nutrien the largest 
producer48. The company’s main product is a polymer-coated form 
of urea known as Environmentally Smart Nitrogen (ESN) for use 
on grain crops, particularly corn. Currently, 4% of its ammonia 
and urea production capacity is used for ESN production46. Three 
of the five fertilizer manufacturers (Nutrien, OCI and Yara), which 
together control 32% of North American production capacity, also 
provide some form of fertilizer service to farmers — from preci-
sion agriculture, to soil N testing. These companies are therefore 
in a position to potentially benefit from shifts towards improved N 
management22, in a similar way to how the manufacturers of CFCs 
benefitted from increased regulation.

The CAFe standards
The United States first developed the Corporate Average Fuel 
Economy (CAFE) standards in response to the 1973 Arab oil 
embargo, which dramatically decreased oil supplies and quadrupled 
prices49. The standards require increases in fuel efficiency (in miles 
per gallon) for new vehicles. Under the regulations, the Secretary of 
Transportation can set standards based on the “maximum feasible 
average fuel economy level” that can be achieved for any model year 
considering “technological feasibility, economic practicability, the 
effect of other motor vehicle standards of the Government on fuel 
economy, and the need of the United States to conserve energy” (go.
nature.com/2MTUZKL). In-depth technical and economic analysis 
is required to develop draft standards, which then form the basis for 
extensive consultation with a wide variety of stakeholders50. The first 
standards required car manufacturers to increase average fleet fuel 
efficiency of their passenger-vehicle fleet from 18 mpg to 27.5 mpg 
in 1985. The administration of former US president Barack Obama 
raised standards to 35.5 mpg for 2020 and 54.5 mpg for 2025. A 
related standard mandates a decrease in emissions from 250 g of 
CO2 per mile in 2016 for the combined car and truck fleet to 163 g 
of CO2 per mile in 2025 (ref. 51). Since coming into force, the CAFE 
standards have decreased average passenger-car fuel consumption 
from approximately 5.5 gallons per 100 miles in the late 1970s to 
approximately 3.5 gallons per 100 miles today, and this is expected 
to drop to 2 gallons per 100 miles by 2025 — notwithstanding any 
future changes to the standards made by the administration of US 
President Donald Trump. Similarly, CO2 emissions have decreased 
from approximately 50 kg of CO2 per 100 miles in the late 1970s to 
30 kg of CO2 per 100 miles today, and are expected to drop to 15 kg 
of CO2 per 100 miles by 2025 (ref. 52).

CAFE standards provide flexibility in how automobile manu-
facturers comply by making the standards applicable on an average 
basis. Averaging allows manufacturers to increase fuel efficiency 
across all vehicles or to sell a larger share of smaller, more effi-
cient vehicles. This flexibility was somewhat curtailed in 2008 so 
that each vehicle size now has its own unique efficiency target, but 
some flexibility remains. A credit mechanism allows manufacturers 
whose average vehicle efficiency exceeds the mandatory standard to 
sell credits to others who are not in compliance52.

Compliance with the CAFE standards is based on fuel economy 
and emissions data provided by the manufacturer, 15–20% of which 
is independently reviewed in an EPA testing facility53. The financial 
penalty for non-compliance was recently increased from US$5.50 to 
US$14 for every 0.1 mpg below the standard54. In the period 1983–
2012, manufacturers paid over US$870 million in penalties55.

Although some critics of the CAFE standards attribute fuel-
economy improvements to fuel shocks56, the small fuel-price elas-
ticity estimates suggest otherwise57. Critics have also argued that 
the regulations can cause rebound effects (that is, increases in fuel 
consumption) of 10–20%. Some researchers criticize them as less 
efficient than a fuel tax, because they only influence some of the 
behaviours that affect fuel use52. Yet CAFE has two advantages 
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Fig. 3 | Urea and ammonia production capacity in North America in 2017, 
broken down by company.
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over a gas tax. There has historically been more public support for 
fuel economy standards than a fuel tax57, and fuel taxes are likely 
to be regressive, while fuel economy standards may be progressive 
because they affect new vehicles, which are disproportionately pur-
chased by higher-income consumers58.

In addition, a principal goal of the CAFE programme was to 
spur innovation and thus lower the long-term costs of reducing 
energy use and emissions by creating a guaranteed, stable market 
for enhanced-efficiency vehicles set years in advance58. One form of 
innovation is purely technological and achieved via developments  
such as improved engine efficiency, light framing materials and 
reduced drag. Although some studies estimate little innovation 
due to such standards59, a more recent paper estimates that each 
1% increase in the CAFE standards increased innovation by 0.3% 
above the natural annual rate of innovation60 (improvement in 
fuel-economy-related technologies if vehicle weight and engine 
power are kept constant; %). Another form of innovation that 
goes largely undiscussed in the CAFE literature involves market-
ing innovation in making smaller, more fuel-efficient cars more 
attractive to consumers. Although not rigorously measured, the 
willingness of manufacturers to lower costs for small cars to 
increase their sales suggests that they have had a strong motiva-
tion to do so55.

Applying the CAFe approach to the fertilizer industry
The CAFE standards could provide an effective model for improv-
ing farm-level NUE and spurring innovation in the fertilizer indus-
try through a policy requiring increased use of EEFs.

First, like CAFE standards, this policy would only apply to a 
small number of companies. The policy would therefore be easier to 
monitor and enforce given the high transaction costs often associ-
ated with regulating nonpoint pollution, and potentially more polit-
ically feasible than regulating a large number of farmers19.

Second, just as evidence suggested that automobile consumers 
were undervaluing the benefits of lower fuel costs over the long 
term when making purchasing decisions, evidence also suggests 
that many farmers undervalue the money that they could save by 
purchasing EEFs8,61. The true economic cost of compliance may 
therefore be low.

Third, the evidence supports a substantial potential for techno-
logical improvement — even if a programme caused manufactur-
ers to focus just on those farms that could most benefit from using 
EEFs. A technology-forcing policy like CAFE could therefore be an 
apt approach.

Fourth, variable NUE responses to EEFs suggest that the pre-
2008 CAFE approach of one standard for an entire manufacturer’s 
fleet might be a suitable model for the fertilizer industry. From an N 
perspective, applying an average EEF standard to all fertilizer sales 
could enable the manufacturer to target submarkets that are most 
likely to benefit from higher-efficiency fertilizers.

Finally, although EEFs could cause rebound effects (that 
is, increases in N application rates to maximize potential yield 
gains)62, current N application rates for crops such as corn in the  
United States are close to the plateau of the yield-response curve, so 
the potential for such effects appears limited63.

The pursuit of N abatement through greater use of EEFs would 
complement rather than replace other N management options. 
Indeed, N management practices and technologies tend to be 
more effective when implemented in combination11,64. In addi-
tion, we do not suggest immediately moving toward a 100%-EEF 
requirement, but instead a more moderate requirement (for exam-
ple, 30%), with a subsequent reassessment based on improved 
information and technological progress. Farmers who would not 
benefit from EEFs, whether due to climatic or agronomic factors, 
would have no reason to adopt them, while the flexible regulatory 
programme, described in more detail below, would give produc-
ers and importers incentives to target EEFs where they could be 
most effective.

We suggest two possible approaches for applying the CAFE stan-
dards to the fertilizer industry.

Minimum sales share. This approach would require that fer-
tilizer manufacturers increase their sales of EEFs over time as 
a percentage of their total sales of N fertilizer. For example, N 
inhibitors are currently used on approximately 12% of US corn 
cropland. Using this figure as an example, a CAFE-style standard 
could mandate that EEFs comprise 20% of N fertilizer sales by 
2020, 30% in 2030 and so on. The onus would be on fertilizer 
producers and importers to ensure this increase in sales share. 
Methods could include farmer-targeted marketing campaigns or 
lowering EEF prices to a more-affordable price point. A major 
advantage of this approach is that it would be relatively easy to 
monitor and enforce, focusing on a handful of fertilizer products 
rather than measuring NUE across millions of farms. Drawbacks 
of this approach include the fact that it does not mandate a partic-
ular environmental outcome (for example, NUE or N loss target) 
and that it would likely neither reward the use nor development 
of more-effective EEF products.

Table 1 | The enhanced-efficiency fertilizer products and nitrogen best-management services offered (or not) by the companies 
shown in Fig. 3. Note that market shares are smaller than production capacities due to the contribution of N imports

Company Market 
share (North 
America; %)

Product Service

Name Type Name Type

CF Industries 31 – – – –

Nutrien 17 Environmentally smart 
nitrogen (ESN)

Controlled-release fertilizer Echelon; Nutrient 
removal calculator

Precision agriculture;  
N calculator

Koch Fertilizer 8 Agrotain Urease inhibitor – –

Agrotain Plus Urease and nitrification inhibitor – –

Super U Urease and nitrification inhibitor – –

OCI Nitrogen 4 Exacote Controlled-release fertilizer OCI Nutri-N app N calculator

Yara 3 – – N-tester Soil N testing

N-sensor; Adapt-N Precision agriculture
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Minimum NUE achievement. A second approach would set a 
required level of NUE increase to be achieved using EEFs, which 
could include several components:

•	 The establishment of a presumptive level of NUE increase for 
each EEF type. This presumptive level could assume that farm-
ers use the EEF at average national N application rates for  
each crop.

•	 The allowance for fertilizer manufacturers to lower their EEF 
sales share requirement if they demonstrate that their products 
achieve a higher level of NUE than the presumptive level. They 
could do so through a series of independently verified field tests. 
To encourage manufacturers to pursue this path and therefore 
spur innovation, the presumptive level of EEF effectiveness 
might be intentionally conservative, for example, set at 75% of 
expected effectiveness.

•	 The adaptation of presumptive NUE levels for EEFs to specific 
crops and regions, providing an incentive to target EEF use in 
areas that have been shown to especially benefit from them. 
Fertilizer manufacturers would then need to keep or acquire 
records demonstrating that EEFs were sold for use on farms that 
met these conditions.

A major benefit of either of these approaches would be added 
incentives for manufacturers to generate information that helps to 
identify the best conditions for EEF use and spurs development of 
more-effective products. Doing so would not only increase the envi-
ronmental effectiveness of EEFs but also their economic return.

As with CAFE, regulators would need to perform independent 
reviews of the effectiveness claims of EEFs. One option would be to 
emulate the CAFE approach by combining selective independent 
testing with a review of manufacturer-produced data. Recent expe-
rience with Volkswagen, a German car manufacturer, has shown 
that manufacturers could choose to cheat. However, the tens of bil-
lions of dollars in fines and enormous market setbacks they faced as 
a result should deter others from this approach65.

One advantage of applying the CAFE approach to the fertilizer 
industry compared to the automobile industry is the potential for 
much more rapid market integration of new technologies. CAFE 
applies only to newly sold cars, and turnover for the fleet is on aver-
age almost 16 years (ref. 66) By contrast, fertilizer is bought annually 
so improved products will have an immediate effect.

Because of the complexity of the fertilizer industry, a somewhat 
different administrative approach would be required than used for 
CAFE. The US automobile industry is vertically integrated, allow-
ing manufacturers to exert a high level of control over the entire 
supply chain, from production to retail. By contrast, US fertilizer 
companies have varying degrees of influence on retail sales. Some 
own retail operations that interface directly with farmers (Nutrien), 
and others have created joint ventures with farmer cooperatives 
(CF Industries) or distribution networks (OCI Nitrogen) to sell 
and transport their products, and others rely on independent 
retailers (Yara).

Fortunately, the US Renewable Fuel Standard (RFS) illustrates 
how to address this complexity. Similar to CAFE and our own 
proposal, the RFS requires that increasing quantities of renewable 

fuels be blended with petrol or diesel. Yet like the fertilizer industry, 
the transportation-fuel sector is complex, with most retailers and 
many distributors independent of producers. The RFS deals with 
this complexity by assigning responsibility for meeting blending 
requirements to refiners or importers. However, they meet these 
requirements by acquiring credits from producers of renewable 
fuels, which receive credits for each correctly blended gallon of fuel. 
Refiners and importers can then purchase credits from producers, 
other actors who blend further down the fuel chain, or a credit mar-
ket, which ensures that standards are met overall even if a particular 
blender does not67.

Applied to the N fertilizer industry, producers could receive 
credits for producing inhibitors based on a fixed fertilizer-to-
inhibitor ratio, or, in the case of slow- and controlled-release fer-
tilizers, for the quantity of N fertilizer coated. The onus would be 
on domestic producers and importers to achieve the EEF targets, 
which they could do by either producing the EEFs themselves or by 
acquiring credits from those who do. These credits could then be 
bought by others in the supply chain. As with CAFE and the RFS, 
applying the rule to imports should not create trade issues if the 
same standards are applied even-handedly to both domestic and 
foreign companies68.

To date, at least one country has adopted a CAFE-style approach 
to the N issue. In 2015, the Indian national government passed the 
New Urea Policy. It requires that fertilizer manufacturers coat all 
domestically produced urea with neem, a natural coating substance 
that delays N release over the course of the growing season. The 
motivations for this policy were partly environmental and partly 
aimed at reducing the country’s expenditure on fertilizer subsidies, 
which in recent years has exceeded US$11 billion, equivalent to 
approximately 0.7% of India’s GDP69. This policy targets the 30 urea-
producing production facilities in India, as opposed to the more than 
120 million farmers70, making it an easier task for implementation  
and enforcement. The policy also limits the price premium for 
neem-coated urea to 5% above the price of traditional urea. The 
policy has promising attributes but is a relatively new piece of legis-
lation, the impacts of which have yet to be independently measured 
and analysed.

The uS corn sector
We conduct a case study in the US corn sector — the single larg-
est consumer of agricultural N in the country — to evaluate the 
potential economic impacts of an EEF mandate on farmers’ costs, 
fertilizer-industry profitability, and the environment. While the 
corn sector (and the regions where it dominates) may not be the 
most likely first mover on an EEF mandate, it can nevertheless pro-
vide a helpful illustration of how such a policy could play out on a 
federal level.

There are approximately 33 million hectares of US cropland devoted 
to corn production. This case study focuses on the 35% of that area 
that exceeds the ‘criterion rate’ for NUE, which means that N applica-
tion is more than 40% higher than the N removed with the grain on 
average71. EEFs have been found to be particularly effective at reduc-
ing N losses and increasing crop yields where N application rates are 
high, and corn has the highest N application rates of any major crop in 
the United States. The average N application rate for corn cropland in 
the United States that exceeded the criterion rate was 208 kg of N per 
ha in 2010 — the latest year for which data on criterion rates was avail-
able72. This compares to the average rate in 2010 for all corn of 157 kg  
of N per ha. The areas exceeding criterion rates are concentrated in the 
states of Nebraska, Illinois, Minnesota, Michigan and Ohio73.

We compare three policy scenarios for the US corn sector to 
capture a range of potential political ambition. Business as usual 
(BAU) assumes that current EEF use in the corn sector remains 
unchanged until 2030 (EEFs are currently deployed on 12% of US 
corn cropland, based on N inhibitor data). Scenario 1 represents  

Table 2 | The three policy scenarios evaluated for eeF use in the 
uS corn sector

Scenario 2016 2020 2025 2030

bAu 12% 12% 12% 12%

Scenario 1 12% 15% 23% 30%

Scenario 2 12% 20% 35% 50%
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a moderately ambitious policy to increase the area of US corn 
cropland using EEFs from 12% in 2016 to 30% in 2030, while 
Scenario 2 represents an aggressively ambitious increase to 50% 
in 2030 (Table 2). Scenario 2 is nonetheless a lower standard than 
the Indian New Urea Policy requires. Data sources and methods 
are discussed in the Supplementary Information and results are 
summarized in Fig. 4.

Net average gains for farmers are calculated using the differ-
ence between increased incomes from higher yields and increased 
fertilizer costs from EEF use. We estimate net average gains by 
2030 to be US$4 per ha and US$6 per ha in Scenarios 1 and 2, 
respectively. Nationwide benefits to farmers would be roughly 
US$180 million in Scenario 1 and US$300 million in Scenario 
2 across the fraction of the US corn sector where N application 
rates exceed the criterion rate. Although these average savings 
mask significant uncertainty in how yields respond for individ-
ual farmers, we consider these savings conservative because they 
assume no improvement either in product quality or in the target-
ing of marketing efforts to those farms for which EEFs could be 
most effective. The outcomes for industry could also be benefited 
via increased EEF sales. By 2030, profits could increase approxi-
mately US$100 million in Scenario 1 (a 7% increase compared to 
BAU), and by approximately US$160 million in Scenario 2 (a 12% 
increase compared to BAU).

The potential environmental impacts are estimated by com-
bining N emission factors from the Intergovernmental Panel on 
Climate Change and the US Department of Agriculture74,75 with 
the reported reductions in N losses from EEF use reported in Fig. 3.  

The economic impacts are calculated using previously published 
damage-cost estimates based on either efforts to monetize the 
economic impacts caused by the release of a kg of a particular  
N compound to the environment, or the amount of money soci-
ety is willing to pay to avoid these impacts76. The environmental 
impacts dwarf the economic benefits to farmers and industry by 
two orders of magnitude. By 2030, the avoided environmental dam-
age from reduced N losses could reach an average of US$5 billion 
in Scenario 1 compared to BAU, and US$8 billion in Scenario 2,  
driven largely by reduced NO3- leaching (see Supplementary 
Information, Section 2). In practice, the avoided environmental 
damages may be skewed towards a particular N compound — and 
not necessarily the one causing the largest impact — depending 
on the EEF selected.

Conclusion
A CAFE-style approach to reducing N pollution could provide 
powerful incentives for fertilizer manufacturers to learn where 
and how EEFs work best, and ultimately to develop more techni-
cally sophisticated N products tailored to specific crops, climates 
and soil conditions. A state could pioneer such an approach — 
possibly California, which has already adopted ambitious climate 
goals across all sectors. Although the heterogeneity of agricul-
tural, climatic and political systems across the world requires 
a range of policy approaches to address the N pollution issue, 
industry-focused technology-forcing policies could be a promis-
ing option for reducing N losses even as we push our planet to 
produce far more food.
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Data and code availability
All the data and code used to conduct the illustrative case study for the US 
corn sector are available here: https://docs.google.com/spreadsheets/d/1ho_
OSajCzG5ZVBJSozi5DY3UnUeSqcEZs9qwg0t8jao/edit?usp= sharing
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