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Abstract 43 

 44 

Nitrogen (N) pollution is emerging as one of the most important environmental issues of 45 

the 21st century, contributing to air and water pollution, as well as climate change and 46 

stratospheric ozone depletion. With agriculture the dominant source, we test whether it is 47 

possible to reduce agricultural N pollution in a way that benefits the environment, 48 

reduces farmers’ costs, and increases fertilizer industry profitability – creating a “sweet 49 

spot” for decision-makers that could significantly increase the viability of improved N 50 

management initiatives. While studies of the economic impacts of improved N 51 

management have begun to take into account farmers and the environment, this is the 52 

first to consider the fertilizer industry. Our “sweet spot” hypothesis is evaluated via a 53 

cost-benefit analysis of moderate and ambitious N use efficiency targets in the US and 54 

China corn sectors over the period 2015-2035.  We use a blend of publicly available crop 55 

and energy price projections, original time-series modeling, and expert elicitation. The 56 

results present a mixed picture: while the potential for a “sweet spot” exists in both 57 

countries, it is more likely that one occurs in China due to the currently extensive over-58 

application of fertilizer, which creates a greater potential for farmers and the fertilizer 59 

industry to gain economically from improved N management. Nevertheless, the 60 

environmental benefits of improving N management consistently dwarf the economic 61 

impacts on farmers and the fertilizer industry in both countries, suggesting that viable 62 

policy options could include incentives to farmers and the fertilizer industry to increase 63 

their support for N management policies. 64 

 65 
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Introduction 66 

 67 

Global reactive nitrogen (Nr – all nitrogen (N) compounds except N2) pollution is one of 68 

the most critical environmental issues of our time, with an array of interconnected 69 

consequences – from air and water pollution to climate change and stratospheric ozone 70 

depletion (Gruber and Galloway et al. 2008). Consequently, a growing body of scientists 71 

and policy experts are calling for action to address its causes (e.g. Rockström et al. 2009; 72 

Kanter et al. 2013; Sutton et al. 2013; UNEP, 2013). Agricultural activities are the 73 

dominant source, with fertilizer manufacture (120 Tg N yr-1) and biological nitrogen 74 

fixation by leguminous crops (50-70 Tg N yr-1) responsible for approximately 80% of 75 

global anthropogenic Nr creation (Gruber and Galloway et al. 2008; Sutton et al. 2013).  76 

     Efforts to improve agricultural N management focus on better synchronizing crop N 77 

supply and demand, and thus affect the major users and suppliers of agricultural N: 78 

farmers and the fertilizer industry. For example, if farmers reduce their fertilizer 79 

application rates in response to a N management policy, but do not simultaneously 80 

increase their N use efficiency (NUE), then their yields, and subsequently their incomes, 81 

will likely decrease.  Likewise, if farmers apply (and thus purchase) less fertilizer, then 82 

fertilizer industry revenue will likely decrease, unless they can offset such a reduction in 83 

sales volume with increased market penetration of new services and/or more profitable, 84 

patent-protected, high-efficiency fertilizer products. (The fertilizer industry is defined in 85 

this study as all economic actors along the N fertilizer supply chain before it reaches the 86 

farmer, from natural gas suppliers, to ammonia producers, to fertilizer manufacturers, to 87 

retailers). Thus, these stakeholders could experience negative economic impacts from 88 
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policies that aim to reduce agricultural Nr pollution. To increase the likelihood of 89 

obtaining their support and hence successfully implementing N management policies, this 90 

study investigates whether an economic case for action to reduce agricultural Nr pollution 91 

exists in addition to the environmental benefits that may be achieved.  In other words, is 92 

it possible to improve N management while reducing farmers’ costs and increasing the 93 

profitability of the fertilizer industry? If such a multi-stakeholder optimum, or “sweet 94 

spot”, exists, then it could potentially induce support from these stakeholders that would 95 

increase the economic and political viability of policies to improve N management – 96 

from local to global scales. 97 

 98 

The potential economic benefits to farmers of using N more efficiently are well 99 

established, underpinned by the concept that the operating costs of implementing 100 

fertilizer best management practices (FBMPs) or purchasing enhanced efficiency 101 

fertilizers (EEFs – which we define here to include slow/controlled release fertilizers and 102 

nitrification and urease inhibitors) can be offset by reduced farmer costs due to reduced 103 

fertilizer purchases (Zhu and Chen, 2002; USDA NRCS, 2003; Koch et al. 2004; Liu et 104 

al. 2006; Ortiz-Monasterio and Braun, 2007; Bates et al. 2009; Ahrens et al. 2010; Archer 105 

and Halvorson, 2010; Chen et al. 2010; Venterea et al. 2012: Blaylock, 2013).  106 

      Likewise, a number of studies have begun to quantify the economic damages of Nr 107 

pollution including the healthcare costs of air pollution caused by NH3 volatilization and 108 

NOx emissions, the damage to fisheries caused by NO3
- - induced eutrophication, and 109 

reductions in agricultural yields due to increased surface ozone (O3) concentrations (Gu 110 
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et al. 2012; Birch et al. 2011; Brink and van Grinsven 2011; Compton et al. 2011; Avnery 111 

et al. 2011a,b; van Grinsven et al. 2013).   112 

     However, there has been little focus on the economic impacts of N management 113 

policies on the fertilizer industry. Research suggests that industry plays a key role in 114 

environmental policy, with their support often a prerequisite for success (e.g. Falkner, 115 

2008; Fuchs, 2007; Levy and Newell, 2005). Industry will likely oppose a policy that 116 

threatens their profits (as was the case during negotiations to regulate genetically 117 

modified organisms – Clapp, 2003). Conversely, if industry sees an opportunity to 118 

increase their profits as a result of a policy, it can become a convincing proponent for 119 

action (e.g. the production phase-out of pesticides and ozone depleting substances – 120 

Clapp, 2003; Parson, 2003). Consequently, serious consideration of the economic impacts 121 

of improved N management policies on the fertilizer industry is an important step 122 

forward in the evaluation of different policy options for addressing agricultural Nr 123 

pollution. Indeed, an opportunity may exist for fertilizer industry actors to profit from 124 

improved N management that also benefits the environment and reduces farmer costs: N 125 

management policies could increase demand for more efficient fertilizer technologies and 126 

services, which are patent-protected and can be sold at a premium to customers. These 127 

new sources of revenue could potentially offset the reduction in volume of projected 128 

fertilizer sales that might be precipitated by the increase in on-farm NUE stimulated by a 129 

N management policy. The world’s leading N fertilizer companies are in the process of 130 

developing and marketing EEFs (Rai, 2010), and several major companies are beginning 131 

to provide the information and technical infrastructure needed for farmers to implement 132 

FBMPs (a fertilizer “service” rather than a set of products – see, for example, Yara, 133 
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2013). In this way, the fertilizer industry’s situation could be analogous to the one faced 134 

by the major manufacturers of ozone depleting substances and pesticides: they could be 135 

both the producer of the product targeted by policy and the provider of a more 136 

sustainable, profitable alternative – a valuable market opportunity.  137 

 138 

With this in mind, this paper tests the hypothesis: Can agricultural Nr pollution be 139 

managed in such a way that the environment benefits, farmers save money, and the 140 

fertilizer industry profits? 141 

 142 

To test this hypothesis we focus on two cases: the corn sector in the USA and China. 143 

Corn is the single largest consumer of agricultural N in the USA, and will be in China by 144 

2020 (FAPRI, 2011). Moreover, the USA and Chinese corn sectors are on divergent 145 

tracks in terms of NUE, with the amount of N needed to produce one megagram (Mg) of 146 

corn decreasing in the USA and increasing in China over the past several decades, and 147 

considerable differences in the balance between government and market forces in each 148 

country (see Supplemental Materials Section 1 on past NUE trends, Section 4 on the 149 

factors contributing to the differences in NUE between the USA and China, and Section 150 

10 on the history of USA and Chinese agricultural policy vis-à-vis farmers and the 151 

fertilizer industry). Consequently, these two countries provide considerably different 152 

contexts for testing the “sweet spot” hypothesis. In both cases we evaluate the economic 153 

impacts of two N management scenarios (one moderate, one ambitious) implemented 154 

over the period 2015-2035 on farmers, the fertilizer industry and the environment.  155 
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     In this paper, the materials and methods section describes the data sources and 156 

techniques used to estimate future fertilizer prices and production costs (and thus 157 

fertilizer industry profits and farmer fertilizer costs) for the period 2015-2035. We then 158 

introduce the moderate and ambitious N management scenarios used to evaluate the 159 

“sweet spot” hypothesis for corn production in the USA and China, the different 160 

strategies for implementing these scenarios, and the methods for calculating their 161 

environmental impacts. The results are followed by an analysis of whether it is possible 162 

to create a “sweet spot” in the USA and China scenarios where one is currently absent, 163 

before concluding and providing suggestions for future research. 164 

 165 

Materials and methods 166 

 167 

To test the “sweet spot” hypothesis we developed a simple economic framework to 168 

estimate the economic impacts of the various NUE scenarios on farmer fertilizer costs 169 

and fertilizer industry profits (both in $ ha-1) and the environment (in $ kg N-1) using 170 

publicly available crop and energy price projections, original time-series modeling, and 171 

expert elicitation. All monetary values are in 2005 USD and future values are estimated 172 

using a 5% discount rate (Nordhaus, 2007). Fig. 1 is a diagram of the model and the 173 

following sections outline the analytical framework underpinning our calculations. 174 

 175 

[Insert Figure 1 here] 176 

 177 
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While the data used below is taken from publications released by major international 178 

research organizations and governmental bodies and the methods are well established 179 

approaches used in statistics, agronomy and energy economics, there are significant 180 

uncertainties inherent in any projections of future prices, yields and other values. 181 

Consequently, the values and results described below should be viewed as our best 182 

estimates using publicly available data and published methods, which we believe 183 

reasonable for the purposes of illustrating the “sweet spot” concept. Realistically 184 

however, prices, yields etc. will differ from the estimates presented here. 185 

 186 

Projected prices of fertilizer in the United States and China 187 

 188 

To project fertilizer prices in the USA and China for the period 2015-2035 (a weighted 189 

aggregation of anhydrous ammonia, urea and urea ammonium nitrate (UAN) prices for 190 

the USA, and urea prices for China), forecasts were developed with autoregressive 191 

integrated moving average (ARIMA) models using the principal determinants of 192 

historical prices (Johnston and DiNardo, 1997). These determinants are prices for natural 193 

gas, corn and wheat in the USA, and Japanese liquefied natural gas (LNG), coal, corn, 194 

rice and wheat prices for China. Future projections of these prices are taken from recent 195 

reports by the Organization for Economic Cooperation and Development (OECD), the 196 

United Nations Food and Agricultural Organization (FAO), and the International Energy 197 

Agency (Alexandratos and Bruinsma, 2012; IEA, 2012; OECD/FAO 2013) (see the 198 

Supplemental Materials Section 2 for more detail on each approach, including projected 199 

price estimates, model equations and evaluation). 200 
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 201 

Projected costs of fertilizer production in the United States and China 202 

 203 

Natural gas and coal are the major hydrocarbon sources used in ammonia production. The 204 

cost of fertilizer production using natural gas in the USA and China is calculated under 205 

the assumption that natural gas accounts for 75-90% of the cost of ammonia production 206 

(US GAO 2003; Huang 2007; IBISWorld, 2012) and that it takes, on average, 38 GJ to 207 

make one Mg of ammonia (Yara, 2012). While natural gas is the sole hydrocarbon source 208 

for ammonia production in the USA, 71% of China’s ammonia production uses coal as a 209 

hydrocarbon source (Zhou et al. 2010 – the remainder being 21% natural gas, and 8% 210 

oil), which is estimated to be 50-70% of the cost of production (Kjellberg et al., 2012; 211 

PotashCorp, 2013). The energy required to produce 1 ton of ammonia using coal is 59.4 212 

GJ/Mg NH3, with anthracite (comprising approximately 80% of the coal used in 213 

ammonia production,) providing 27.2 GJ/Mg (Kahrl et al. 2010). Specific production cost 214 

equations and estimates for the US and China can be found in the Supplemental Materials 215 

Section 2. 216 

 217 

Fertilizer industry profit margins in the United States and China 218 

 219 

Using the price and production cost methods outlined above, we estimate future profit 220 

margins for the USA and Chinese fertilizer industry out to 2035 (Fig. 2). These are 221 

subsequently adapted to include the price and cost of providing new technologies and 222 

services to measure the economic impact of the improved N management scenarios 223 
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described below. The uncertainty bands in Fig. 2 are a result of the range of major 224 

published energy and crop price projections (Nelson et al. 2010; IEA, 2012; US EIA, 225 

2013; OECD/FAO, 2013; World Bank 2013a). 226 

 227 

[Insert Fig. 2 here] 228 

 229 

We estimate industry profit per hectare and farmer fertilizer cost per hectare using 230 

Equations 1 and 2: 231 

 232 

����������	�	
����	������	���	ℎ������ = ��� − ��� ×	��                                         233 

(1) 234 

                 235 

������	����������	����	
�����	���	ℎ������ = �� × ��                                              236 

(2)                            237 

                                 238 

PN= N price  ($ kg N-1) 239 

CN= N cost of production ($ kg N-1) 240 

RN= N application rate (kg N ha-1) 241 

 242 

Nitrogen use efficiency (NUE): assumptions, metrics, and policy 243 

scenarios 244 

 245 

Page 10 of 86



 11

Based on the economic concept of input substitutability, this study assumes that the 246 

projected rate of yield increase remains constant across the different improved N 247 

management scenarios. To maintain yield while reducing N use intensity, the use of 248 

FBMPs and/or EEFs must increase. This is a conservative assumption, as farmers may be 249 

able to increase, not just sustain, their yields with less N by using EEFs and/or FBMPs 250 

and/or FBMPs (e.g. Koch et al. 2004; Chen et al. 2010; Blaylock et al. 2013). 251 

 252 

Fertilizer recovery efficiency (RE - the proportion of applied N fertilizer taken up by 253 

aboveground plant biomass) is used to measure NUE: 254 

 255 

�� =  ! "
#
× 100                                                                                  256 

(3) 257 

 258 

U  = Total N uptake by aboveground plant biomass in a plot that receives fertilizer (kg N 259 

ha-1) 260 

Uo = Total N uptake by aboveground plant biomass in a plot that receives no fertilizer (kg 261 

N ha-1) 262 

F = Fertilizer applied (kg N ha-1) 263 

 264 

Baseline NUE and business-as-usual scenarios 265 

 266 

United States  267 

 268 
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Using USDA and agronomic literature data on corn yields, N application rates and corn 269 

N uptake from unfertilized fields, we estimate a mean 2010-2012 RE baseline for US 270 

corn of 40%. Under the BAU scenario using the OECD/FAO projections of corn yield 271 

and N application rates, RE increases to 45% in 2035 as they assume a moderate increase 272 

in NUE over time based on growing environmental concerns (Alexandratos and 273 

Bruinsma, 2012). 274 

 275 

China 276 

 277 

Using FAOSTAT and agronomic literature data on corn yields, N application rates and 278 

corn N uptake from unfertilized fields in China, we estimate a mean 2010-2012 RE 279 

baseline for corn of 11%. Though this value is consistent with several field studies (e.g. 280 

Cui et al. 2008), higher RE values for maize in China have also been recorded (e.g. Ju et 281 

al. 2009, Chen et al. 2010), which appear to be driven by higher yields than those 282 

reported by FAOSTAT. Under the BAU scenario, RE increases to approximately 15% in 283 

2035 as a slight increase in NUE is assumed to occur over time (Alexandratos and 284 

Bruinsma, 2012). 285 

 286 

See the Supplemental Materials Sections 3 and 4 for more detail on the assumptions 287 

underlying these estimates and for an explanation of the significant differences in NUE 288 

between the USA and China. 289 

 290 

Improved N management scenarios and implementation strategies 291 
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 292 

For both the USA and China we analyze two improved N management scenarios (one 293 

moderate, one ambitious) that set RE targets above projected BAU levels (summarized in 294 

Table S1 in the Supplemental Materials). Our results are then presented as the economic 295 

impacts of these scenarios relative to BAU. We assume here that the NUE scenarios are 296 

implemented as a condition for receiving existing agricultural subsidies – in this way we 297 

side step a discussion of the merits and impacts of various policy mechanisms such as a 298 

tax on traditional forms of N fertilizer, or subsidies for newer products. Instead, we focus 299 

solely on how the change in fertilizer consumption and sales affects the fertilizer costs 300 

and profits of farmers and the fertilizer industry, respectively. (See Supplemental 301 

Materials Section 10 for a review of USA and China agricultural policy vis-à-vis Nr 302 

pollution, including a discussion of several possible policy approaches to facilitate 303 

realization of the RE targets).   304 

 305 

United States  306 

 307 

The first, moderate US scenario sets a 50% RE target i.e. that, on average, 50% of 308 

applied N is recovered by US corn in 2035. This is the mid-value of the reported fertilizer 309 

recoverability of US corn (40%-60% - Smil, 1999; Kitchen and Goulding, 2001; 310 

Dobermann, 2007) and a 25% increase in RE relative to the 2010-2012 average. The 50% 311 

RE target implies a 10% reduction in the N application rate in 2035 compared to the 312 

BAU scenario.  313 
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     The second, more ambitious US scenario is based on the upper boundary of fertilizer 314 

recoverability in Smil (1999): a 60% RE target, corresponding to a 50% increase in RE 315 

compared to the 2010-2012 average. This would necessitate a 25% reduction in N 316 

application rates compared to the BAU scenario.  317 

 318 

China 319 

 320 

The moderate China scenario sets a 20% RE target. This would require a relative 321 

improvement in RE of 82% by 2035 compared to 2010-12 levels, but would still be 322 

below the RE achieved in Chinese field experiments where the synchronization of soil N 323 

supply and crop N demand was significantly improved (achieving RE levels of 324 

approximately 30% according to Cui et al. 2008). The RE 20% target approximately 325 

marks the halfway point between China’s current RE levels (11%) and the 30% recorded 326 

in Cui et al. (2008). The RE 20% target implies a 25% reduction in the N application rate 327 

in 2035 compared to the BAU scenario.  328 

     The ambitious China scenario sets a 30% RE target, based on RE results from Cui et 329 

al. (2008). This would necessitate a 50% reduction in N application rates compared to the 330 

BAU scenario by 2035.   331 

 332 

Implementation strategies 333 

   334 

We consider four implementation strategies for achieving the RE targets: 335 

 336 
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1. “No adoption”: Neither farmers nor the fertilizer industry adopt or develop new 337 

practices or products in response to the RE targets. This implementation strategy 338 

assumes that farmers reduce their N application in compliance with the RE 339 

targets, but without learning new practices or purchasing new technologies to 340 

maintain their yield levels. As a result, the fertilizer industry’s revenue would 341 

decrease, with little demand for new products or services given lack of farmer 342 

interest. And while farmers may be able to meet the RE target via a significant 343 

reduction in N application rate (see Equation 3), they could potentially suffer 344 

considerable yield decreases if nothing is done to use the remaining applied N 345 

more efficiently (Zhang et al., in review). A limitation of the model used in this 346 

study is that it is not dynamic, meaning that reduced corn yields do not affect corn 347 

prices, when in reality yield reductions on a large-scale could result in price 348 

increases. 349 

2. “100% FBMP”: Farmers reach the target purely by using FBMPs, i.e. they focus 350 

on applying existing fertilizer types more efficiently, through, for example 351 

splitting fertilizer application into smaller applications throughout the growing 352 

season that coincide with the times that the crops most need fertilizer, or using 353 

GPS technology to identify more precisely where the N requirements are in a 354 

particular field (Robertson and Vitousek, 2009).  355 

3. “100% EEF”: Farmers reach the target purely by using EEFs. In this strategy, the 356 

farmers’ only action to comply with the target is the purchase and application of 357 

these new fertilizer technologies – the “best management practice” so to speak is 358 

already embedded in the product.  359 
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4. “50/50”: An equal mix of EEFs and FBMPs are used to achieve the RE target.  360 

 361 

 362 

 363 

 364 

Costs of fertilizer best management practices and enhanced efficiency fertilizers 365 

 366 

In order to estimate the costs and benefits of following these strategies, data on the cost 367 

of implementing and providing FBMPs is required, as well as the price and production 368 

cost of EEFs. 369 

 370 

Fertilizer best management practices 371 

 372 

Price estimates of FBMPs in the US and China are taken from the International Institute 373 

for Applied Systems Analysis (IIASA) Greenhouse Gas and Air Pollution Interactions 374 

and Synergies (GAINS) model and optimized to achieve the N rate reductions prescribed 375 

by each RE target (Winiwarter, 2005; Table 2). The units are in $ kg N-1 reduced, i.e. the 376 

cost of reducing 1 kg of N use via a FBMP. For the US, FBMP prices range from $0.33-377 

$0.99 kg N-1 reduced depending on the RE target, and $0.68-$0.82 kg N-1 reduced for 378 

China (Table S2 in the Supplemental Materials). 379 

 380 

The cost of providing a FBMP is derived from McCann and Easter (2000), which they 381 

estimate to be approximately 60% of the cost of abatement. While this estimate is based 382 
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on US agricultural conditions, it is also applied to China given the lack of a country-383 

specific estimate. These additional costs are integrated into the farmer and fertilizer 384 

industry cost structures in Equations 4 and 5 for both the USA and China (see also the 385 

Supplemental Materials Section 5). For the purposes of this study, we assume that the 386 

bulk of FBMPs implemented over the period 2015-2035 will be provided by industry, 387 

given the steps that major fertilizer companies are taking to develop such services (e.g. 388 

Yara, 2013), and the history of inadequate government funding (Cox, 2007; Li et al. 389 

2013).  390 

 391 

������&�	����������	����' = ��,' × ���,' + �#*+,,' × -./0�,' − ���,'1	                392 

(4) 393 

 394 

REN,i = N application rate under a RE scenario in year i (kg N ha-1) 395 

PFBMP,i = Price to implement a fertilizer best management practice in year i ($ kg 396 

N-1 reduced)  397 

BAUN,i = N application rate under the BAU scenario in year i (kg N ha-1) 398 

 399 

2	
����	������' = ���,' − ��,'� × ���,' + ��#*+,,' − �#*+,,'� × -./0�,' − ���,'1    400 

(5) 401 

 402 

CFBMP,i = Cost to provide a fertilizer best management practice in year i ($ kg N-1 403 

reduced) 404 

 405 
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Enhanced efficiency fertilizers 406 

 407 

It is very challenging to find consistent price estimates for EEFs in either the academic or 408 

industry literature. Price estimates for slow/controlled release fertilizers range from a 409 

50% to a 1200% premium over the price of a traditional N fertilizer (Lammel, 2005; 410 

Trenkel 2010; Blaylock 2013). Estimates for nitrification and urease inhibitors are more 411 

constrained but still uncertain, with a range of an 8%-100% premium above the price of 412 

traditional N fertilizer (Lammel 2005; Laboski 2006; Trenkel, 2010; Brink et al. 2011). 413 

EEF production cost estimates are not publicly available given their sensitive, proprietary 414 

nature.  415 

    To address this data gap, we conducted an expert elicitation of U.S. and Chinese 416 

fertilizer industry experts to better constrain these parameters. Expert elicitations are 417 

often used to characterize uncertainty on issues where information is not easily available 418 

(US EPA, 2009). Nine fertilizer industry experts from the US and China were selected to 419 

participate in the elicitation based on their reputation as leaders in the EEF sector, the 420 

variety of disciplines they represent from agronomics to market analysis, and their 421 

willingness to participate. We solicited their expert judgment on the current price and 422 

cost of production of slow/controlled release fertilizers and nitrification and urease 423 

inhibitors, their future price and cost of production under the different RE targets, and the 424 

proportions in which they are used. Experts were asked to provide median estimates, as 425 

well as 5% and 95% uncertainty bounds. We then weighted experts’ responses based on 426 

their score from five seed questions about their experience and general knowledge of the 427 

EEF market. These weighted responses were subsequently pooled to provide an expert 428 
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consensus (Aspinall, 2010). The seed questions, weighting and elicitation questions are 429 

provided in the Supplemental Materials Sections 6, 7 and 8. The responses are aggregated 430 

and summarized in Table 3 – given the comparatively wide uncertainty bounds that 431 

accompanied expert responses, estimates for the US and China were statistically 432 

indistinguishable and are consequently aggregated in a single price and production cost 433 

estimate applicable to both the US and China. The overall EEF premium is a weighted 434 

average of the slow/controlled release fertilizer and nitrification and urease inhibitor 435 

premiums based on their relative consumption. 436 

      Overall, current premiums of 17% for price and 7.9% for cost are projected to be 17% 437 

and 9.3% respectively in 2035 under the moderate RE targets, and 15% and 10% 438 

respectively under the ambitious targets (Table S3 in the Supplemental Materials). The 439 

aggregated price premiums are significantly lower than the range of price estimates cited 440 

above – this may be due to the fact that the elicitation specifically asked for information 441 

on EEFs used in broad acre crops (i.e. cereals), whereas several of the estimates cited 442 

above are for specialty crops (e.g. fruit and vegetables) where EEFs often have a higher 443 

premium (Trenkel, 2010). As with the FBMP cost estimates above, we integrate the EEF 444 

price and cost estimates into the traditional farmer and fertilizer cost structures in 445 

Equations 6 and 7 (see also Supplemental Materials Section 5).  446 

 447 

������&�	����������	����' = ���33#,' × 433#,'� + ��,' × �1 − 433#,'�� × ���,'               448 

(6)                                            449 

 450 

PEEF,i = Price of enhanced efficiency fertilizer in year i ($ kg N-1) 451 
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αEEF,i = Portion of N applied as enhanced efficiency fertilizer (based on the 452 

assumption that a farmer applying 100% of their N as EEF reduces their N 453 

requirements by approximately 40% - Blaylock, 2013) 454 

 455 

2	
����	������' = ���33#,' − �33#,'� × 433#,' + ���,' − ��,'� × �1 − 433#,'�� × ���,'              456 

(7)         457 

 458 

CEEF,i = Production cost of enhanced efficiency fertilizer in year i ($ kg N-1) 459 

 460 

Environmental costs 461 

 462 

Improving agricultural N management reduces Nr losses to the environment, which, as a 463 

result of one N atom’s ability to easily interconvert among different forms, can lead to a 464 

variety of environmental and health benefits (Galloway et al. 2003). This study estimates 465 

these benefits by applying IPCC emission factors (IPCC, 2006) and peer-reviewed 466 

damage cost estimates (in $ kg Nr-1) to the difference in N application rates between the 467 

BAU and RE scenarios (Equation 8 and Table S5 in Supplemental Materials).  468 

 469 

�	5���	��	���	6�	����� = -./0�,' − ���,'1 × ��7 × 87,'                                             470 

(8) 471 

 472 

EFj = IPCC emission factor for Nr compound j (unitless) 473 

Dj,i = Damage cost for Nr compound j in year i ($ kg N-1) 474 
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 475 

    The IPCC emission factors quantify the direct and indirect N losses of N2O, NOx, NH3, 476 

and NO3
- from agriculture per kg N applied. Each Nr compound has a specific impact on 477 

the environment: N2O contributes to climate change and stratospheric ozone depletion, 478 

NO3
- to water pollution, and NOx and NH3 to air pollution. Though the IPCC emission 479 

factors often do not accurately replicate N loss estimates at local sites, there is evidence 480 

that these small-scale errors can cancel when aggregated to larger scales, such as 481 

countries (Del Grosso et al. 2008). 482 

 483 

The damage cost estimates used in this study are either based on attempts to monetize the 484 

economic impacts caused by the release of a kg of a particular Nr compound to the 485 

environment (Compton et al. 2011) or on the amount of money society is willing to pay 486 

to avoid these impacts (Brink and van Grinsven, 2011; Gu et al. 2012). The societal 487 

damages range from direct human health impacts to broader environmental 488 

consequences. For example, emerging evidence suggests that chronic exposure to NO3
- 489 

concentrations exceeding 25 mg L-1 in drinking water increases incidences of colon 490 

cancer (DeRoos et al. 2003; Grizzetti et al. 2011; van Grinsven et al. 2010), while 491 

eutrophication caused by NO3
- leaching has been shown to reduce biodiversity.  492 

    The estimates are averaged to have one damage cost per Nr species. The considerable 493 

range between estimates stems from a variety of factors – for example, Gu et al. (2012) 494 

argue that their damage cost estimates for China are significantly lower than those for the 495 

USA and EU largely because they use a relatively low value of a statistical life. 496 

Meanwhile, the markedly higher damage cost for NO3
- pollution in the USA compared to 497 
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the EU is due to the economic impact of the fisheries decline in the Gulf of Mexico 498 

sparked by NO3
--induced eutrophication, while the EU estimate is based on a 499 

Scandinavian citizen’s willingness to pay for a “healthy Baltic”. These disparities are 500 

apparent for all the major Nr species (Table S5, Supplemental Materials), indicating 501 

significant differences in what Nr pollution effects are included and excluded in these 502 

estimates. This makes the calculation of environmental damages from Nr pollution a 503 

particularly uncertain exercise. Consequently, the values used in this study should be 504 

viewed as illustrative, with this field a crucial area of future research. 505 

      Finally, the damage cost estimates used in this study are adjusted to US and China 506 

gross national income (GNI) per capita in order to better reflect their respective national 507 

economic conditions (an approach adopted from van Grinsven et al. 2013). For example, 508 

Brink and van Grinsven (2011) estimate a total damage cost for N2O of $13 kg N2O-N-1, 509 

based on the average EU citizen’s willingness to pay. However, because GNI per capita 510 

is higher in the US than the EU ($50,120 compared to $33,609 in 2012 – World Bank, 511 

2013b), US society has a higher willingness to pay to avoid the damages from a kilo of 512 

N2O-N ($19 kg N2O-N-1). Similarly, China’s GNI per capita is much lower than the EU 513 

($5,740, compared to $33,609 – World Bank, 2013b), resulting in a significantly lower 514 

willingness to pay to avoid a kilo of N2O-N ($2.2 kg N2O-N-1). This approach is applied 515 

to all damage cost estimates(Table S5 in the Supplemental Materials).  516 

 517 

Results and discussion 518 

 519 

United States 520 
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 521 

Farmers and fertilizer industry – In both RE scenarios, the average 20-year fertilizer 522 

cost per hectare for farmers is reduced relative to BAU, regardless of the implementation 523 

strategy. The opposite is true for the fertilizer industry, with profits consistently lower 524 

than BAU, implying that the “sweet spot” cannot be achieved in the USA using current 525 

price/cost estimates of EEFs and FBMPs (Fig. 3). Nevertheless, the economic 526 

consequences of the “no adoption” response to the RE targets is more severe for both 527 

stakeholders: farmers are projected to lose a significant portion of their projected corn 528 

revenue due to reduced yields (10-20%), while reduced sales negatively affect projected 529 

fertilizer industry profits (4-11%) relative to BAU.   530 

 531 

Environment – Reductions in N pollution over 20 years range from 2.5 Tg N in the RE 532 

50% scenario to 6.4 Tg N in the RE 60% scenario (Table 1). In both RE scenarios, the 533 

environmental benefits ($46-115 billion) dwarf the fertilizer industry losses ($0.7-2.2 534 

billion) and farmer savings (ranging from a loss of $0.6 billion to savings of $3 billion – 535 

Fig. 4, Table S6 in Supplemental Materials). This is because the cost to society of N 536 

losses (from $8.2 to $39.4 kg N-1 depending on the Nr species) vastly outweigh the cost 537 

of N fertilizer based on the monetization assumptions adopted here ($0.75 kg N-1 in 2010, 538 

and projected to increase to $0.96 kg N-1 in 2035 – Fig. 2). The savings from reduced 539 

NO3
- losses eclipse the other environmental benefits for two reasons: it has the highest 540 

IPCC emission factor (30% compared to 1.3% for N2O and 5% for NOx and NH3), and 541 

the highest average damage costs ($39.4 kg NO3-N
-1, compared to $24.6 kg NOx-N

-1, 542 

$13.7 kg NH3-N
-1 and $8.2 kg N2O-N-1). 543 

 544 
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China 545 

 546 

Farmers and fertilizer industry – The economic impacts of China’s RE scenarios on 547 

farmers and the fertilizer industry are more pronounced compared to the USA given the 548 

more significant reductions in N inputs required to meet the RE targets. For example, the 549 

change in Chinese farmers’ 20-year fertilizer costs relative to BAU is projected to range 550 

from a 2% increase to a 20% reduction, depending on the implementation strategy. 551 

Similarly, the change in 20-year fertilizer industry profits range from a 17% loss to a 16% 552 

gain relative to BAU (Fig. 3). Like the USA, the costs of “no adoption” as a response to 553 

the RE targets far outweigh the costs and/or benefits of all of the implementation 554 

strategies. Nevertheless, in contrast to the USA, it appears that a “sweet spot” does occur 555 

in certain situations using the current price/cost estimates for EEFs and FBMPs: farmers 556 

reduce costs and fertilizer industry increase profits relative to BAU using the 100% 557 

FBMP and 50/50 implementation strategies in the RE 20% scenario.  558 

 559 

Environment – Reductions in N pollution over 20 years range from 10.1 Tg N in the RE 560 

20% scenario to 19.7 Tg N in the RE 30% scenario (Table 1). Akin to the US, the 561 

environmental benefits of achieving the RE targets ($21-40 billion) are considerably 562 

greater than the impacts on fertilizer industry profits (ranging from a loss of $2.9 billion 563 

to a gain of $2.7 billion over 20 years depending on the implementation strategy) and 564 

farmer savings (ranging from a loss of $1.5 to a gain of $15 billion over 20 years) (Fig. 4, 565 

Table S6 in Supplemental Materials). 566 

 567 
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[Insert Figure 3 here] 568 

[Insert Figure 4 here] 569 

[Insert Table 1 here] 570 

 571 

These results show that the “sweet spot” – where farmers save, industry profits, and the 572 

environment benefits – is achievable, but only in China according to our model 573 

(specifically, in the RE 20% scenario using the 50/50 and 100% FBMP implementation 574 

strategies).  Perhaps the central reason for the “sweet spot” occurring only in China is the 575 

considerably greater potential for N application rate reductions from improved NUE in 576 

China compared to the US. Over the past three decades, NUE has increased considerably 577 

in the US corn sector, while it has decreased in China’s corn sector (see Supplemental 578 

Materials Section 1).   579 

    A clear implication of our analysis is that the prices and production costs of EEFs and 580 

FBMPs are critical in determining whether the fertilizer industry profits and farmers 581 

reduce their fertilizer costs. It is therefore important to understand whether there are price 582 

ranges for EEFs or FBMPs that could create a “sweet spot” where none currently exist. 583 

The following section attempts to identify these sweet spot ranges. 584 

 585 

“Sweet spot” ranges 586 

 587 

United States 588 

 589 
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There is no potential for a “sweet spot” in either US RE scenario using the 100% FBMP 590 

strategy, regardless of the values for FBMP price and cost of implementation: the FBMP 591 

price that would be high enough to generate industry profits leads to farmer losses, while 592 

the FBMP prices currently used in both scenarios lead to industry losses. Similarly, even 593 

if the FBMP cost of implementation in both scenarios is reduced to $0.00, industry would 594 

still be unable to make enough profit relative to BAU to offset the losses in revenue from 595 

reduced fertilizer sales. However, this should not lead to the conclusion that the provision 596 

of FBMPs in the USA is a completely unprofitable endeavor – it is simply less profitable 597 

than BAU. Moreover, as described in the Supplementary Information Section 5, a 598 

significant portion of US corn farmers already implement FBMPs – these are not only 599 

provided by several fertilizer companies, but also by companies such as John Deere and 600 

Monsanto, that could profit from the increased farmer demand for FBMPs stimulated by 601 

the RE targets while avoiding the brunt of the revenue losses from reduced fertilizer 602 

sales. Finally, while a fertilizer industry “sweet spot” range for the 100% FBMP strategy 603 

may not exist for the US RE targets evaluated in this paper, it could well be that one 604 

exists for other more or less ambitious RE targets. 605 

    By contrast, there are a range of EEF price premiums that could lead to a “sweet spot” 606 

using the 100% EEF implementation strategy. In the RE 50% scenario this price premium 607 

range is 33%-52% above the price of traditional N fertilizer, with the lower bound 608 

marking the minimum value that would generate fertilizer industry profits equivalent to 609 

the BAU scenario, and the upper bound the maximum value that would generate farmer 610 

fertilizer costs equivalent to the BAU scenario. Similarly, EEF price premiums of 37%-611 

60% would create a “sweet spot” in the RE 60% scenario (Fig. 5). 612 
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 613 

China 614 

 615 

Fig. 5 also shows the results for China of the same analysis conducted above for the US. 616 

It demonstrates that in the RE 20% scenario, the “sweet spot” could be reached in the 617 

100% EEF implementation strategy if the 2035 EEF price premium increased from 17% 618 

to 23%-56% above the price of traditional fertilizer.  If, by contrast, the 2035 EEF price 619 

premium remained at 17%, then the cost premium would have to decrease from 9% to 620 

0%-4% in order to ensure industry profitability.  621 

    Similarly, while the “sweet spot” is already achieved using the 100% FBMP strategy in 622 

the RE 20% scenario, the FBMP price of $0.68 kg N-1 reduced could range from $0.53-623 

$0.77 kg N-1 reduced. Meanwhile, if the price per kg N reduced remained fixed, industry 624 

could still profit if the cost of implementing a FBMP ranged between $0.00-$0.46 kg N-1 
625 

reduced (compared to the 2035 value of $0.42 kg N-1 reduced).  626 

     A similar set of conclusions can be drawn from the RE 30% scenario – the EEF price 627 

premium would have to be in the range of 35%-220% (as opposed to 15%) to create a 628 

“sweet spot”. Meanwhile, the “sweet spot” range for FBMP price ($0.55-$0.77 kg N-1 
629 

reduced) is below the value currently used ($0.82 kg N-1 reduced), and if prices remain 630 

fixed the implementation cost could range from $0.00-$0.62 kg N-1 reduced and still 631 

generate industry profit relative to BAU. 632 

 633 

[Insert Figure 5] 634 

 635 
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Overall, these results show that the potential for a “sweet spot” exists in both the USA 636 

and China. However, obtaining a “sweet spot” in China is easier due to the current 637 

extensive over-application of fertilizer, which creates a greater potential for farmers and 638 

the fertilizer industry to gain economically from improved N management.  The key to 639 

achieving the “sweet spot” is finding a range of FBMP and EEF prices and costs that are 640 

high enough to offset reductions in fertilizer industry revenue, while being affordable 641 

enough for farmers to reduce their fertilizer costs. While it appears more likely across all 642 

the RE scenarios that farmers save rather than industry profits (particularly in the USA), 643 

the increasingly globalized market for N fertilizer means that industry profits from 644 

increased demand for EEFs and/or FBMPs could potentially accrue across several 645 

national markets. For example, Agrium is the biggest supplier of N fertilizer to the US 646 

and increasing its business in China – consequently, profit losses in one market could be 647 

offset by gains in another. Furthermore, while this study focuses on the average farmer, 648 

in reality agricultural N pollution is primarily caused by farmers that significantly over-649 

fertilize (Williamson, 2011). The results of this study indicate that farmers that apply 650 

above-average amounts of N fertilizer have the most to gain from improving their NUE.  651 

    Finally, our results demonstrate that the environmental benefits of the various RE 652 

targets dwarf the economic impacts on both the fertilizer industry and farmers. 653 

Consequently, if the social and environmental costs of N pollution shown in Table S5 are 654 

realistic order-of-magnitude estimates, then society would stand to gain significantly 655 

from improved N management policies regardless of how the economic welfare of these 656 

two major private stakeholders is affected. This dynamic suggests that viable policy 657 

options could include incentives for farmers and the fertilizer industry in order to increase 658 
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the likelihood of their support for improved N management policies (Barrett, 2003). 659 

These could include subsidies for EEF R&D (to incentivize the fertilizer industry to 660 

accelerate their development and roll-out) and investments in technical infrastructure to 661 

educate farmers on the most appropriate and effective NUE practices and technologies 662 

and assist them in their deployment. These types of political “sweeteners” to stakeholders 663 

that might otherwise block policy initiatives could be justifiable given the considerable 664 

monetary benefits to society from reducing agricultural Nr pollution. 665 

 666 

 667 

Future research 668 

 669 

Several next steps can expand upon this research. First, it is important to improve the 670 

damage cost estimates of Nr pollution, starting from a set of common underlying 671 

assumptions. Second, it is important to test the “sweet spot” hypothesis in more countries 672 

(with a goal of global coverage) and on more crop systems (with a goal of all major 673 

fertilizer consumers) to determine where else farmers, fertilizer manufacturers and the 674 

environment can simultaneously profit. Furthermore, it would be useful to combine the 675 

cost-benefit analysis of this study with a more detailed representation of agricultural N 676 

dynamics (e.g. Bouwman et al. 2011; Bodirsky et al. 2012) through integrated assessment 677 

modeling, in order to provide a more coherent and holistic framework for policy-makers 678 

to evaluate the environmental and economic impacts of various improved N management 679 

policy options. Such a modeling exercise could, for example, help policy-makers better 680 

understand the environmental and economic trade-offs between EEFs and FBMPs for 681 

Page 29 of 86



 30

farmers and the fertilizer industry, another area currently in need of further study. Finally, 682 

it is important to consider the different policy mechanisms that could be used to 683 

implement N use efficiency targets, and how to ensure their successful implementation at 684 

the farm-scale. While it is conceivable that overall targets on NUE could be set at the 685 

international level (Sutton et al. 2013), the actual implementation of these standards will 686 

depend on national and local circumstances.  687 

 688 

 689 

 690 

Conclusion 691 

 692 

Our study suggests that improved N management policies can be implemented in such a 693 

way that a “sweet spot” occurs, where industry profits, farmers reduce their costs, and the 694 

environment benefits – though with a higher likelihood of one occurring in the corn 695 

sector in China than in the USA. The price and production costs of the NUE-improving 696 

technologies and practices are critical to achieving the “sweet spot”. This study 697 

demonstrates the value of considering all major stakeholders, both public and private, 698 

when evaluating the economic impacts of improved N management policies, and is the 699 

first to explicitly consider the fertilizer industry. Given the historical importance of 700 

industry’s role in environmental governance, understanding the economic impacts of 701 

improved N management policies on the fertilizer industry is an important step forward 702 

in the evaluation of different policy options for addressing agricultural Nr pollution, and 703 

we hope future economic analyses of this kind will also include it. 704 
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 1017 

 1018 

Table 1 Absolute values of agricultural N pollution (in Tg N) reduced over 20 years in 1019 

each NUE scenario. 1020 

 1021 

 1022 

 1023 

 1024 

A1.2 Figures 1025 

 1026 

Figure 1 Diagram of the model used to simulate industry profits, farmer savings and 1027 

environmental benefits. The “fertilizer pricing model” uses energy and crop prices to 1028 

simulate traditional fertilizer prices and production costs, while costs related to fertilizer 1029 

best management practices (FBMP) and enhanced efficiency fertilizers (EEF) are 1030 

included when evaluating the NUE scenarios. Fertilizer application rates, both business-1031 

as-usual trends and rates under nitrogen use efficiency scenarios affect the economic 1032 

welfare of all stakeholders, while the IPCC emission factors and damage costs that 1033 

comprise the environmental impact model are central to the estimation of environmental 1034 

benefits. 1035 

 1036 

Figure 2 Historical and projected fertilizer industry profit margins for the United States, 1037 

and China. The US profit margin is based on an aggregated N fertilizer price and 1038 

production cost (combining anhydrous ammonia, urea and UAN), while China’s fertilizer 1039 

industry profit margin is for urea. Projected margins (2013-2035) are based on 1040 
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 39

OECD/FAO (2013) crop price projections and IEA (2012) energy price projections. The 1041 

uncertainty bands are a result of the range of major published energy and food price 1042 

projections. 1043 

 1044 

Figure 3 20-year industry profits (light grey bars) and farmer savings (dark grey bars) 1045 

over the period 2015-2035 under the USA RE 50%, USA RE 60%, China RE 20% and 1046 

China RE 30% targets, for the no action, 100% EEF, 100% FBMP, and 50/50 strategies 1047 

relative to the BAU scenario. Error bars represent the uncertainty bounds for EEF price 1048 

and production cost (this paper), FBMP prices (Winiwarter, 2013 - personal 1049 

communication), and yield losses (Vitosh, 1995). 1050 

 1051 

Figure 4 – 20-year environmental benefits over the period 2015-2035 of achieving the 1052 

USA and China RE targets relative to BAU, in terms of avoided economic damage (2005 1053 

USD billions). The uncertainty bars represent the range of damage cost estimates from 1054 

Brink et al. 2011, Compton et al. 2011, and Gu et al. 2012. 1055 

 1056 

Figure 5 The price and production cost ranges (represented by the various rectangles) for 1057 

EEFs or FBMPs that could create a sweet spot in 2035 where none currently exist. The 1058 

black diamonds represent the price and cost data from Tables S2 and S3 in the 1059 

Supplemental Materials. Either EEF/FBMP production/provision costs are fixed at the 1060 

levels described in Tables S2 and S3 while prices are shifted, or vice-versa (i.e. price is 1061 

fixed while costs are shifted). These sweet spot ranges exist for most of the NUE 1062 

scenarios and implementation strategies, with the exception of the US FBMP strategies 1063 
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and US EEF production costs. The potential for a sweet spot range is much larger in 1064 

China, due to the currently extensive over-application of fertilizer, which creates a greater 1065 

potential for farmers and the fertilizer industry to make economic gains from improved N 1066 

management. 1067 

 1068 

 1069 

 1070 

 1071 

 1072 

A2. Tables 1073 

 1074 

 1075 

Table 1 1076 

 1077 

 
Nr compound    

USA 

        RE 50%                RE 60% 
China 

      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 

 1078 

 1079 
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Reducing nitrogen pollution while decreasing farmers’ 1 

costs and increasing fertilizer industry profits 2 

 3 

David R. Kanter, Xin Zhang and Denise L. Mauzerall  4 

 5 

Supplementary materials 6 

 7 

These supplementary materials provide more details on several elements of our paper: 8 

 9 

1. Past trends in fertilizer rates and corn yields in the USA and China. 10 

2. Methods and data sources used to project future fertilizer prices and production 11 

costs and their evaluation. 12 

3. More detail on the assumptions underpinning the USA and China nitrogen use 13 

efficiency (NUE) baselines. 14 

4. An explanation of the central factors driving the differences in NUE between the 15 

USA and China. 16 

5. Details on the price and production cost estimates for fertilizer best management 17 

practices (FBMPs).  18 

6.  Details on current EEF consumption.  19 

7. The expert elicitation questionnaire used to generate values for EEF price and cost 20 

of production, and a summary of the results. 21 

Page 46 of 86



 2

8. The seed questions used to weight expert responses and the weighting protocol. 22 

9. Summary of the IPCC emission factors and environmental cost estimates. 23 

10. A history of government policy vis-à-vis fertilizer and Nr pollution in both the 24 

USA and China, and policy suggestions for how NUE targets might be 25 

implemented. 26 

 27 

1. Past trends in fertilizer rates and corn yields in the USA and China 28 

 29 

While average N application rates for corn grown in the USA increased by 6% over the 30 

period 1990-2010 (from 148 kg N ha-1 to 157 kg N ha-1), corn yields increased by 30% 31 

(from 7.4 Mg ha-1 to 9.6 Mg ha-1), indicating a notable increase in US NUE due to 32 

improved germplasm and crop management practices (Cassman et al. 2002; Dobermann 33 

and Cassman, 2004; USDA ERS, 2011, 2014).  By contrast, over the same period 34 

Chinese farmers in the corn sector have increased their average N fertilizer rates by 46% 35 

(from 157 kg N ha-1 to 230 kg N ha-1), and increased yields by 20% (4.5 Mg ha-1 to 5.5 36 

Mg ha-1), which has led to a decrease in Chinese NUE (FAOSTAT, 2013). These 37 

differing trends are captured in Fig. S1, which shows kg N applied per Mg of corn 38 

produced, indicating that the amount of N used to produce one Mg of corn is decreasing 39 

in the US and increasing in China. 40 

 41 

[Insert Fig. S1 here] 42 

 43 

 44 

Page 47 of 86



 3

2. Future fertilizer prices and production costs 45 

 46 

Projecting future fertilizer prices 47 

 48 

United States  49 

 50 

For the purposes of this study, we create an aggregate US N fertilizer price, based on the 51 

relative consumption of urea, anhydrous ammonia and urea ammonium nitrate (UAN) 52 

over the period 2000-2010. These three fertilizers comprise 92% of the N fertilizer 53 

consumed in the US (USDA ERS, 2013a). We assume their relative consumption (28% 54 

urea, 37% anhydrous ammonia, and 35% UAN – proportions which fluctuated less than 55 

2% during the period 2000-2010) remains constant over the period of the analysis. To 56 

estimate future prices an autoregressive integrated moving average (ARIMA) model was 57 

developed using the principal determinants of N fertilizer prices - historical natural gas, 58 

corn and wheat prices from 1980-2012 (IBISWorld, 2012; Yara, 2012): 59 

 60 

�� = −25.3 + 13.63���� + 0.60���� + 1.03����                                                  (S1) 61 

 62 

PN = Nitrogen fertilizer price ($ kg N-1) 63 

Png = Natural gas price ($ MMBTU-1) 64 

PC = Corn price ($ Mg-1) 65 

PW= Wheat price ($ Mg-1) 66 

 67 
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This simple model’s simulation of historical U.S. N fertilizer prices is relatively well 68 

correlated with historical US Geological Survey ammonia prices (r2=0.56, p<0.01; 69 

USGS, 2012) and World Bank urea prices (r2=0.67, p<0.01; World Bank, 2013). Coal 70 

and rice prices were not included in the final model as they decreased the correlation 71 

coefficient. To estimate future N prices, projected wheat, corn and natural gas prices from 72 

the OECD/FAO and IEA are inserted into Equation S1. These price estimates are 73 

summarized in Table S1a. 74 

 75 

China  76 

 77 

Urea comprises 67% of China’s fertilizer consumption. This proportion is expected to 78 

increase as ammonium bicarbonate (which currently comprises 19% of consumption) is 79 

gradually phased out (Yara, 2012). A series of recent market reforms in China (Zhang et 80 

al. 2009) have led to Chinese urea prices being increasingly correlated with world urea 81 

price fluctuations. Since 1996, Chinese urea prices have been highly correlated with 82 

World Bank urea prices (r2=0.79, p<0.01).  We therefore assume that China’s future urea 83 

prices will equal future World Bank urea prices.  84 

 85 

To estimate future World Bank urea prices, we developed another ARIMA model using 86 

historical natural gas, coal, corn, rice and wheat prices from 1980-2012: 87 

 88 

����� = −138.07 + 1.03������� + 14.18���� + 0.42���� + 0.2���� + 0.56����                  (S2) 89 

  90 
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This simple model’s simulation of historical World Bank urea prices is well correlated 91 

with historical USDA urea prices (r2=0.72, p<0.01; USDA ERS, 2013b) and US 92 

Geological Survey ammonia prices (r2=0.75, p<0.01; USGS, 2012). In contrast to the US 93 

fertilizer price model, including coal and rice prices here increases the correlation 94 

coefficient, because of coal’s primacy as an energy and hydrocarbon source in Chinese 95 

fertilizer production, and the large proportion of Chinese agriculture devoted to rice 96 

production. To estimate future urea prices, projected crop and energy prices from the 97 

OECD/FAO and IEA are inserted into Equation S2. These price estimates are 98 

summarized in Table S1b. 99 

 100 

Projecting future fertilizer production costs 101 

 102 

United States 103 

 104 

The cost of production for the major forms of N fertilizer used in the US (anhydrous 105 

ammonia, urea and UAN) is calculated under the assumption that natural gas will account 106 

for 75-90% of the cost of ammonia production (GAO 2003; Huang 2007; IBISWorld, 107 

2012) and it takes, on average, 36 million British thermal units (MMBtu) to make one 108 

Mg of ammonia (Yara, 2012): 109 

 110 

Ammonia production cost ($ Mg-1) = 
 !×#$%

&                                                (S3) 111 

 112 

Png  = Natural gas price ($ MMBtu-1) 113 
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S = Scaling factor that increases linearly from 0.75 (when Png is $2 MMBtu-1) to 0.9 114 

(when Png is $8 MMBtu-1). This scaling factor also implicitly takes into account the other 115 

costs of ammonia production not mentioned here, including labor and regulatory costs, 116 

plant facility maintenance, transport and other associated expenditures (Yara, 2012). 117 

 118 

This cost estimate is subsequently adapted to estimate the urea and UAN cost of 119 

production, based on the amount of N needed from ammonia to produce 1 Mg of product 120 

(it typically takes 0.37 tons and 0.58 tons of ammonia to make 1 ton of UAN and urea, 121 

respectively – Yara, 2012) and the additional energy required to convert ammonia to urea 122 

and UAN (5.2 MMBtu for urea and 1.4 MMBtu for UAN – the equations below are 123 

adapted from Sawyer et al. 2010; Yara, 2012): 124 

	 

Urea production cost ($ Mg-1) = 
(.)*×� !×#$%�+).,×#$%

&                               (S4)                     125 

 126 

UAN production cost ($ Mg-1) = 
(. *×� !×#$%�+-..×#$%

&                              (S5)                127 

 128 

 129 

As with the fertilizer prices, the cost estimates of these three forms of N fertilizer are then 130 

aggregated based on their weighted consumption to create an overall cost of N fertilizer 131 

production. 132 

 133 
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China  134 

 135 

In China, 92% of ammonia production uses either coal (71%) or natural gas (21%) – the 136 

remaining 8% from oil is being gradually replaced by coal and gas (Zhou et al. 2010). 137 

Both Chinese coal and natural gas prices have become increasingly correlated with world 138 

prices. Recent Chinese coal price data from 1996 to 2012 indicates that they were highly 139 

correlated with World Bank coal prices (r2=0.91, p<0.01). Similarly, China’s natural gas 140 

prices were highly correlated with Japanese liquefied natural gas (LNG) prices over the 141 

same period (r2=0.90, p<0.01), with both countries importing much of their LNG from 142 

Southeast Asia (US EIA, 2014). However, the Chinese fertilizer industry receives a 143 

considerable government subsidy for LNG, making it significantly more affordable: the 144 

2007-2012 ratio of LNG prices paid by the Chinese fertilizer industry vs. Japanese LNG 145 

prices was approximately 0.5 (LBNL, 2008; World Bank, 2013). This ratio is assumed to 146 

remain constant for the period of analysis. 147 

     With this in mind, the following assumptions are made in projecting future urea 148 

production costs: i) Chinese natural gas prices will continue to track Japanese LNG price 149 

fluctuations, taking into account the 50% subsidy the Chinese fertilizer industry receives 150 

for natural gas; and ii) Chinese coal prices will equal world prices by 2020 as coal is not 151 

subsidized for China’s fertilizer industry (Zhang et al. 2009). 152 

 153 

 154 

 155 

 156 
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Chinese natural gas-based fertilizer production 157 

 158 

Given that large, more energy efficient plants dominate China’s natural gas-based 159 

fertilizer production, in contrast to the less efficient small and medium sized plants where 160 

coal-based production dominates, the same cost structure as that for US natural gas-based 161 

production is used to estimate the cost of gas-based fertilizer production (Zhou, 2010; 162 

Zhang et al. 2013).   163 

 164 

Chinese coal-based fertilizer production 165 

 166 

For coal-based ammonia production, coal prices are estimated to be 50-70% of the cost of 167 

production (Kjellberg et al., 2012; PotashCorp, 2013). The energy required to produce 1 168 

ton of ammonia using coal is 59.4 GJ/Mg NH3, with anthracite (comprising 169 

approximately 80% of the coal used in ammonia production,) providing 27.2 GJ/Mg 170 

(Kahrl et al. 2010). An additional 12.2 GJ is required to produce 1 Mg of urea. We 171 

assume that these energy consumption estimates remain constant for the period of 172 

analysis (2015-2035) because coal-based ammonia production in China is largely limited 173 

to small- and medium-scale facilities, which are more energy intensive than large-scale 174 

facilities and have not seen a statistically significant increase in energy efficiency in 175 

recent years (Zhou et al. 2010; Zhang et al. 2013). This is a conservative assumption, as 176 

increases in the energy efficiency of coal-based ammonia production could reduce 177 

production costs for the fertilizer industry, thereby potentially increasing their 178 

profitability. Using a similar scaling factor as the one applied to natural gas-based 179 
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production, we estimate the cost of coal-based urea production using the following 180 

equation: 181 

 182 

Urea cost per Mg = (.)/×012.345.4×#6789:+-,.,×#6789
&                                    (S6) 183 

 184 

Pcoal = Coal price ($ Mg-1) 185 

S = Scaling factor increasing linearly from 0.5 (when coal prices are $60 Mg-1 or below) 186 

to 0.7 (when coal prices are $110 Mg-1) (Kjellberg et al., 2012; PotashCorp, 2013). This 187 

scaling factor also implicitly takes into account the other costs (and subsidies – see 188 

Supplementary Materials Section 10) of ammonia production, akin to the scaling factor 189 

for natural gas-based production. 190 

 191 

Combining the two cost structures 192 

 193 

In order to create one cost estimate for urea production, the cost estimates for coal and 194 

natural gas-based production are combined in proportion to their use by the Chinese 195 

fertilizer industry. With oil-based ammonia production projected to become obsolete in 196 

the near future (Zhou, 2010), we assume a fixed proportion of 77% coal and 23% natural 197 

gas-based production through 2035.  198 

 199 

 200 

 201 
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3. NUE baselines for the USA and China 202 

  203 

United States 204 

 205 

As described in the main text, this study estimates an average N recovery efficiency (RE) 206 

of 40% for the USA corn sector in 2010-2012. This implies that only 63 kg N ha-1 of the 207 

157 kg N ha-1 applied on average to US corn in 2010 (with a standard deviation of 123-208 

191 kg N ha-1 – USDA 2011) was recovered by the corn plant. We assume corn N uptake 209 

from unfertilized fields remains constant over space and time at 78 kg N ha-1, though in 210 

reality indigenous soil N supply varies widely across US corn cropland (from 39 to 280 211 

kg N ha-1according to Cassman et al. 2002). The value used in this study is the mean 212 

value taken from 698 sites across Illinois, Iowa, Minnesota, and Wisconsin (Joern and 213 

Sawyer, 2006). The 2010-2012 RE baseline is slightly higher than the mean of 37% 214 

calculated by Cassman et al. (2002) for the late 1990s, a study which estimated a wide 215 

range of RE values across US corn cropland (7%-67%). 216 

 217 

China 218 

 219 

The main text also describes this study’s estimate of an average RE of 11% for China’s 220 

corn sector in 2010-2012. In other words, only 25 kg N ha-1 of the 230 kg N ha-1 applied 221 

on average to Chinese corn in 2010 (with a standard deviation of 89-373 kg N ha-1 – 222 

Zhang et al. 2013) was recovered by the corn plant. We assume corn N uptake from 223 

unfertilized fields remains constant over time and space at 54 kg N ha-1. However, as 224 
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with the US, indigenous soil N supply varies widely across Chinese corn cropland (from 225 

28 to 174 kg N ha-1according to Cui et al. 2008). The value used in this study is the mean 226 

value taken from a study across 14 sites in China (Chen et al. 2010). The 2010-2012 RE 227 

baseline is similar to the 15% RE cited as the mean for traditional farmer practices 228 

(ranging from 1%-34%) in Cui et al. (2008). 229 

 230 

4. Accounting for the differences in NUE between the United States and 231 

China  232 

 233 

A number of factors are responsible for the substantial difference in average RE 234 

estimated for China (11%) and the US (40%). Chinese and US corn farmers differ 235 

considerably in their management practices and relationship to the land. Farm size is 236 

vastly different, with corn farms in China averaging 0.5 hectares, while US corn farms 237 

average 100 hectares (Meng et al. 2006; USDA ERS 2014a). This is partly due to the fact 238 

that private ownership of agricultural land does not currently exist in China – agricultural 239 

land is collectively owned, with land parcels determined by family size (approximately 240 

one fifteenth of a hectare per capita), and land contracts issued by village leaders for 15-241 

30 years (Rozelle and Huang, 2001). While farmers are supposed to have complete use 242 

and income rights during this contract period, these rights are not always secure, with 243 

village officials largely free to take the land back and convert it to industrial and 244 

commercial uses (Liu et al. 1998, Roberts, 2013). The inability of farmers to privately 245 

own agricultural land has been shown to create a disincentive in investing in improved 246 

crop and soil management practices, and instead frequently encourages unsustainable 247 
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practices with short-term payoffs, such as the over-application of N fertilizer (Lohmar 248 

and Somwaru, 2012). The Chinese central government recognized this issue during 249 

President Xi Jinping’s third plenum in November 2013 and has committed to begin 250 

gradual reforms aimed at creating private ownership of agricultural land (Hong, 2013; 251 

Silk 2013). By contrast, virtually all farmland in the US is privately owned, with 29% 252 

rented out to farmers by non-operating landowners (Nickerson et al., 2012).  253 

       In terms of farm costs, fertilizer expenditure as a proportion of total farm cost is 254 

comparable in both countries, making up 21% of total farm costs in both China (16%-255 

26% range across provinces) and the US (14%-28% range across regions) (USDA, 256 

2014b; Hu and Zimmer, 2013). However, labor costs are vastly different, making up 39% 257 

of total farm costs in China (23%-57% range across provinces) and 6% in the US (4%-258 

8% range across regions), with mechanization levels much higher in the US compared to 259 

China.  In terms of N management practices, there appears to be little widespread 260 

adoption in China (Meng et al. 2006), while in the US, 16% of farmers over the period 261 

2005-2010 reported managing N more carefully (a term referring to more “appropriate 262 

timing and method of [N] application” – Ribaudo et al. 2011), with 14% of farmers 263 

reducing their N use by 28% on average (Ribaudo et al. 2012). Several other issues 264 

contributing to the lower RE in China versus the US include low-quality and/or costly 265 

seeds, the sale of fake fertilizer and pesticide (and the inability of farmers to detect them), 266 

differences in soil quality, and a lack of access to information on improved management 267 

practices and the technology to implement them (Meng et al. 2006; Ma et al. 2013). 268 

 269 

 270 

Page 57 of 86



 13

5. Details on FBMP price and provision costs  271 

 272 

While there are initial fixed costs for farmers to implement FBMPs (such as learning new 273 

management techniques), the IIASA cost estimates listed in Table S2 (optimized to 274 

achieve the N rate reductions prescribed by each RE target) only consider variable 275 

operating costs such as labor, energy and materials, and are reported in $ kg N-1 reduced.  276 

 277 

[Insert Table S2 here] 278 

 279 

    Actions that farmers already take to improve NUE are integrated into the BAU 280 

scenario. For example, since 2001 16% of US farmers have reduced their N application 281 

rate by an average of 22%, and 7% have used precision N application (USDA ERS, 282 

2013c). As there has been no clear trend in the adoption of these practices over this 283 

period, these proportions are kept constant out to 2035 in the BAU scenario and used as a 284 

baseline in the NUE scenarios; by contrast, there is no evidence that FBMPs are widely 285 

implemented in China. Consequently, the price estimates listed in Table S2 in the main 286 

paper reflect the cost of implementing additional measures to achieve the RE targets.  287 

     The two FBMPs considered here are split application and precision application. Split 288 

application refers to the application of smaller fertilizer doses throughout the growing 289 

season that coincide with the times that the crops most need N, a practice which is 290 

estimated to reduce N requirements by 11% according to GAINS. Precision application 291 

uses GPS technology and soil testing to identify more precisely where the N requirements 292 

are in a particular field, and is estimated to reduce N requirements by 33% according to 293 
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GAINS (Robertson and Vitousek, 2009). The ratio of split to precision application in 294 

Table 2 is determined by the N rate reduction required by a particular RE target. 295 

 296 

6. Current EEF consumption  297 

 298 

Current levels of EEF use are already integrated into the baseline of each scenario, as is 299 

done with the FBMP cost estimates. For example, N inhibitors (i.e. either nitrification or 300 

urease inhibitors) were applied to approximately 12% of US corn cropland in 2010 301 

(USDA ERS, 2013c) – this level is kept constant in the BAU scenario (indeed, it has been 302 

relatively constant since 1996, with the proportion of corn production receiving N 303 

inhibitors ranging from 8.5%-12.5% and no clear trend over time) and serves as a 304 

baseline in the NUE scenarios. As with FBMPs, there is no evidence of widespread use 305 

of EEFs in China’s corn cropland. 306 

 307 

7. Expert elicitation questionnaire 308 

 309 

Due to the sensitive nature of this information, the identities of these experts are 310 

anonymous – though each expert has given their permission for their estimates to be 311 

included in the analysis.   The results of the elicitation and included at the end of this 312 

questionnaire. 313 

 314 

 315 

 316 
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Project description 317 

 318 

The objective of this interview is to elicit your judgment on the effectiveness, price, and 319 

cost of production of enhanced efficiency fertilizers (EEFs) and how they might vary 320 

under different nitrogen (N) management policies in the US corn sector. For the purposes 321 

of this project, EEFs refer to slow/controlled-release fertilizers and nitrification and 322 

urease inhibitors. Specific data needs include: 323 

 324 

1. N rate reduction potential using EEFs 325 

2. Current price and cost of production of EEFs 326 

3. Future price and cost of production of EEFs under two N management scenarios 327 

 328 

Because the data to address these requirements are either inconsistent or not available 329 

from published sources or existing databases, estimates are being obtained through this 330 

expert elicitation. 331 

 332 

This document is structured as follows: 333 

 334 

- The first section defines the main terms and acronyms used in this elicitation. 335 

- The second section is the elicitation itself, split into three parts: questions on N 336 

rate reduction potential, current EEF prices and production costs, and future EEF 337 

prices and production costs under the N management scenarios. 338 
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- The final section outlines the data sources, methodology, and assumptions of the 339 

cost-benefit analysis (CBA) that this elicitation feeds into. This is intended as 340 

background material.1 341 

 342 

Definitions & acronyms 343 

 344 

Fertilizer industry: All economic actors along the N fertilizer supply chain before it 345 

reaches the farmer - from ammonia producers, to fertilizer manufacturers, to retailers.  346 

 347 

Nitrogen use efficiency: For the purposes of this project, nitrogen use efficiency (NUE) 348 

refers to fertilizer recovery efficiency (the proportion of N fertilizer applied that is 349 

recovered by the crop):  350 

 351 

;< = =>=7
? × 100                                                                                                              352 

(11) 353 

 354 

U  = Total corn N uptake in a plot that received fertilizer (lb N/acre) 355 

Uo = Total corn N uptake in a plot that received no fertilizer (lb N/acre) 356 

F = Fertilizer applied (lb N/acre) 357 

 358 

                                                        
1 This background material was a compilation of the fertilizer price/production cost projection methods 
(Supplemental Materials Section 2) and the discussion of NUE estimates and assumptions (Supplemental 
Materials Section 3), and so is not repeated here.  
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Slow/controlled release fertilizer (SCRF): For the purposes of this project, the term 359 

slow/controlled release fertilizer refers to substances that release N via the decomposition 360 

of low-solubility compounds  (e.g. urea formaldehyde (UF) and isobutylidene-diurea 361 

(IBDU)), and substances that control N release via a physical barrier (e.g. organic or 362 

inorganic coatings). 363 

 364 

Nitrification inhibitor (NI): A substance that inhibits the biological oxidation of 365 

ammonium (NH4
+) to nitrate (NO3

-), extending the time the N component of the fertilizer 366 

remains in the soil as NH4
+. 367 

 368 

Urease inhibitor (UI): A substance that inhibits urea hydrolysis to NH4
+, extending the 369 

time the N component of the fertilizer remains in the soil as urea. 370 

 371 

Questions
2
 372 

 373 

In this section of the elicitation, I will ask you to provide your estimates of likely values, 374 

based on your expertise, for the following parameters: 375 

 376 

• Current price and cost of production of EEFs 377 

• Future price and cost of production of EEFs under two N management scenarios3 378 

                                                        
2 For the sake of length, we only include the questions asked to US experts. The only difference with the 
questions for Chinese experts is the questions on future prices and production costs, where we describe 
China’s nitrogen use efficiency targets. 
3 In an earlier draft of the elicitation there was a third parameter: N rate reduction potential, i.e. how much 
N application rates could be reduced by using an EEF while still maintaining the same yield.  However, we 
decided to use published literature values for this parameter. 
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 379 

The preambles to the questions below should frame your responses, and the additional 380 

material in [the background material] provides information on the data, assumptions and 381 

methodology underpinning the cost-benefit analysis that this elicitation feeds into. The 382 

values you offer should reflect your uncertainty, such that:  383 

 384 

• The 5% uncertainty bound indicates a 1 in 20 chance that the value is lower  385 

• The 95% uncertainty bound indicates a 19 in 20 chance that the value is lower  386 

• The 50% uncertainty bound indicates that the value is equally likely to be lower 387 

or higher 388 

 389 

Current price and cost of production 390 

 391 

Current price 392 

 393 

A wide range of price estimates for SCRFs and NIs/UIs exist in the literature. The SCRF 394 

premium ranges from 50%-1200% above the price of traditional N fertilizer (Lammel, 395 

2005, Trenkel 2010, Blaylock 2013), while the NI/UI premium is estimated to be slightly 396 

lower at 8%-100% (Lammel 2005, Laboski 2006, Trenkel, 2010, Brink et al. 2011). 397 

 398 
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 399 

Current cost of production 400 

 401 

Future price and cost of production 402 

 403 

A business-as-usual scenario and two improved N management scenarios are described in 404 

[the background material], with the latter based on fertilizer recovery efficiency (RE) 405 

targets to be achieved by 2035. With RE for corn in 2010-2012 estimated to be 40%, the 406 

Focusing on broad-acre crops in particular, what in your judgment is the average premium 
currently charged (in percentage terms) above the price of traditional N fertilizers for 
SCRFs and NI/UIs, respectively? 
 
Nitrification and urease inhibitors 

 
5%    95%    50%    
 
Slow/controlled-release fertilizers 

 
5%    95%    50%    
 

 

How much more on average per ton of N does it currently cost to produce a SCRF or a 
fertilizer supplemented with NIs/UIs vs. traditional N fertilizer (in percentage terms)?  
 
Nitrification and urease inhibitors 

 
5%    95%    50%    
 
Slow/controlled-release fertilizers 

 
5%    95%    50%    
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first N management scenario sets a RE target of 50%, the second sets a RE target of 60% 407 

(considered the upper limit of the fertilizer recoverability of US corn – Smil, 1999; 408 

Kitchen and Gould, 2001; Dobermann, 2007). It is assumed that FAO’s projected rate of 409 

corn yield increase remains constant across the two scenarios – the only thing that 410 

changes is the N application rate. While several strategies to implement these targets are 411 

considered in the cost-benefit analysis that this elicitation feeds into (including behavioral 412 

practices such as precision and split N application), the present focus is on the 100% EEF 413 

implementation strategy. 414 

 415 

RE 50% 416 

 417 

In the RE 50% scenario, farmers would have to reduce their fertilizer N rates by 10% in 418 

2035 compared to the business-as-usual scenario.  419 

 420 

If SCRFs and NI/UIs can reduce N rate requirements by 37-38%, they would have to 421 

constitute 32% of the N applied to achieve the RE target. If SCRF and NI/UI use is split 422 

50/50 by US corn farmers in 2035, SCRF consumption of  ~60,000 N tons and NI/UI use 423 

of ~840,000 N tons in 2010 (Landels, 2013) will each have to increase to 900,000 N tons 424 

by 2035. 425 
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 426 

 427 

 428 

 429 

How would this expansion in demand affect the prices of NIs/UIs and SCRFs? Give your 
answer in percentage terms relative to your present-day price estimate. 
 
Nitrification and urease inhibitors 

 
5%    95%    50%    
 
Slow/controlled-release fertilizers 

 
5%    95%    50%    

 

How would this expansion affect the cost of NI/UI and SCRF production? Give your 
answer in percentage terms relative to your present-day production cost estimate. 
 
 
Nitrification and urease inhibitors 

 
5%    95%    50%    
 
Slow/controlled-release fertilizers 

 
5%    95%    50%    

 

Is the assumption of a 50/50 split between SCRF and NI/UI use reasonable? If not, what 
in your judgment is a more realistic partitioning? 
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RE 60% 430 

 431 

In the RE 60% scenario, farmers would have to reduce their fertilizer N rates by 25% in 432 

2035 compared to the business-as-usual scenario.  433 

 434 

If SCRFs and NI/UIs can reduce N rate requirements by 37-38%, then they would have to 435 

constitute 72% of the N applied to achieve the RE target. If SCRF and NI/UI use is split 436 

50/50 by US corn farmers in 2035, SCRF consumption of  ~60,000 N tons and NI/UI use 437 

of ~840,000 N tons in 2010 (Landels, 2013) will each have to increase to 1.7 million N 438 

tons by 2035. 439 

 440 

 441 

 442 

 443 

 444 

 445 

How would this expansion in demand affect the prices of NIs/UIs and SCRFs? Give your 
answer in percentage terms relative to your present-day price estimate. 
 
Nitrification and urease inhibitors 

 
5%    95%    50%    
 
Slow/controlled-release fertilizers 

 
5%    95%    50%    
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 446 

Miscellaneous 447 

 448 

How would this expansion affect the cost of production of NIs/UIs and SCRFs? Give your 
answer in percentage terms relative to your present-day production cost estimate. 
 
 
Nitrification and urease inhibitors 

 
5%    95%    50%    
 
Slow/controlled-release fertilizers 

 
5%    95%    50%    

 

Is the assumption of a 50/50 split between SCRF and NI/UI use reasonable? If not, what 
in your judgment is a more realistic partitioning? 
 
 
 
 
 

Do you have other colleagues you would recommend as interview subjects for this 
research? 
 

 

Page 68 of 86



 24

 449 

Results 450 

[Insert Table S3 here] 451 

 452 

8. Seed questions 453 

 454 

Below are the seed questions used to evaluate the weight to give each expert’s responses. 455 

Questions 4 and 5 are different for the US and China due to differences in data 456 

availability to verify answers. 457 

Would you change any of the data, methodology, or assumptions outlined in Section 
4? If yes, how? 
 
Fertilizer price 

 

 

 

 

Fertilizer cost 

 

 

 

 

NUE scenarios 

 

 

 

 

Other 
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 458 

United States 459 

 460 

1. How many years have you worked in, or has your research focused on, the US 461 

fertilizer industry? 462 

 463 

2. Do you work directly on the subject of EEFs? Does your company produce EEFs? 464 

If yes, for how long? 465 

 466 

3. What proportion of SCRF demand in the US is for agricultural land, as opposed to 467 

professional and consumer markets such as golf courses and turf? 468 

 469 

4. What was the portion of US corn cropland using nitrogen inhibitors (either 470 

nitrification or urease) of some kind in 2010? 471 

 472 

5. How many North American companies produce nitrification inhibitors? 473 

 474 

      China 475 

 476 

1. How many years have you worked for, or has your research focused on, the 477 

Chinese fertilizer industry? 478 

 479 
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2. Do you work directly on the subject of EEFs? Does your company produce EEFs? 480 

If yes, for how long? 481 

 482 

3. What proportion of SCRF demand in China is for agricultural land, as opposed to 483 

professional and consumer markets such as golf courses and turf? 484 

 485 

4. What was the first major product added to a fertilizer to delay the release time of 486 

nitrogen in China? When was it first marketed? 487 

 488 

5. How many Chinese companies produce controlled-release fertilizers? 489 

 490 

Weighting protocol for seed questions 491 

 492 

An example of the protocol for weighing the expert responses is included in Table 1 for 493 

the United States. The highest weighting an expert could receive for a response was 1 and 494 

the lowest weighting was 0.5. For example, Q1 for the US asked how many years an 495 

expert had worked in the US fertilizer industry; if the response was less than five years, 496 

the expert was given a weight of 0.5, between 5 to 10 years a weight of 0.6, and so on 497 

until the response “over 25 years” would receive a weighting of 1. Q4 asked what portion 498 

of US corn cropland used nitrogen inhibitors of some kind in 2010. The correct answer is 499 

12% - if the expert response was within the 10%-15% range, they were given a weight of 500 

1, if it was in the 5%-10% range or the 15%-20% range their response was given a weight 501 

of 0.8 and so on. If they didn’t know, they were given a weight of 0.5. Table S1 502 
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summarizes the correct answers for each question (where applicable), the range of 503 

answers given by the experts, and the average of the weightings for each set of responses. 504 

 505 

[Insert Table S4 here] 506 

 507 

9. Summary of the environmental costs 508 

 509 

IPCC emission factors for N pollution and environmental damage estimates are 510 

summarized in Table S5. The monetized environmental benefits of the various RE targets 511 

are then compared to their economic impacts on farmers and the fertilizer industry in 512 

Table S6.  513 

 514 

[Insert Table S5 here] 515 

[Insert Table S6 here] 516 

 517 

10. Policy context 518 

 519 

While this study has not attempted to identify the optimal policy mechanisms that could 520 

be used to implement the NUE targets in both the US and China, the following section 521 

provides the policy context for each country, with several suggestions of potential 522 

instruments to realize the RE targets. 523 

 524 

 525 
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The United States 526 

 527 

US agricultural policy regarding the environment consists of several programs and policy 528 

mechanisms that could potentially be harnessed to implement improved N management 529 

policies. The 1985 Food Security Act was one of the first instances of a US agricultural 530 

policy with an explicit environmental focus, mandating that farmers that receive federal 531 

crop subsidies on highly erodible land implement soil conservation measures (a policy 532 

instrument implicitly emulated in the RE scenarios). This increasing awareness of 533 

agriculture’s environmental impacts continued with the 1996 Food and Agriculture 534 

Improvement Act, which created the Environmental Quality Incentives Program (EQIP), 535 

a voluntary program that provides farmers with technical assistance and cost-536 

sharing/incentive payments to lessen their farm’s environmental impacts. N management 537 

(under the broader umbrella of “nutrient management”) is one of the activities eligible for 538 

EQIP funding (USDA NRCS, 2004). Yet, despite these programs, funding for technical 539 

assistance has remained approximately constant since the mid 1960s (USDA, 2000). This 540 

underfunded technical infrastructure has led to a number of issues hampering the 541 

implementation of nutrient management practices: from a lack of government funding for 542 

agronomic research and technology development, to insufficient education and extension 543 

services to help farmers learn about and implement environmentally responsible 544 

management practices. Many believe this issue has become the most important obstacle 545 

to improving environmental management in US agriculture (Cox, 2007).   546 

    There are several ways forward for US agricultural policy in this area. For example, 547 

the compliance mechanisms used for controlling soil erosion could be applied to N 548 
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management (i.e. federal crop subsidies tied to farmers having a comprehensive nutrient 549 

management plan). Indeed, the compliance mechanism has proven to be the most 550 

effective policy instrument in US agricultural policy: between 1982 and 1997 soil erosion 551 

on US cropland was reduced 40%, with 25% of this reduction directly attributable to the 552 

soil conservation compliance mechanisms (Claassen, 2004). Another important option is 553 

increasing the USDA’s technical and educative capacity, because much of the 554 

conservation effort on private land is done by farmers not receiving payments for doing 555 

so, indicating that cost may not be the primary barrier to wider use of conservation 556 

practices. Instead, technical assistance and education can be done at lower cost, and are 557 

likely to stay in place without ongoing subsidies (Cox, 2007).  558 

    It is unclear what the impact of a fertilizer tax would be given the wide range of 559 

estimates of elasticity of demand (i.e. how farmers change their behavior in response to a 560 

price increase), varying between -0.2 and -1.87 (Williamson, 2011) – meaning that a 10% 561 

increase in fertilizer price has been estimated to reduce farmers’ fertilizer demand 562 

between 2% to 18.7%. However, subsidies to incentivize EEF use could be effective as 563 

they have been when government has sought to promote the use of a new, initially costly 564 

technology (e.g. Chen, 1996; Jaffe et al. 2004). 565 

     In contrast to farmers, the US fertilizer industry receives little financial assistance 566 

(aside from various governmental grants encouraging environmental R&D), and is 567 

instead subject to a suite of environmental regulations, including the Clean Air Act, 568 

Clean Water Act and the Safe Drinking Water Act (that limit the air and water pollutants 569 

allowed to be emitted from their production facilities) as well as state-specific 570 

regulations. The industry is highly concentrated, with three companies making up 75.1% 571 
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of the market (Agrium Inc. (45.6%), The Mosaic Company (10.5%), and Potash 572 

Corporation (10%) – IBISWorld, 2013a). While Mosaic does not sell N fertilizer, Agrium 573 

and Potash Corp. do, with a selection of both traditional and enhanced efficiency 574 

fertilizers. Though several smaller companies produce EEFs (e.g. Everris, Florikan etc.), 575 

they focus solely on specialty crops. A massive increase in EEF production is required if 576 

EEFs are to be a viable option for farmers to achieve NUE targets. Only major companies 577 

that already have well-established production capacity and capital to invest in R&D can 578 

arguably achieve this increase, because barriers to entry in the fertilizer industry are high. 579 

For example, N fertilizer plants with a production capacity of one million metric tons of 580 

N products cost between $700 million and $1 billion and take two to three years to build 581 

(IBISWorld, 2013a). As mentioned in the introduction in the main text there is a potential 582 

opportunity for these major companies, analogous to the one provided to the ODS and 583 

pesticide producers; they could be both the producer of the regulated product (traditional 584 

N fertilizer) and the provider of a more sustainable, profitable alternative (EEFs) – a 585 

valuable market opportunity. 586 

 587 

China 588 

 589 

In contrast to the environmental management measures that have characterized US 590 

agricultural policy since the 1980s, the emphasis of Chinese agricultural policy has been 591 

to safeguard food security by ensuring fertilizer availability and affordability. 592 

Consequently, China’s fertilizer subsidy for farmers increased from $15 billion in 2006 to 593 

$105 billion in 2010. The artificially low market prices that result are a major cause, 594 
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some believe, of the inefficient use of fertilizer by a majority of Chinese farmers (Li et al. 595 

2013). The subsidies have dramatically increased fertilizer production from 0.5 Tg N in 596 

1961 to 38 Tg N in 2011; similarly N fertilizer application rates have increased from 3 kg 597 

N ha-1 in 1961 to 196 kg N ha-1 in 2010 (FAOSTAT, 2013). 598 

       Furthermore, China has not only provided financial assistance to its farmers, but also, 599 

in contrast to the US, to its fertilizer industry. Indeed, during more than three decades of 600 

state ownership, government investment in the fertilizer industry (via a series of 601 

subsidies) accounted for 40% of the total monetary investment in China’s entire chemical 602 

industry (Li et al. 2013). A further contrast with the US fertilizer industry is a low level 603 

of concentration: four companies made up 16.5% of the market in 2013 (as opposed to 604 

three companies making up 75.1% in the US). 60% of domestic N fertilizer producers are 605 

small-scale enterprises, intensifying competition and keeping industry concentration low 606 

(IBISWorld, 2013b).  607 

     The fertilizer subsidies currently provided to farmers require extensive reform to make 608 

the RE targets presented above achievable. If the Chinese government were to redirect 609 

fertilizer subsidies towards technological innovation and environmental programs it could 610 

potentially incentivize farmers to improve N management and improve NUE. 611 

Improvements in technical capacity, for example through an extension network, would 612 

provide better information to farmers on fertilizer and manure best management 613 

practices.  An example of an intermediary measure is the same type of conservation 614 

compliance mechanism described above for the US, making all or a portion of farmer 615 

fertilizer subsidies conditional on improvements in N management. By contrast, a 616 

fertilizer tax would have to be extremely high to have any impact on farmer behavior, 617 
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with a recent study showing that the elasticity of demand for fertilizer has varied between 618 

-0.004 and -0.34 over the past ten years (Huang et al. 2012). 619 

    Another policy instrument specific to China is rural land reform involving the 620 

privatization of agricultural land that might become a major tenant of Chinese central 621 

government policy in the coming years and decades. By allowing farmers to own 622 

agricultural land, they may have more incentive to avoid the frequent pitfalls of limited 623 

tenure: unsustainable practices with short-term payoffs, such as the over-application of N 624 

fertilizer  (Lohmar and Somwaru, 2012). 625 

 626 
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Figure captions 835 

 836 

Figure S1 - Kilograms of N applied per Megagram of corn produced annually in both the 837 

US (grey line) and China (black line) from 1990-2010.  NUE has noticeably increased in 838 

the US, and decreased in China over this period. 839 

 840 

 841 

Table captions 842 

 843 

Table S1 - Average N application rates in (a) the United States and (b) China under the 844 

BAU, moderate, and ambitious NUE scenarios. Projected corn yields (Alexandratos and 845 

Bruinsma, 2012), and prices for corn, US natural gas, Japanese liquefied natural gas, 846 

coal, urea and N fertilizer (OECD/FAO, 2013; IEA, 2012) do not change across the 847 

different scenarios. BAU N application rates are taken from Alexandratos and Bruinsma, 848 

(2012). 849 

 850 

Table S2 - Proportion of split vs. precision application (the two major FBMPs considered 851 

here) used to achieve the moderate and ambitious NUE scenarios in the US and China 852 

and the total cost per kg N reduced in each case. 5%-95% uncertainty bounds for prices 853 

are in brackets (Winiwarter (2013), personal communication). China’s RE 30% target 854 

requires a larger N rate reduction than precision application could generate according to 855 

GAINS (50% versus 33%). However, data shows that a 50% N rate reduction is feasible 856 

with precision agriculture (Koch et al. 2004), so we assume here that China’s RE 30% 857 

target is achieved with the 100% FBMP implementation strategy by using 100% 858 

precision application. 859 

 860 

Table S3 - Expert elicitation responses on the current and future price and cost of 861 

production of enhanced efficiency fertilizers (split into slow/controlled release fertilizer 862 

(SCRF) and nitrification/urease inhibitor (NI/UI)) under the different RE scenarios for 863 

both the US and China. Responses are expressed as a percent premium above the price 864 

and production cost of traditional N fertilizer. The 5%-95% uncertainty bounds in 865 

brackets below each parameter represent the average of experts’ lower and upper bound 866 

estimates. 867 

 868 

Table S4 – Example of the US weighting protocol for expert responses. The second 869 

column states the correct answer for each seed question (not applicable to Q1 and Q2 870 

because they are questions about experience), the third column gives the range of expert 871 

responses for a particular question, and the fourth column gives the average of the 872 

weights given to experts for a particular question.  873 

 874 

Table S5 - IPCC emission factors for the major forms of nitrogen pollution and the 875 

damage cost estimates associated with them (from Gu et al. 2012, Compton et al. 2011 876 

and Brink and van Grinsven, 2011) adapted to US and China gross national income per 877 

capita. Standard deviations are noted in brackets below the average value for each Nr 878 

species. 879 

 880 
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 38

Table S6 - Median 20-year economic impacts of the 100% EEF, 100% FBMP and 50/50 881 

implementation strategies for the RE 50% and RE 60% targets in the USA and the RE 882 

20% and RE 30% in China. All values are in 2005 USD billions. Environmental benefits 883 

dominate across all scenarios and implementation strategies. 884 

 885 

 886 

Tables 887 

 888 

Table S1a 889 

 890 

 891 

Year Nitrogen application rate  

     BAU           Moderate        Ambitious 

       Corn yield      Corn price  USA natural gas 

price  

         N price 

(kg N ha-1)      (Mg ha-1) ($2005 Mg-1) ($2005 MMBtu-1) ($2005 Mg N-1) 

2010 

2015 

2020 

2025 

2030 

2035 

157 157 157 10.0 181 3.9 745 

158 158 158 10.1 184 4 739 

159 156 149 10.2 201 4.8 794 

161 152 139 10.4 209 5.6 843 

162 150 131 10.5 219 6.3 901 

      162                    147      122           10.7        230           7           959 

 892 

Table S1b 893 

 894 

 895 

 896 

 897 

Year Nitrogen application rate  

     BAU            Moderate     Ambitious  

Corn yield Coal price Japan liquefied 

natural gas price 

Urea price 

(kg N ha-1)      (Mg ha-1) ($2005 Mg-1) ($2005 MMBtu-1) ($2005 Mg N-1) 

2010 230 230 230 5.3 62 9.6 464 

2015 240 240 240 5.7 96 13.3 618 

2020 251 233 215  6.0 100 12.8 684 

2025 263 225 190 6.2 104 13.2 728 

2030 274 217 165 6.5 107 13.6 795 

2035 280 209 140 6.8 109 13.9 861 

Page 83 of 86



 39

Table S2 898 

 United States 

Moderate NUE     Ambitious NUE 
China 

Moderate NUE   Ambitious NUE 

Split 86% 22% 19% 0 
Precision 14% 78% 81% 100% 
Cost, $ kg N-1 reduced 0.33±0.09 0.99±0.25 0.68±0.17 0.82±0.21 

 899 

Table S3 900 

 901 

Product 2014 price 
premium 

2014 cost 
premium 

2035 price 
premium   

2035 cost 
premium   
 

2035 price 
premium   

2035 cost 
premium 
 

Moderate NUE  Ambitious NUE 

Slow/controlled 
release fertilizers 

29% 
(24%-158%) 

23% 
(18%-54%) 

24% 
(18%-36%) 

17% 
(12%-31%) 

21% 
(15%-33%) 

16% 
(12%-31%) 

Nitrification/urease 
inhibitors 

16% 
(15%-25%) 

6.8% 
(4%-12%) 

13% 
(11%-20%) 

4.8% 
(2%-8%) 

11% 
(7%-17%) 

4.7% 
(2%-8%) 

Weighted average 17% 
(16%-34%) 

7.9% 
(5%-15%) 

17% 
(14%-26%) 

9.3% 
(6%-17%) 

15% 
(11%-24%) 

10% 
(6%-18%) 

 902 

Table S4 903 

 904 

Question Correct response Range of responses Average of weights 

Q1 N/A 6-33 years 0.8 

Q2 N/A Yes /No /Partially 0.88 

Q3 27% 30%-66% 0.67 

Q4 12% 2%-30% 0.82 

Q5 5 2-8 0.73 

 905 

Table S5 906 

 907 

 908 

 909 

 910 

 911 

 912 

 913 

 914 

 915 

 916 

 917 

 918 
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 919 

 920 

* Uncertainty ranges were not reported for these specific estimates in the original 921 

publications. 922 

 923 

 924 

Table S6 925 

 926 

 927 

 

Stakeholder 

RE 50% RE 60% 

100% EEF 100% FBMP     50/50 100% EEF 100% FBMP     50/50 

 $2005 billions 

 USA 

Farmers 1.0 1.2 1.1 3.0 -0.6 1.2 
Industry -0.7 -1.2 -1.0 -2.2 -1.1 -1.7 
Environment 46 46 46 115 115 115 

 928 

 China 
Farmers 6.4 1.1 3.8 15.0 -1.5 6.7 
Industry -0.6 0.7 0.1 -2.9 2.7 -0.20 
Environment 21 21 21 40 40 40 
 929 

 930 

Nr 
compound 

IPCC 
emission 
factor 

USA  
    
  Gu et al.               Compton et al.     Brink and van Grinsven       AVERAGE 

  $2005 kg N-1 

N2O 0.013 2.6* 2.3-3.8 10.1-30.3 8.2  
(12.9) 

NO3
- 0.3 - 54.3-57.2 8.4-40.4 39.4 

(22.4) 

NOx 0.05 15.7-27.9 20.1* 20.2-67.4 24.6 
(21.2) 

NH3 0.05 2.6-24.4 1.1-7.5 6.7-50.6 13.7 
(19.1) 

  China  

N2O 0.013 0.3*  0.3-0.4 1.2-3.5 1.0 
(1.4) 

NO3
- 0.3 - 6.2-6.6 1.0-4.6 4.5 

(2.6) 
NOx 0.05 1.8-3.2 2.6* 2.3-7.7 2.8 

(2.4) 
NH3 0.05 0.3-2.8 0.1-0.9 0.8-5.8 1.6 

(2.2) 
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