
Abstract
Nitrogen (N) pollution is emerging as one of the most important 
environmental issues of the 21st Century, contributing to air 
and water pollution, climate change, and stratospheric ozone 
depletion. With agriculture being the dominant source, we 
tested whether it is possible to reduce agricultural N pollution 
in a way that benefits the environment, reduces farmers’ costs, 
and increases fertilizer industry profitability, thereby creating a 
“sweet spot” for decision-makers that could significantly increase 
the viability of improved N management initiatives. Although 
studies of the economic impacts of improved N management 
have begun to take into account farmers and the environment, 
this is the first study to consider the fertilizer industry. Our 
“sweet spot” hypothesis is evaluated via a cost-benefit analysis 
of moderate and ambitious N use efficiency targets in U.S. and 
China corn sectors over the period 2015–2035. We use a blend 
of publicly available crop and energy price projections, original 
time-series modeling, and expert elicitation. The results present 
a mixed picture: although the potential for a “sweet spot” exists 
in both countries, it is more likely that one occurs in China due to 
the currently extensive overapplication of fertilizer, which creates 
a greater potential for farmers and the fertilizer industry to gain 
economically from improved N management. Nevertheless, 
the environmental benefits of improving N management 
consistently dwarf the economic impacts on farmers and the 
fertilizer industry in both countries, suggesting that viable policy 
options could include incentives to farmers and the fertilizer 
industry to increase their support for N management policies.
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Global reactive nitrogen (Nr; all nitrogen [N] com-
pounds except N2) pollution is one of the most critical 
environmental issues of our time, with an array of inter-

connected consequences ranging from air and water pollution to 
climate change and stratospheric ozone depletion (Gruber and 
Galloway, 2008). Consequently, a growing body of scientists and 
policy experts are calling for action to address its causes (e.g., 
Rockström et al., 2009; Kanter et al., 2013; Sutton et al., 2013; 
UNEP, 2013). Agricultural activities are the dominant source, 
with fertilizer manufacture (120 Tg N yr-1) and biological N 
fixation by leguminous crops (50–70 Tg N yr-1) being respon-
sible for approximately 80% of global anthropogenic Nr creation 
(Gruber and Galloway, 2008; Sutton et al., 2013).

Efforts to improve agricultural N management focus on 
better synchronizing crop N supply and demand and thus affect 
the major users and suppliers of agricultural N: farmers and the 
fertilizer industry. For example, if farmers reduce their fertilizer 
application rates in response to a N management policy but do 
not simultaneously increase their N use efficiency (NUE), then 
their yields, and subsequently their incomes, will likely decrease. 
Likewise, if farmers apply (and thus purchase) less fertilizer, then 
fertilizer industry revenue will likely decrease unless they can 
offset such a reduction in sales volume with increased market 
penetration of new services and/or more profitable, patent-
protected, high-efficiency fertilizer products. (The fertilizer 
industry is defined in this study as all economic actors along the 
N fertilizer supply chain before it reaches the farmer, from natural 
gas suppliers, to ammonia producers, to fertilizer manufacturers, 
to retailers). Thus, these stakeholders could experience negative 
economic impacts from policies that aim to reduce agricultural 
Nr pollution. To increase the likelihood of obtaining their 
support and hence successfully implementing N management 
policies, this study investigates whether an economic case for 
action to reduce agricultural Nr pollution exists in addition to 
the environmental benefits that may be achieved. In other words, 
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is it possible to improve N management while reducing farmers’ 
costs and increasing the profitability of the fertilizer industry? If 
such a multi-stakeholder optimum, or “sweet spot,” exists, then 
it could potentially induce support from these stakeholders that 
would increase the economic and political viability of policies to 
improve N management at local to global scales.

The potential economic benefits to farmers of using N more 
efficiently are well established, underpinned by the concept that 
the operating costs of implementing fertilizer best management 
practices (FBMPs) or purchasing enhanced efficiency fertilizers 
(EEFs), which we define here to include slow/controlled release 
fertilizers and nitrification and urease inhibitors, can be offset by 
reduced farmer costs due to reduced fertilizer purchases (Zhu 
and Chen, 2002; USDA NRCS, 2003; Koch et al., 2004; Liu et 
al., 2006; Ortiz-Monasterio and Raun, 2007; Bates et al., 2009; 
Ahrens et al., 2010; Archer and Halvorson, 2010; Chen et al., 
2010; Venterea et al., 2012; Blaylock, 2013).

Likewise, a number of studies have begun to quantify the 
economic damages of Nr pollution, including the healthcare 
costs of air pollution caused by NH3 volatilization and NOx 
emissions, the damage to fisheries caused by NO3

-–induced 
eutrophication, and reductions in agricultural yields due to 
increased surface ozone (O3) concentrations (Gu et al., 2012; 
Birch et al., 2011; Brink and van Grinsven, 2011; Compton et 
al., 2011; Avnery et al., 2011a,b; van Grinsven et al., 2013).

However, there has been little focus on the economic impacts 
of N management policies on the fertilizer industry. Research 
suggests that industry plays a key role in environmental policy, 
with their support often a prerequisite for success (e.g., Falkner, 
2008; Fuchs, 2007; Levy and Newell, 2005). Industry will likely 
oppose a policy that threatens their profits, as was the case during 
negotiations to regulate genetically modified organisms (Clapp, 
2003). Conversely, if industry sees an opportunity to increase 
their profits as a result of a policy, it can become a convincing 
proponent for action (e.g., the production phase-out of pesticides 
and O3–depleting substances) (Clapp, 2003; Parson, 2003). 
Consequently, serious consideration of the economic impacts 
of improved N management policies on the fertilizer industry is 
an important step forward in the evaluation of different policy 
options for addressing agricultural Nr pollution. Indeed, an 
opportunity may exist for fertilizer industry actors to profit from 
improved N management that also benefits the environment 
and reduces farmer costs: N management policies could increase 
demand for more efficient fertilizer technologies and services 
that are patent protected and can be sold at a premium to 
customers. These new sources of revenue could potentially offset 
the reduction in volume of projected fertilizer sales that might be 
precipitated by the increase in on-farm NUE stimulated by a N 
management policy. The world’s leading N fertilizer companies 
are in the process of developing and marketing EEFs (Rai, 
2010), and several major companies are beginning to provide 
the information and technical infrastructure needed for farmers 
to implement FBMPs (a fertilizer “service” rather than a set of 
products; see, for example, Yara, 2013). In this way, the fertilizer 
industry’s situation could be analogous to the one faced by the 
major manufacturers of O3–depleting substances and pesticides: 
they could be both the producer of the product targeted by policy 
and the provider of a more sustainable, profitable alternative; 
this presents a valuable market opportunity. With this in mind, 

this paper explores the following question: Can agricultural 
Nr pollution be managed in such a way that the environment 
benefits, farmers save money, and the fertilizer industry profits?

To answer this question we focus on the corn sectors in the 
United States and China. Corn is the single largest consumer of 
agricultural N in the United States and will be in China by 2020 
(FAPRI, 2011). Moreover, the U.S. and Chinese corn sectors 
are on divergent tracks in terms of NUE, with the amount of 
N needed to produce 1 Mg of corn decreasing in the United 
States and increasing in China over the past several decades 
and with considerable differences in the balance between 
government and market forces in each country (see Section 1 
in the supplemental materials on past NUE trends, Section 4 
on the factors contributing to the differences in NUE between 
the United States and China, and Section 10 on the history of 
U.S. and Chinese agricultural policy vis-à-vis farmers and the 
fertilizer industry). Consequently, these two countries provide 
considerably different contexts for testing the “sweet spot” 
hypothesis. In both cases we evaluate the economic impacts of 
two N management scenarios (one moderate, one ambitious) 
implemented over the period 2015–2035 on farmers, the 
fertilizer industry, and the environment.

In this paper, the Materials and Methods section describes 
the data sources and techniques used to estimate future fertilizer 
prices and production costs (and thus fertilizer industry profits 
and farmer fertilizer costs) for the period 2015–2035. We then 
introduce the moderate and ambitious N management scenarios 
used to evaluate the “sweet spot” hypothesis for corn production 
in the United States and China, the different strategies for 
implementing these scenarios, and the methods for calculating 
their environmental impacts. The results are followed by an 
analysis of whether it is possible to create a “sweet spot” in the 
U.S. and China scenarios where one is currently absent before 
concluding and providing suggestions for future research.

Materials and Methods
To test the “sweet spot” hypothesis, we developed a simple 

economic framework to estimate the economic impacts of the 
various NUE scenarios on farmer fertilizer costs and fertilizer 
industry profits (both in $ ha-1) and the environment (in $ kg-1 
N) using publicly available crop and energy price projections, 
original time-series modeling, and expert elicitation. All 
monetary values are in 2005 USD and future values are estimated 
using a 5% discount rate (Nordhaus, 2007). Figure 1 is a diagram 
of the model, and the following sections outline the analytical 
framework underpinning our calculations.

Although the data used below are taken from publications 
released by major international research organizations and 
governmental bodies and the methods are well established 
approaches used in statistics, agronomy, and energy economics, 
there are significant uncertainties inherent in any projections 
of future prices, yields, and other values. Consequently, the 
values and results described below should be viewed as our best 
estimates using publicly available data and published methods, 
which we believe reasonable for the purposes of illustrating the 
“sweet spot” concept. Realistically, however, prices, yields, etc. 
will differ from the estimates presented here.
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Projected Prices of Fertilizer in the United States  
and China

To project fertilizer prices in the United States and 
China for the period 2015–2035 (a weighted aggregation of 
anhydrous ammonia, urea, and urea ammonium nitrate prices 
for the United States and urea prices for China), forecasts were 
developed with autoregressive integrated moving average models 
using the principal determinants of historical prices ( Johnston 
and DiNardo, 1997). These determinants are prices for natural 
gas, corn, and wheat in the United States and Japanese liquefied 
natural gas, coal, corn, rice, and wheat prices for China. Future 
projections of these prices are taken from recent reports by the 
Organization for Economic Cooperation and Development 
(OECD), the United Nations Food and Agricultural 
Organization (FAO), and the International Energy Agency 
(Alexandratos and Bruinsma, 2012; IEA, 2012; OECD–FAO, 
2013) (see Section 2 in the supplemental materials for more 
detail on each approach, including projected price estimates, 
model equations, and evaluation).

Projected Costs of Fertilizer Production  
in the United States and China

Natural gas and coal are the major hydrocarbon sources 
used in ammonia production. The cost of fertilizer production 
using natural gas in the United States and China is calculated 
under the assumption that natural gas accounts for 75 to 90% 
of the cost of ammonia production (US GAO, 2003; Huang, 
2007; IBISWorld, 2012) and that it takes, on average, 38 GJ 
to make 1 Mg of ammonia (Yara, 2012). Although natural gas 
is the sole hydrocarbon source for ammonia production in the 
United States, 71% of China’s ammonia production uses coal as 

a hydrocarbon source (Zhou, 2010)—the remainder being 21% 
natural gas, and 8% oil—which is estimated to be 50 to 70% 
of the cost of production (Kjellberg et al., 2012; PotashCorp, 
2013). The energy required to produce 1 ton of ammonia using 
coal is 59.4 GJ Mg-1 NH3, with anthracite (comprising ?80% of 
the coal used in ammonia production) providing 27.2 GJ Mg-1 
(Kahrl et al., 2010). Specific production cost equations and 
estimates for the United States and China can be found in the 
Section 2 in the supplemental materials.

Fertilizer Industry Profit Margins in the United States 
and China

Using the price and production cost methods outlined above, 
we estimated future profit margins for the U.S. and Chinese 
fertilizer industry out to 2035 (Fig. 2). These estimates have 
been adapted to include the price and cost of providing new 
technologies and services to measure the economic impact of 
the improved N management scenarios described below. The 
uncertainty bands in Fig. 2 are a result of the range of major 
published energy and crop price projections (Nelson et al., 2010; 
IEA, 2012; US EIA, 2013; OECD–FAO, 2013; World Bank 
2013a).

We estimate industry profit per hectare and farmer fertilizer 
cost per hectare using Eq. [1] and [2]:

Fertilizer industry profit per hectare = (PN - CN) × RN [1]

Farmer fertilizer expenditure per hectare = PN × RN [2]

where PN is the N price ($ kg-1 N), CN is the N cost of production 
($ kg-1 N), and RN is the N application rate (kg N ha-1).

Fig. 1. Diagram of the model used to simulate industry profits, farmer savings, and environmental benefits. The “fertilizer pricing model” uses 
energy and crop prices to simulate traditional fertilizer prices and production costs. Costs related to fertilizer best management practices (FBMP) 
and enhanced efficiency fertilizers (EEF) are included when evaluating the nitrogen use efficiency (NUE) scenarios. Fertilizer application rates, 
both business-as-usual trends and rates under NUE scenarios, affect the economic welfare of all stakeholders, and the IPCC emission factors and 
damage costs that comprise the environmental impact model are central to the estimation of environmental benefits.
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N Use Efficiency: Assumptions, Metrics,  
and Policy Scenarios

Based on the economic concept of input substitutability, 
this study assumes that the projected rate of yield increase 
remains constant across the different improved N management 
scenarios. To maintain yield while reducing N use intensity, the 
use of FBMPs and/or EEFs must increase. This is a conservative 
assumption because farmers may be able to increase, not just 
sustain, their yields with less N by using EEFs and/or FBMPs 
and/or FBMPs (e.g., Koch et al., 2004; Chen et al., 2010; 
Blaylock, 2013).

Fertilizer recovery efficiency (RE) (i.e., the proportion of 
applied N fertilizer taken up by aboveground plant biomass) is 
used to measure NUE:

oRE 100
U U

F
-

= ´  [3]

where U is the total N uptake by aboveground plant biomass in a 
plot that receives fertilizer (kg N ha-1), Uo is the total N uptake 
by aboveground plant biomass in a plot that receives no fertilizer 
(kg N ha-1), and F is fertilizer applied (kg N ha-1).

Baseline N Use Efficiency and Business-as-Usual Scenarios
United States

Using USDA and agronomic literature data on corn yields, N 
application rates, and corn N uptake from unfertilized fields, we 
estimate a mean 2010–2012 RE baseline for U.S. corn of 40%. 
Under the business-as-usual (BAU) scenario using the OECD–
FAO projections of corn yield and N application rates, RE 
increases to 45% in 2035 because a moderate increase in NUE 
is assumed to occur over time based on growing environmental 
concerns (Alexandratos and Bruinsma, 2012).

China
Using FAOSTAT and agronomic literature data on corn 

yields, N application rates, and corn N uptake from unfertilized 
fields in China, we estimate a mean 2010–2012 RE baseline 
for corn of 11%. Although this value is consistent with several 
field studies (e.g., Cui et al., 2008), higher RE values for maize 
in China have been recorded (e.g., Ju et al., 2009; Chen et al., 
2010), which appear to be driven by higher yields than those 
reported by FAOSTAT. Under the BAU scenario, RE increases 
to approximately 15% in 2035 because a slight increase in NUE is 
assumed to occur over time (Alexandratos and Bruinsma, 2012).

See Sections 3 and 4 in the supplemental materials for more 
detail on the assumptions underlying these estimates and for an 
explanation of the significant differences in NUE between the 
United States and China.

Improved N Management Scenarios and 
Implementation Strategies

For the United States and China, we analyzed two improved N 
management scenarios (one moderate, one ambitious) that set RE 
targets above projected BAU levels (summarized in Supplemental 
Table S1). Our results are presented as the economic impacts of 
these scenarios relative to BAU. We assume here that the NUE 
scenarios are implemented as a condition for receiving existing 
agricultural subsidies. In this way, we side step a discussion of the 
merits and impacts of various policy mechanisms, such as a tax on 
traditional forms of N fertilizer or subsidies for newer products. 
Instead, we focus solely on how the change in fertilizer consumption 
and sales affects the fertilizer costs and profits of farmers and the 
fertilizer industry, respectively (see Section 10 in the supplemental 
materials for a review of U.S. and China agricultural policy vis-à-
vis Nr pollution, including a discussion of several possible policy 
approaches to facilitate realization of the RE targets).

United States
The first, moderate U.S. scenario sets a 50% RE target (i.e., 

on average, 50% of applied N is recovered by U.S. corn in 2035). 
This is the mid-value of the reported fertilizer recoverability of 
U.S. corn (40–60%) (Smil, 1999; Kitchen and Goulding, 2001) 
and a 25% increase in RE relative to the 2010–2012 average. The 
50% RE target implies a 10% reduction in the N application rate 
in 2035 compared with the BAU scenario.

The second, more ambitious U.S. scenario is based on the 
upper boundary of fertilizer recoverability in Smil (1999): a 60% 
RE target, corresponding to a 50% increase in RE compared with 
the 2010–2012 average. This would necessitate a 25% reduction 
in N application rates compared with the BAU scenario.

Fig. 2. Historical and projected fertilizer industry profit margins 
for the United States and China. The U.S. profit margin is based on 
an aggregated N fertilizer price and production cost (combining 
anhydrous ammonia, urea, and urea ammonium nitrate), whereas 
China’s fertilizer industry profit margin is for urea. Projected margins 
(2013–2035) are based on OECD–FAO (2013) crop price projections 
and on IEA (2012) energy price projections. The uncertainty bands 
are a result of the range of major published energy and food price 
projections.
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China
The moderate China scenario sets a 20% RE target. This would 

require a relative improvement in RE of 82% by 2035 compared 
with 2010–2012 levels but would still be below the RE achieved 
in Chinese field experiments where the synchronization of soil N 
supply and crop N demand was significantly improved (achieving 
RE levels of ?30% according to Cui et al. [2008]). The RE 20% 
target marks the point approximately halfway between China’s 
current RE levels (11%) and the 31% recorded in Cui et al. 
(2008). The RE 20% target implies a 25% reduction in the N 
application rate in 2035 compared with the BAU scenario.

The ambitious China scenario sets a 30% RE target based 
on RE results from Cui et al. (2008). This would necessitate a 
50% reduction in N application rates compared with the BAU 
scenario by 2035.

Implementation Strategies
We consider four implementation strategies for achieving the 

RE targets.

1. “No adoption”: Neither farmers nor the fertilizer industry 
adopt or develop new practices or products in response to the 
RE targets. This strategy assumes that farmers reduce their N 
application in compliance with the RE targets but without 
learning new practices or purchasing new technologies to 
maintain their yield levels. As a result, the fertilizer industry’s 
revenue would decrease, with little demand for new products 
or services given lack of farmer interest. Although farmers 
may be able to meet the RE target via a significant reduction 
in N application rate (see Eq. [3]), they could potentially 
suffer considerable yield decreases if nothing is done to 
use the remaining applied N more efficiently (Zhang et al., 
2014). A limitation of the model used in this study is that 
it is not dynamic, meaning that reduced corn yields do not 
affect corn prices, when in reality yield reductions on a large-
scale could result in price increases.

2. “100% FBMP”: Farmers reach the target purely by using 
FBMPs by focusing on applying existing fertilizer types 
more efficiently through, for example, splitting fertilizer 
application into smaller applications throughout the 
growing season that coincide with the times that the crops 
most need fertilizer or using GPS technology to identify 
more precisely where the N requirements are in a particular 
field (Robertson and Vitousek, 2009).

3. “100% EEF”: Farmers reach the target purely by using EEFs. 
In this strategy, the farmers’ only action to comply with the 
target is the purchase and application of these new fertilizer 
technologies—the so-called “best management practice” is 
already embedded in the product.

4. “50/50”: An equal mix of EEFs and FBMPs are used to 
achieve the RE target.

Costs of Fertilizer Best Management Practices and 
Enhanced Efficiency Fertilizers

To estimate the costs and benefits of following these strategies, 
data are required on the cost of implementing and providing 
FBMPs and on the price and production cost of EEFs.

Fertilizer Best Management Practices
Price estimates of FBMPs in the United States and China 

are taken from the International Institute for Applied Systems 
Analysis Greenhouse Gas and Air Pollution Interactions and 
Synergies (GAINS) model and optimized to achieve the N rate 
reductions prescribed by each RE target (Winiwarter, 2005) 
(Supplemental Table S2). The units are in $ kg-1 N reduced (i.e., 
the cost of reducing 1 kg of N use via a FBMP). For the United 
States, FBMP prices range from $0.33 to $0.99 kg-1 N reduced, 
depending on the RE target; for China, FBMP prices range from 
$0.68 to $0.82 kg-1 N reduced (Supplemental Table S2).

The cost of providing a FBMP is derived from McCann and 
Easter (2000), which they estimate to be approximately 60% of 
the cost of abatement. Although this estimate is based on U.S. 
agricultural conditions, it is also applied to China given the 
lack of a country-specific estimate. These additional costs are 
integrated into the farmer and fertilizer industry cost structures 
in Eq. [4] and [5] for both the United States and China (see 
also Section 5 in the supplemental materials). For the purposes 
of this study, we assume that the bulk of FBMPs implemented 
over the period 2015–2035 will be provided by industry, given 
the steps that major fertilizer companies are taking to develop 
such services (e.g., Yara, 2013) and the history of inadequate 
government funding (Cox, 2007; Li et al., 2013).

Farmer’s fertilizer costi = 
(PN,i × REN,i) + [PFBMP,i × (BAUN,i - REN,i)]        [4]

where REN,i is the N application rate under a RE scenario in year 
i (kg N ha-1), PFBMP,i is the price to implement a fertilizer best 
management practice in year i ($ kg-1 N reduced), and BAUN,i 
is the N application rate under the BAU scenario in year i (kg 
N ha-1).

Industry profiti = [5] 
(PN,i - CN,i) × REN,i + (PFBMP,i - CFBMP,i ) × (BAUN,i - REN,i)

where CFBMP,i is the cost to provide a fertilizer best management 
practice in year i ($ kg-1 N reduced).

Enhanced Efficiency Fertilizers
It is very challenging to find consistent price estimates 

for EEFs in either the academic or industry literature. Price 
estimates for slow/controlled release fertilizers range from a 50% 
to a 1200% premium over the price of a traditional N fertilizer 
(Lammel, 2005; Trenkel, 2010; Blaylock, 2013). Estimates for 
nitrification and urease inhibitors are more constrained but are 
still uncertain, with a range of an 8 to 100% premium above 
the price of traditional N fertilizer (Lammel, 2005; Laboski, 
2006; Trenkel, 2010; Brink and van Grinsven, 2011). Enhanced 
efficiency fertilizer production cost estimates are not publicly 
available given their sensitive, proprietary nature.

To address this data gap, we conducted an expert elicitation 
of U.S. and Chinese fertilizer industry experts to better 
constrain these parameters. Expert elicitations are often used 
to characterize uncertainty on issues where information is not 
easily available (USEPA, 2009). Nine fertilizer industry experts 
from the United States and China were selected to participate 
in the elicitation based on their reputation as leaders in the EEF 
sector, the variety of disciplines they represent from agronomics 
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to market analysis, and their willingness to participate. We 
solicited their expert judgment on the current price and cost of 
production of slow/controlled release fertilizers and nitrification 
and urease inhibitors, their future price and cost of production 
under the different RE targets, and the proportions in which 
they are used. Experts were asked to provide median estimates 
as well as 5 and 95% uncertainty bounds. We then weighted 
experts’ responses based on their score from five seed questions 
about their experience and general knowledge of the EEF market. 
These weighted responses were pooled to provide an expert 
consensus (Aspinall, 2010). The seed questions, weighting, and 
elicitation questions are provided in the Sections 6, 7, and 8 in 
the supplemental material. The responses are aggregated and 
summarized in Supplemental Table S3. Given the comparatively 
wide uncertainty bounds that accompanied expert responses, 
estimates for the United States and China were statistically 
indistinguishable and are consequently aggregated in a single 
price and production cost estimate applicable to both the United 
States and China. The overall EEF premium is a weighted average 
of the slow/controlled release fertilizer and nitrification and 
urease inhibitor premiums based on their relative consumption.

Current premiums of 17% for price and 7.9% for cost are 
projected to be 17 and 9.3%, respectively, in 2035 under the 
moderate RE targets and 15 and 10%, respectively, under the 
ambitious targets (Supplemental Table S3). The aggregated price 
premiums are significantly lower than the range of price estimates 
cited above; this may be due to the fact that the elicitation 
specifically asked for information on EEFs used in broad acre 
crops (i.e., cereals), whereas several of the estimates cited above 
are for specialty crops (e.g., fruit and vegetables) where EEFs often 
have a higher premium (Trenkel, 2010). As with the FBMP cost 
estimates above, we integrate the EEF price and cost estimates 
into the traditional farmer and fertilizer cost structures in Eq. [6] 
and [7] (see also Section 5 in the supplemental materials).

Farmer’s fertilizer costi =  
[(PEEF,i × aEEF,i) + PN,i × (1 - aEEF,i)] × REN,I [6]

where PEEF,i is the price of enhanced efficiency fertilizer in year i 
($ kg-1 N), and aEEF,i is the portion of N applied as EEF, based on 
the assumption that a farmer applying 100% of their N as EEF 
reduces their N requirements by approximately 40% (Blaylock, 
2013).

Industry profit =  
[(PEEF,i - CEEF,i) × aEEF,i + (PN,i - CN,i) × (1 - aEEF,i)] × REN,I [7]

where CEEF,i is the production cost of EEF in year i ($ kg-1 N).

Environmental Costs
Improving agricultural N management reduces Nr losses to 

the environment, which, as a result of one N atom’s ability to 
easily interconvert among different forms, can lead to a variety 
of environmental and health benefits (Galloway et al., 2003). 
This study estimates these benefits by applying IPCC emission 
factors (IPCC, 2006) and peer-reviewed damage cost estimates 
(in $ kg-1 Nr) to the difference in N application rates between 
the BAU and RE scenarios (Eq. [8] and Supplemental Table S5).

Environmental benefits = (BAUN,i - REN,i) × EFj × Dj,i [8]

where EFj is the IPCC emission factor for Nr compound j 
(unitless), and Dj,i is the damage cost for Nr compound j in year 
i ($ kg-1 N).

The IPCC emission factors quantify the direct and indirect 
N losses of N2O, NOx, NH3, and NO3

- from agriculture per 
kg N applied. Each Nr compound has a specific impact on 
the environment: N2O contributes to climate change and 
stratospheric ozone depletion, NO3

- to water pollution, and 
NOx and NH3 to air pollution. Although the IPCC emission 
factors often do not accurately replicate N loss estimates at local 
sites, there is evidence that these small-scale errors can cancel 
when aggregated to larger scales, such as countries (Del Grosso 
et al., 2008).

The damage cost estimates used in this study are based on 
attempts to monetize the economic impacts caused by the 
release of 1 kg of a particular Nr compound to the environment 
(Compton et al., 2011) or on the amount of money society is 
willing to pay to avoid these impacts (Brink and van Grinsven, 
2011; Gu et al., 2012). The societal damages range from direct 
human health impacts to broader environmental consequences. 
For example, emerging evidence suggests that chronic exposure 
to NO3

- concentrations exceeding 25 mg L-1 in drinking 
water increases the incidence of colon cancer (DeRoos et al., 
2003; Grizzetti et al., 2011; van Grinsven et al., 2010), and 
eutrophication caused by NO3

- leaching has been shown to 
reduce biodiversity.

The estimates are averaged to have one damage cost per Nr 
species. The considerable range between estimates stems from a 
variety of factors. For example, Gu et al. (2012) argue that their 
damage cost estimates for China are significantly lower than those 
for the United States and the European Union largely because 
they use a relatively low value of statistical life. Meanwhile, 
the markedly higher damage cost for NO3

- pollution in the 
United States compared with the European Union is due to the 
economic impact of the fisheries decline in the Gulf of Mexico 
sparked by NO3

-–induced eutrophication, whereas the EU 
estimate is based on a Scandinavian citizen’s willingness to pay 
for a “healthy Baltic.” These disparities are apparent for all the 
major Nr species (Supplemental Table S5), indicating significant 
differences in what Nr pollution effects are included and excluded 
in these estimates. This makes the calculation of environmental 
damages from Nr pollution a particularly uncertain exercise. 
Consequently, the values used in this study should be viewed as 
illustrative, with this field a crucial area of future research.

The damage cost estimates used in this study are adjusted 
to U.S. and China gross national income (GNI) per capita to 
better reflect their respective national economic conditions (an 
approach adopted from van Grinsven et al. [2013]). For example, 
Brink and van Grinsven (2011) estimate a total damage cost for 
N2O of $13 kg-1 N2O–N based on the average EU citizen’s 
willingness to pay. However, because GNI per capita is higher 
in the United States than in the EU ($50,120, compared with 
$33,609 in 2012) (World Bank, 2013b), U.S. society has a higher 
willingness to pay to avoid the damages from 1 kg of N2O–N 
($19 kg-1 N2O–N). Similarly, China’s GNI per capita is much 
lower than the EU ($5,740 compared with $33,609) (World 
Bank, 2013b), resulting in a significantly lower willingness to 
pay to avoid 1 kg of N2O–N ($2.2 kg-1 N2O–N). This approach 
is applied to all damage cost estimates (Supplemental Table S5).
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Results and Discussion
United States
Farmers and the Fertilizer Industry

In both RE scenarios, the average 20-yr fertilizer cost per 
hectare for farmers is reduced relative to BAU regardless of the 
implementation strategy. The opposite is true for the fertilizer 
industry, with profits consistently lower than BAU, implying 
that the “sweet spot” cannot be achieved in the United States 
using current price/cost estimates of EEFs and FBMPs (Fig. 3). 
Nevertheless, the economic consequences of the “no adoption” 
response to the RE targets is more severe for both stakeholders: 
farmers are projected to lose a significant portion of their 
projected corn revenue due to reduced yields (10–20%), and 
reduced sales negatively affect projected fertilizer industry 
profits (4–11%) relative to BAU.

Environment
Reductions in N pollution over 20 yr range from 2.5 Tg N in 

the RE 50% scenario to 6.4 Tg N in the RE 60% scenario (Table 
1). In both RE scenarios, the environmental benefits ($46–115 
billion) dwarf the fertilizer industry losses ($0.7–2.2 billion) and 
farmer savings, ranging from a loss of $0.6 billion to savings of 
$3 billion (Fig. 4; Supplemental Table S6). This is because the 
cost to society of N losses (ranging from $8.2 to $39.4 kg-1 N, 
depending on the Nr species) vastly outweighs the cost of N 
fertilizer based on the monetization assumptions adopted here 
($0.75 kg-1 N in 2010 and projected to increase to $0.96 kg-1 
N in 2035) (Fig. 2). The savings from reduced NO3

- losses 
eclipse the other environmental benefits for two reasons: (i) it 
has the highest IPCC emission factor (30% compared with 1.3% 
for N2O and 5% for NOx and NH3), and (ii) it has the highest 
average damage costs ($39.4 kg NO3–N-1 compared with $24.6 
kg-1 NOx–N, $13.7 kg-1 NH3–N, and $8.2 kg-1 N2O–N).

Fig. 3. Twenty-year industry profits (light gray bars) and farmer savings (dark gray bars) over the period 2015–2035 under the U.S. recovery 
efficiency (RE) 50%, U.S. RE 60%, China RE 20%, and China RE 30% targets for the no-adoption, 100% enhanced efficiency fertilizer (EEF), 100% 
fertilizer best management practice (FBMP), and 50/50 strategies relative to the business-as-usual (BAU) scenario. Error bars represent the 
uncertainty bounds for EEF price and production cost (this paper), FBMP prices (Winiwarter, personal communication, 2013), and yield losses 
(Vitosh et al., 1995).
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China
Farmers and the Fertilizer Industry

The economic impacts of China’s RE scenarios on farmers and 
the fertilizer industry are more pronounced compared with the 
United States given the more significant reductions in N inputs 
required to meet the RE targets. For example, the change in 
Chinese farmers’ 20-yr fertilizer costs relative to BAU is projected 
to range from a 2% increase to a 20% reduction, depending on the 
implementation strategy. Similarly, the change in 20-yr fertilizer 
industry profits range from a 17 loss to a 16% gain relative to 
BAU (Fig. 3). Like the United States, the costs of “no adoption” 
as a response to the RE targets far outweigh the costs and/or 
benefits of all of the implementation strategies. Nevertheless, in 
contrast to the United States, it appears that a “sweet spot” does 
occur in certain situations using the current price/cost estimates 
for EEFs and FBMPs: farmers reduce costs and fertilizer industry 
increase profits relative to BAU using the 100% FBMP and 50/50 
implementation strategies in the RE 20% scenario.

Environment
Reductions in N pollution over 20 yr range from 10.1 Tg N 

in the RE 20% scenario to 19.7 Tg N in the RE 30% scenario 
(Table 1). Akin to the United States, the environmental benefits 
of achieving the RE targets ($21–40 billion) are considerably 
greater than the impacts on fertilizer industry profits (ranging 
from a loss of $2.9 billion to a gain of $2.7 billion over 20 yr 
depending on the implementation strategy) and farmer savings 
(ranging from a loss of $1.5 to a gain of $15 billion over 20 yr) 
(Fig. 4; Supplemental Table S6).

These results show that the “sweet spot” (i.e., where farmers save, 
industry profits, and the environment benefits) is achievable only in 
China according to our model (specifically, in the RE 20% scenario 
using the 50/50 and 100% FBMP implementation strategies). 
Perhaps the central reason for the “sweet spot” occurring only in 
China is the considerably greater potential for N application rate 
reductions from improved NUE in China compared with the 
United States. Over the past three decades, NUE has increased 
considerably in the U.S. corn sector, whereas it has decreased in 
China’s corn sector (see Section 1 in the supplemental materials).

A clear implication of our analysis is that the prices and 
production costs of EEFs and FBMPs are critical in determining 
whether the fertilizer industry profits and farmers reduce their 
fertilizer costs. It is therefore important to understand whether 
there are price ranges for EEFs or FBMPs that could create a 
“sweet spot” where none currently exists. The following section 
attempts to identify these “sweet spot” ranges.

“Sweet Spot” Ranges
United States

There is no potential for a “sweet spot” in either U.S. RE 
scenario using the 100% FBMP strategy, regardless of the values 
for FBMP price and cost of implementation: the FBMP price 
that would be high enough to generate industry profits leads to 
farmer losses, whereas the FBMP prices currently used in both 
scenarios lead to industry losses. Similarly, even if the FBMP 
cost of implementation in both scenarios is reduced to $0.00, 
industry would still be unable to make enough profit relative to 
BAU to offset the losses in revenue from reduced fertilizer sales. 
However, this should not lead to the conclusion that the provision 
of FBMPs in the United States is a completely unprofitable 
endeavor; it is simply less profitable than BAU. Moreover, as 
described in Section 5 of the supplemental materials, a significant 
portion of U.S. corn farmers already implement FBMPs; these 
are not only provided by several fertilizer companies but also by 
companies such as John Deere and Monsanto that could profit 
from the increased farmer demand for FBMPs stimulated by the 
RE targets while avoiding the brunt of the revenue losses from 
reduced fertilizer sales. Finally, although a fertilizer industry 
“sweet spot” range for the 100% FBMP strategy may not exist 

Table 1. Absolute values of agricultural N pollution reduced over 20 yr 
in each N use efficiency scenario.

Nr† 
compound

United States China
RE‡ 50% RE 60% RE 20% RE 30%

—————————— Tg N ——————————
N2O 0.1 0.2 0.3 0.6

NO3
- 1.8 4.6 7.4 14.3

NOx 0.3 0.8 1.2 2.4
NH3 0.3 0.8 1.2 2.4
Totals 2.5 6.4 10.1 19.7

† Reactive nitrogen.

‡ Recovery efficiency.

Fig. 4. Twenty-year environmental benefits over the period 2015–
2035 of achieving the U.S. and China recovery efficiency (RE) targets 
relative to business-as-usual in terms of avoided economic damage 
(2005 USD billions). The uncertainty bars represent the range of 
damage cost estimates from Brink and van Grinsven (2011), Compton 
et al. (2011), and Gu et al. (2012).
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for the U.S. RE targets evaluated in this paper, it could well be 
that one exists for other more or less ambitious RE targets.

By contrast, there are a range of EEF price premiums that 
could lead to a “sweet spot” using the 100% EEF implementation 
strategy. In the RE 50% scenario, this price premium range is 
33 to 52% above the price of traditional N fertilizer, with the 
lower bound marking the minimum value that would generate 
fertilizer industry profits equivalent to the BAU scenario and the 
upper bound the maximum value that would generate farmer 
fertilizer costs equivalent to the BAU scenario. Similarly, EEF 
price premiums of 37 to 60% would create a “sweet spot” in the 
RE 60% scenario (Fig. 5).

China
Figure 5 also shows the results for China of the same analysis 

conducted above for the United States. It demonstrates that 
in the RE 20% scenario, the “sweet spot” could be reached in 
the 100% EEF implementation strategy if the 2035 EEF price 
premium increased from 17 to 23–56% above the price of 
traditional fertilizer. If, by contrast, the 2035 EEF price premium 
remained at 17%, then the cost premium would have to decrease 
from 9 to 0–4% to ensure industry profitability.

Similarly, although the “sweet spot” is already achieved using 
the 100% FBMP strategy in the RE 20% scenario, the FBMP price 
of $0.68 kg-1 N reduced could range from $0.53 to $0.77 kg-1 
N reduced. Meanwhile, if the price per kg N reduced remained 
fixed, industry could still profit if the cost of implementing a 
FBMP ranged from $0.00 to $0.46 kg-1 N reduced (compared 
with the 2035 value of $0.42 kg-1 N reduced).

A similar set of conclusions can be drawn from the RE 30% 
scenario: the EEF price premium would have to be in the range 
of 35 to 220% (as opposed to 15%) to create a “sweet spot.” 
Meanwhile, the “sweet spot” range for FBMP price ($0.55–$0.77 
kg-1 N reduced) is below the value currently used ($0.82 kg-1 

N reduced), and if prices remain fixed the implementation 
cost could range from $0.00 to $0.62 kg-1 N reduced and still 
generate industry profit relative to BAU.

Discussion
These results show that the potential for a “sweet spot” exists 

in both the United States and in China. However, obtaining 
a “sweet spot” in China is easier due to the current extensive 
overapplication of fertilizer, which creates a greater potential for 
farmers and the fertilizer industry to gain economically from 
improved N management. The key to achieving the “sweet spot” 
is finding a range of FBMP and EEF prices and costs that are high 
enough to offset reductions in fertilizer industry revenue while 
being affordable enough for farmers to reduce their fertilizer 
costs. Although it appears more likely across all the RE scenarios 
that farmers save rather than industry profits (particularly in the 
United States), the increasingly globalized market for N fertilizer 
means that industry profits from increased demand for EEFs and/
or that FBMPs could potentially accrue across several national 
markets. For example, Agrium is the biggest supplier of N fertilizer 
to the United States and is increasing its business in China. 
Consequently, profit losses in one market could be offset by gains 
in another. Furthermore, although this study focuses on the average 
farmer, agricultural N pollution is primarily caused by farmers who 
significantly overfertilize (Williamson, 2011). The results of this 
study indicate that farmers that apply above-average amounts of N 
fertilizer have the most to gain from improving their NUE.

Finally, our results demonstrate that the environmental 
benefits of the various RE targets dwarf the economic impacts 
on the fertilizer industry and farmers. Consequently, if the social 
and environmental costs of N pollution shown in Supplemental 
Table S5 are realistic order-of-magnitude estimates, then society 
would stand to gain significantly from improved N management 
policies regardless of how the economic welfare of these two 

Fig. 5. The price and production cost ranges (represented by the various rectangles) for enhanced efficiency fertilizers (EEFs) or fertilizer best 
management practices (FBMPs) that could create a “sweet spot” in 2035 where none currently exist. The black diamonds represent the price and 
cost data from Supplemental Tables S2 and S3. Either EEF/FBMP production/provision costs are fixed at the levels described in Tables S2 and 
S3 while prices are shifted, or vice-versa (i.e., price is fixed while costs are shifted). These “sweet spot” ranges exist for most of the nitrogen use 
efficiency scenarios and implementation strategies, with the exception of the U.S. FBMP strategies and U.S. EEF production costs. The potential for 
a “sweet spot” range is much larger in China due to the current extensive overapplication of fertilizer, which creates a greater potential for farmers 
and the fertilizer industry to make economic gains from improved N management. RE, recovery efficiency.
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major private stakeholders is affected. This dynamic suggests that 
viable policy options could include incentives for farmers and the 
fertilizer industry to increase the likelihood of their support for 
improved N management policies (Barrett, 2003). These could 
include subsidies for EEF R&D (to incentivize the fertilizer 
industry to accelerate their development and roll-out) and 
investments in technical infrastructure to educate farmers on the 
most appropriate and effective NUE practices and technologies 
and assist them in their deployment. These types of political 
“sweeteners” to stakeholders that might otherwise block policy 
initiatives could be justifiable given the considerable monetary 
benefits to society from reducing agricultural Nr pollution.

Future Research
Several next steps can expand on this research. First, it is 

important to improve the damage cost estimates of Nr pollution, 
starting from a set of common underlying assumptions. 
Second, it is important to test the “sweet spot” hypothesis in 
more countries (with a goal of global coverage) and on more 
crop systems (with a goal of all major fertilizer consumers) to 
determine where else farmers, fertilizer manufacturers, and the 
environment can simultaneously profit. Furthermore, it would 
be useful to combine the cost-benefit analysis of this study with 
a more detailed representation of agricultural N dynamics (e.g., 
Bouwman et al., 2011; Bodirsky et al., 2012) through integrated 
assessment modeling to provide a more coherent and holistic 
framework for policymakers to evaluate the environmental 
and economic impacts of various improved N management 
policy options. Such a modeling exercise could, for example, 
help policymakers better understand the environmental and 
economic trade-offs between EEFs and FBMPs for farmers 
and the fertilizer industry, another area in need of further 
study. Finally, it is important to consider the different policy 
mechanisms that could be used to implement NUE targets 
and how to ensure their successful implementation at the farm-
scale. Although it is conceivable that overall targets on NUE 
could be set at the international level (Sutton et al., 2013), the 
implementation of these standards will depend on national and 
local circumstances.

Conclusions
Our study suggests that improved N management policies can 

be implemented in such a way that a “sweet spot” occurs where 
industry profits, farmers reduce their costs, and the environment 
benefits, although with a higher likelihood of one occurring in 
the corn sector in China than in the United States. The price 
and production costs of the NUE-improving technologies and 
practices are critical to achieving the “sweet spot.” This study 
demonstrates the value of considering all major stakeholders, 
both public and private, when evaluating the economic impacts 
of improved N management policies and is the first to explicitly 
consider the fertilizer industry. Given the historical importance 
of industry’s role in environmental governance, understanding 
the economic impacts of improved N management policies 
on the fertilizer industry is an important step forward in the 
evaluation of different policy options for addressing agricultural 
Nr pollution, and we hope future economic analyses of this kind 
will also include it.
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