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Abstract: The health impacts caused by chemical fertilizer utilization have challenged long-term
sustainable development in many countries, particularly developing countries. Based on the emergy
analysis method, we estimated the temporal and spatial variations of the health costs, through
atmospheric, water, and soil pathways, of chemical fertilizer utilization in China during the period
from 1990 to 2012. The results showed an obvious increasing trend of health costs from 1.8 billion
Yuan in 1990 to 23.0 billion Yuan in 2012, while the ratio of health costs to agriculture output value
declined slowly and became stable in recent years. Regional differences were remarkable and were
significantly correlated to the levels of economic development (r = 0.843 and p < 0.001) and crop-sown
area in the region (r = 0.588 and p < 0.001). Economically developed regions, especially the eastern
coastal provinces, had much higher costs than the western regions. Meanwhile, fertilizer consumption
shifted from the eastern to the northwest region, which was the same as the health costs. This study
provides a reference to estimate the health costs of fertilizer utilization, and the results highlight the
importance of sustainable development in China.
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1. Introduction

Chemical fertilizer, as a supporter of crop yield and quality, is a key element of agricultural
production. Currently nearly half of the world’s population is supplied with food produced using
chemical fertilizers [1]. The excepted increase of population in the coming decades will put 50% to 80%
more pressure on agricultural production and intensify the dependency on fertilizer utilization [2,3].
With around 9% of the world’s arable land, China has made substantive progress in the last decades
to plant sufficient crops to feed 20% of the global population, which is supported by the rapid
development of the fertilizer industry [4]. With China’s growing agricultural inputs and the adjustment
of the agricultural planting structure, the fertilizers applied to crops, especially fruits, vegetables, and
other horticultural crops, have increased remarkably from the 1980s. The amount of fertilizer applied
was 47,970 kg km−2 for cultivated areas or 35,730 kg km−2 for sown areas in 2012 (Table S1), which is
much higher than the safe limits of 22,500 kg km−2 and nearly four times the world’s average [5].
China has already become world’s largest fertilizer consumer [6], accounting for almost one third of the
global total consumption [7]. Moreover, excessive and unreasonable fertilizer use has induced a series

Sustainability 2017, 9, 1505; doi:10.3390/su9091505 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0002-9115-7921
http://dx.doi.org/10.3390/su9091505
http://www.mdpi.com/journal/sustainability


Sustainability 2017, 9, 1505 2 of 15

of environmental and ecological problems such as soil acidification, lake eutrophication, and emissions
of greenhouse gases (notably CO2, CH4, and N2O) and ammonia gas (NH3), which could worsen
the secondary fine particulate matter; for example, PM2.5 pollution [8–11]. All these environmental
impacts will finally threaten human and ecosystem health in China and the rest of the world.

To implement welfare enhancing agricultural policy, the first step is to estimate the pollution
cost caused by agricultural production [12]. Some studies have been conducted to estimate the
environmental and health costs of agricultural production, including the impacts on soil acidification,
climate change, eutrophication, biodiversity, and human health [13–20] (Table 1). However,
the economic costs of the health damage caused by fertilizer utilization in China are still not very clear.
As a country with area of 9.6 million km2, the spatial variation of these costs is also unknown.

Table 1. The environmental and health costs in agriculture production.

Year Country/Region Content Cost Value Source

1990–1996 U.K. Environmental costs of agriculture US $1.663–5.655 billion [13]

2004 U.S. Environmental costs of crop production US $4.969–16.151 billion [14]

2011 European Union
27 countries Environmental costs of nitrogen overuse US $79–362 billion [15]

2006 Sahel Health costs of pesticide US $1.70 per hectare [16]

2020 China Environmental costs of nitrogen overuse US $5 billion [17]

2015 China Environmental costs of food production US $32–67 billion [18]

2002 China Environmental costs of fertilizer nitrogen emissions US $57 billion [19]

2008 China Health costs of agriculture nitrogen emissions US $10–34 billion [20]

The methods used in previous studies were selected according to their relative importance and
the urgency of the impact as well as the available data. The accounting techniques usually combine the
subjective methods with objective ones such as shadow price, the willingness-to-pay method, and an
impact removal method. However, these subjective methods would, to some extent, affect the accuracy
of the results. Emergy analysis (EmA), introduced by Odum [21], integrates all kinds of classifications
and qualities of energies together by virtue of solar emergy joules (sej) and is valuable to quantify
development tradeoffs that consider both economic and ecological costs and benefits. EmA has been
used to analyze systems such as buildings, industrial processes, urban areas, and countries [22].
However, it has not yet been widely applied to environmental and human impact, especially for the
chemical fertilizers. EmA has been combined with other methods or techniques, including life cycle
assessment, ecological footprint, geographical information systems (GIS), and strategic environmental
assessment in some studies [22], but, to the best of our knowledge, it is hard to find studies combining
EmA with disability-adjusted life years (DALY).

In the current study, based on the data of fertilizer consumption in China between 1990 and 2012,
the spatio-temporal variations of health costs were analyzed at the national, regional, and provincial
levels. This study investigated these questions: (1) What was the health cost caused by nitrogen and
phosphorus fertilizer utilization in China from 1990 to 2012? (2) Was there any spatial difference in the
amounts and growth rates of health costs, particularly between the economically developed east coastal
provinces and the less developed western provinces? (3) What were the factors causing the spatial
and temporal differences in health costs? Our aim is to supply a reference for China’s sustainable
development and elucidate policy implications for future fertilizer use and agricultural production.

2. Materials and Methods

2.1. Data Sources

The national and regional annual data of fertilizer consumption were analyzed from 1990 to
2012. The amounts of all kinds of fertilizer used for cultivated areas, sown areas, and the gross output
of agriculture were obtained from the China Statistical Yearbook [23] and the China Agricultural
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Statistical Yearbook [24]. The data about Chinese society, economy, resources, and environment were
collected from the China Statistical Yearbook [23] and the China Energy Yearbook [25].

To evaluate the spatial variation of the health costs, China was divided into six zones according to
the characteristics of natural and agricultural production, i.e., Northeast, Huang-Huai-Hai, middle and
lower Yangtze River, South, Northwest, and Southwest [26]. The regional analyses were performed at
the provincial level and aggregated to the six zones.

2.2. Methodology

Emergy analysis is a type of embodied energy analysis that can provide common units (sej) for
the comparison of environmental and economic goods by summing the energy of one type required
directly or indirectly for producing goods. The quality of each quantity of energy is taken into account
by its solar transformity, which is defined as solar emergy per unit energy (sej J−1) [27]. Compared with
previous methods that assign money to services, emergy analysis has several advantages. First, it is
based on biophysical processes rather than derived/perceived human value, for example, hedonic
pricing and willingness-to-pay, and thus it reduces preference from the valuation schema. Second,
values are allocated according to donors, and this simplifies analyses considerably. Values embodied
in natural capital are estimated according to the environmental work that is required rather than
according to the services that the stock provides [28].

This study took five steps to estimate the health costs of fertilizer utilization (for a flow chat,
see Figure S1).

The first step is to categorize the fertilizer pollution types (air, soil, and water) to analyze the
direct and indirect health harms from different contaminants. Air pollution is mainly caused by NH3,
N2O, and NOx, which are the main sources of acid rain, respiratory disease, the greenhouse effect,
and ozone depletion. Fertilizers can alter the physical and chemical properties of soil by nitrate,
sulfate, and nitrogen and cause heavy metal pollution by cadmium (Cd) [29,30], thus forming soil
pollution. The runoff of phosphorus fertilizer from farmland catchment to waters can cause serious
water pollution, leading to eutrophication and algal bloom [8,31].

The second step is to summarize the experiential data of nitrogen and phosphorus during their
transport and transformation, including nutrients, use efficiency, loss coefficients, and contamination
generate coefficients (Equation (1)):

Dosei = M × Cei × (Wc/Wf), (1)

where Dosei represents the generated dose of contamination i, in tons; M represents the quantity of
fertilizer consumption of nitrogen or phosphorus fertilizer in tons; Cei represents nutrient transfer
coefficient; Wc represents the molecular weight of contamination; and Wf represents the molecular
weight of N or P2O5.

Referring to the previous studies of nutrient diversion of fertilizers, the transport and
transformation rates of nitrogen and phosphate are summarized in Table 2. The average value
was taken for rates with a variable range in the studies. For the contamination generation coefficients,
NH3, N2O, and NOx were calculated as the percentage of the amount of nitrogen and were 5%,
0.67%, and 0.5%, respectively [32–34]. Due to the data limitation and small direct output of CO2,
the estimation of CO2 is not involved. Regarding phosphate fertilizer, the Cd content was 1.35 mg kg−1

(range: 0.2–2.5 mg kg−1) [35]; the nitrate nitrogen runoff loss was estimated at a rate of 0.67 [36].
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Table 2. The transport and transformation rates of fertilizers (percentages).

Fertilizer Type Use by Crops Spread to Atmosphere Residual in Soil Underground Leaching Surface Runoff Data Sources

Nitrogen 35 (20–50) a 20 (10–30) 35 (30–40) 0.5 10 [36–40]
Phosphate 11 (7–15) 5 65 (55–75) 1 7.5 (5–10) [41–43]

Note: a Application efficiency changes according to the fertilizer intensity. We adjusted the coefficient of ‘use by crops’
for nitrogen using relevant domestic empirical data [44], which is 27.39% for high intensity area (≥30 ton km−2),
36.04% for middle intensity area (20–30 ton km−2), and 39.8% for low intensity area (≤20 ton km−2). Due to the
data limitation, the effects of edaphic characteristics, crops, and environmental factors on fertilization and losses
were unavailable in this research.

The third step is to estimate the impact to human health caused by each contamination.
Disability-adjusted life years (DALY) were used for the calculation [45] (Equation (2)):

DALYi = Cdi × Dosei, (2)

where DALYi represents a cumulative number of years caused by the damage of contamination i;
Cdi represents the life years of damage caused by a unit dose of contamination i, namely, the impact
intensity coefficients, in units of kg−1 a; and Dosei represents the dose of contamination i. The values of
Cdi were obtained from the estimated numbers in ‘The Eco-indicator 99: A damage oriented method for
Life Cycle Impact Assessment’ [46], and Eco-indicator 99 is a life cycle impact assessment weighting
method, which is widely used for the meaningful assessment of environmental damages. Cdi for
sulphate and phosphate were estimated according to the chemical potential energy, which is a form of
potential energy released or absorbed during a chemical reaction or phase transition [47] (Table 2).

The fourth step is to multiply the cumulative life years of damage with the data of annual
emergy consumption per capita to estimate the emergy of each contamination. Then, sum up each
contamination’s emergy to get the total emergy cost derived from fertilizer utilization (Equation (3)):

U =
n

∑
i=1

Emergyi =
n

∑
i=1

DALYi × Cm, (3)

where U represents the total emergy for all contaminations in sej; Emergyi represents the emergy
of contamination i; DALYi represents a cumulative number of years caused by the damage of
contamination i; and Cm represents the annual emergy consumption per capita. In accordance with
relevant domestic and international studies [21,48,49], the total emergy used in China (including
renewable as well as non-renewable environmental resources) was estimated yearly based on the
material flow, and Cm was calculated by dividing the total emergy by the population (Table S2).

The fifth step is to calculate the integrated health costs based on the annual rate of emergy and
currency in China (Equation (4)):

EmYuan = U/Cg, (4)

where EmYuan represents the macro-economic value of the health impacts caused by fertilizers in
Renminbi Yuan (¥); U represents the total emergy in sej; and Cg represents the emergy load of unit
the macro-economic value. It is the ratio of the emergy used per Gross National Product (GNP) in a
country or region, in units of Yuan−1 sej. The values of Cg for each year were estimated by dividing
the total emergy used in China by GNP (Table S2).

2.3. Regression Analysis

Regression analyses (two-tailed) were performed using SPSS 21.0, which can return both the
regression coefficients and the p-value (significance test). The variables considered in the regression
analysis include total health cost, total fertilizer application amount, crop sown area, health cost per
sown area, and the Gross Domestic Product (GDP) per capita of 30 studied provinces.
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3. Results

3.1. National Health Costs

Based on steps 1 to 3 (see Methods), the health damages caused by fertilizer utilization
were calculated and the results were shown in Table 3. Considering the rural population of
656.56 million in China, the total life years for health damage in 2012 were estimated at 6.02 × 105 a
(range: 5.78 × 105 to 6.33 × 105 a) or 9.17 × 10−5 a per capita, of which 9.74 × 104 a, 2.52 × 105 a
(range: 2.28 × 105–2.81 × 105 a), and 2.53 × 105 a (range: 2.52 × 105 to 2.54 × 105 a) were caused
by atmosphere, soil, and water impacts, respectively, with a share of 16.17%, 41.82%, and 42.01%
each, respectively. NO3-N and nitrate were the biggest contributors, sharing 36.63% and 30.31%.
N2O, sulphate, and phosphate contributed relatively smaller amounts, less than 1% each. In regard to
the per unit dose, Cd had the most serious harm to humans with 6.09 × 10−4 kg−1 a. With respect to
the total amount, NO3-N contributed 2.21 × 105 a.

Based on steps 4 to 5 (see Methods), the health cost of fertilizer application was estimated to
be as much as 23.0 (range: 22.0 to 24.1) billion Yuan in 2012, of which 3.71, 9.60 (range: 8.69 to
10.71), and 9.65 (range: 9.61 to 9.69) billion Yuan were caused by atmosphere, soil, and water impacts,
respectively. The total cost accounted for about 0.49% (range: 0.47 to 0.51%) of the agricultural output
(Table 3). From the view of growth rate, the health cost grew 12 times (fixed-price of 2012, in other
words 2012 as the baseline) from 1990 to 2012, with an average annual growth rate of 12.42%. The cost
grew steadily from 1990 to 1999 and then increased rapidly from 2000, especially in the years after
2006. The ratio of health cost to agriculture output also increased in general, with a relatively stable
ratio around 0.5% from 2008 to 2012 and a slight decline between 2009 and 2011.

Table 3. Emergy accounting of health costs caused by fertilizer utilization in China in 2012.

Categories Impact Dose (104 t) DALYs/kg, Cdi (kg−1 a) DALYs (a) Emergy (sej) Macro-Economic Value (Yuan, ¥)

Atmosphere impact 9.74 × 104 1.63 × 1021 3.71 × 109

NH3 145.71 5.10 × 10−5 7.43 × 104 1.25 × 1021 2.83 × 109

N2O 25.27 4.00 × 10−6 1.01 × 103 1.70 × 1019 3.85 × 107

NOx 32.57 6.79 × 10−5 2.21 × 104 3.71 × 1020 8.43 × 108

Soil impact 2.52 × 105 4.23 × 1021 9.60 × 109

Nitrate 372.58 4.90 × 10−5 1.83 × 105 3.06 × 1021 6.96 × 109

Sulphate 71.64 1.70 × 10−6 1.22 × 103 2.04 × 1019 4.64 × 107

Cd 11.19 6.09 × 10−4 6.81 × 104 1.14 × 1021 2.60 × 109

Water impact 2.53 × 105 4.25 × 1021 9.65 × 109

NO3-N 723.57 3.05 × 10−5 2.21 × 105 3.70 × 1021 8.41 × 109

NH4-N 175.36 1.67 × 10−5 2.93 × 104 4.91 × 1020 1.12 × 109

Phosphate 85.77 3.60 × 10−6 3.09 × 103 5.18 × 1020 1.18 × 108

Total 6.02 × 105 1.01 × 1022 2.30 × 1010

3.2. Regional Health Costs

The health costs of fertilizer application were estimated at the provincial scale and the results
were presented in Figures 1 and 2 and Table 4. Judging from the regional distribution of fertilizers’
health costs, the absolute amounts were higher in the traditional agricultural provinces. The middle
and lower reaches of the Yangtze River area and the Huang-Huai-Hai area had the biggest costs,
with respective shares of 27.07% and 24.28% in 2012 (Table 4), over half of the national cost. It was
worth noting that Henan province, as a part of the Huang-Huai-Hai area, ranked the first in China,
with a total cost of 2.47 billion Yuan, contributing 10.76%. Jiangsu, Hubei, and Shandong provinces
came after, with costs over 1.5 billion Yuan, while Beijing, Qinghai, and Shanghai cost just less than
0.1 billion Yuan. In terms of the intensity of health costs, Tianjin, Shaanxi, Jiangsu, Guangdong,
Beijing, Zhejiang, and Fujian were in the highest group, with the costs per sown area being over
20,000 Yuan km−2. Hubei, Xinjiang, Henan, Hebei, and Hainan came second, with a value between
15,000 and 20,000 Yuan km−2, suggesting that the intensity of costs in developed regions, especially
the eastern coastal area, were usually higher than those in less developed areas.
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Figure 1. (a) Health costs and (b) costs per sown area caused by fertilizer utilization in 30 provinces in
China in 2012. Note: China was divided into six zones. The method of partition and the detail values
of 30 provinces were shown in Table 4. For the provinces in each zone, see Table 4. Due to the data
limitation, Hong Kong, Macao, Taiwan, and Tibet were excluded. The maps were generated using
ArcGIS 10.0.
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Figure 2. Annual growth rates of (a) health costs and (b) sown areas in 30 studied provinces in China
during the period from 1990 to 2012. Note: China was divided into six zones (Table 4). Due to the data
limitation, Hong Kong, Macao, Taiwan, and Tibet were excluded. The maps were generated using
ArcGIS 10.0.

With respect to the regional growth rate of health costs from 1990 to 2012 (Figure 2a), the Northwest
showed a higher trend of growth, with Xinjiang and Inner Mongolia increasing by 17.87% and 17.72%
annually, respectively. The values from the Northeast and Huang-Huai-Hai regions were similar to
the national average; the middle and lower reaches of Yangtze River, the southern, and the southwest
regions trailed behind. Compared with the increasing rate of the whole country, the growth rates in
developed areas were much smaller. The more developed the economy was, the more gently the cost
increased. The growth rates in Beijing, Shanghai, Zhejiang, and Chongqing were all smaller than 10%.
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These values showed that China’s dominant fertilizer consumption region was shifting toward the
northwest regions. Although the growth rate in the middle and lower reaches of the Yangtze River
and the Huang-Huai-Hai area were relatively small, their absolute amount of costs was still very big in
2012. Meanwhile, the total amount in the Northwest was relatively small but had the highest growth
rate (for provinces in northwest China, see Table 4).

Table 4. Regional health costs of fertilizer utilization in China from selected years (fixed price of 2012,
108 Yuan).

Region Year 1990 1995 2000 2005 2010 2012

Northeast 1.57 3.04 4.60 7.87 16.98 21.31
Percentage 8.93% 8.73% 8.29% 8.06% 8.93% 9.29%

Heilongjiang 0.42 0.95 1.45 2.74 6.83 8.93
Jilin 0.54 0.98 1.53 2.47 4.96 6.22

Liaoning 0.60 1.11 1.62 2.65 5.19 6.16

Huang-Huai-Hai 4.27 8.93 14.86 26.23 47.36 55.74
Percentage 24.36% 25.66% 26.78% 26.86% 24.91% 24.28%

Beijing 0.10 0.20 0.25 0.32 0.51 0.57
Tianjin 0.05 0.13 0.23 0.50 0.95 1.07

Shandong 1.62 3.22 5.05 8.23 12.99 15.06
Hebei 0.99 2.21 3.77 6.75 12.23 14.33
Henan 1.52 3.17 5.57 10.42 20.67 24.71

Northwest 1.71 3.80 6.48 12.62 28.37 35.91
Percentage 9.76% 10.93% 11.67% 12.93% 14.92% 15.64%

Shaanxi 0.51 1.13 1.82 3.23 6.75 8.90
Shanxi 0.38 0.73 1.14 1.88 3.41 3.92
Inner

Mongolia 0.22 0.56 1.11 2.65 6.60 8.04

Ningxia 0.08 0.18 0.34 0.59 1.38 1.68
Gansu 0.24 0.49 0.85 1.65 3.17 3.91

Qinghai 0.03 0.06 0.09 0.15 0.28 0.36
Xinjiang 0.24 0.66 1.14 2.47 6.78 9.11

Middle and lower reaches of Yangtze River 5.80 11.20 16.91 28.62 52.98 62.14
Percentage 33.10% 32.17% 30.46% 29.30% 27.87% 27.07%

Jiangsu 1.59 2.97 4.78 7.83 14.13 15.79
Anhui 0.99 1.86 3.08 4.90 9.00 10.83
Hubei 1.00 2.26 3.50 6.41 12.98 15.57
Hunan 0.82 1.63 2.46 4.50 8.62 10.40

Shanghai 0.19 0.30 0.35 0.37 0.47 0.48
Zhejiang 0.71 1.12 1.47 2.37 4.08 4.71
Jiangxi 0.51 1.05 1.26 2.24 3.71 4.36

Southwest 2.15 4.17 7.12 12.80 25.94 32.08
Percentage 12.25% 11.98% 12.82% 13.11% 13.64% 13.97%

Sichuan 1.48 2.66 3.19 5.41 10.61 12.46
Chongqing —— a —— a 1.19 2.07 4.00 4.81

Yunnan 0.39 0.88 1.67 3.44 7.71 10.02
Guizhou 0.28 0.63 1.06 1.88 3.61 4.79

Southern 2.03 3.66 5.54 9.52 18.48 22.37
Percentage 11.60% 10.52% 9.98% 9.75% 9.72% 9.75%

Guangdong 1.00 1.69 2.36 3.93 7.74 9.40
Guangxi 0.49 0.96 1.50 2.84 5.80 7.12

Fujian 0.47 0.89 1.42 2.24 3.88 4.54
Hainan 0.07 0.13 0.26 0.51 1.07 1.31

Total 17.53 34.80 55.51 97.66 190.11 229.56

Note: a Chongqing was not set up in 1990 and 1995.

3.3. Correslation Anlayses of Regional Health Costs

The distribution of crop production in China has changed dramatically in recent years. Crop
production has decreased in the developed eastern regions but increased in the less developed western
regions (Figure 2b). Since 2000, the crop-sown area in some developed provinces such as Beijing,
Zhejiang, Shanghai, Guangdong, and Fujian, has dropped by more than 0.8% annually. Beijing holds
a leading position with 3.29%. The reduction areas of these provinces (municipalities) were over
8.74 million hectare between 1990 and 2012, resulting in an obvious decline in all the eastern coastal
provinces. Meanwhile, the northwest and southwest provinces such as Xinjiang, Yunnan, and Inner
Mongolia had obvious annual growth rates of 2.49%, 1.98%, and 1.91%, respectively. Xinjiang ranked
first, with an increase of over 2.14 million hectare.
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There are significant relationships between health costs and fertilizer application rates (for total
cost and total fertilizer application amount, ρ = 0.83 and p < 0.01; for cost per sown area and fertilizer
application amount per sown area, ρ = 0.77 and p < 0.01). In addition, the total health cost was
significantly positively correlated to crop sown area (ρ = 0.59 and p < 0.01). Furthermore, GDP per
capita was significantly correlated with cost per sown area (ρ = 0.84 and p < 0.01). This indicates that
the level of development is an important explanatory variable for the intensity of health costs, and crop
sown area is a key explanatory variable for the variation of health costs (Tables S3 and S4).

4. Discussion

4.1. Policy Implication

Chemical fertilizer is very likely to be more widely used in the coming decades. According to the
prediction, the demand for fertilizer in China in 2030 will be approximately 68 million tons [50], and
the annual growth rate will be 2.4%, which is higher than the Food and Agriculture Organization of
the United States (FAO)’s prediction of a world average of 1.4% [51]. In the current study, we estimated
that the total number life years of health damage in total population was large, around 6.02 × 105 a.
Considering the big population in rural China, the total life years for health damage per capita
were much smaller at 9.17 × 10−5 a. However, the combined health damages of fertilizer and other
pollutants, for example, pesticide, can be big, and they should not be ignored. To both ensure national
food security and reduce the environmental and health risk of chemical fertilizer, the traditional
concept that focuses on crop yield should be changed to a new concept that considers the yield and
quality of the crop and the environmental and social costs [9]. The accounting system of agricultural
production should include agricultural external cost and public health cost to realize the rational
utilization of fertilizer. It is important for the policy makers to carry out some actions to optimize
the current agricultural framework. Sustainable intensification agriculture must be brought about by
developing environment-smart technology [18]; for example, fertilizer efficiency improving technology,
soil testing and fertilizer recommendation technology, fertilizer mechanical deep ploughing technology,
and fertilizer organic composite technology. The imbalance of fertilizer consumption among regions
can lead to the inefficiency of fertilizer utilization. If the fertilizer can be distributed according to
the principle of maximum marginal yield, for example, reducing the fertilizer utilization in fertile
fields in southern China and properly increasing the fertilizer utilization in relative barren soil in
northwestern China, the national grain output can increase by around 10.3% [52]. To improve the
national grain production and reduce the negative effects of chemical fertilizer, it is very important
to further research the fine-scale spatial distribution and variation of fertilizer utilization. Using GIS,
regional fertilizer using can be monitored and further optimized. Advocating a change in diet pattern
and promoting awareness of environmental protection to the public can be an effective measure [4,53].
More measures are also needed to improve the agricultural waste treatment in rural area [54] and
minimize environmental pollution, especially water pollution, from fertilizer utilization [55].

4.2. Spatial Variation of Amounts and Growth Rates

Regression analyses were conducted to explore the relationship between health costs and
influencing factors. In this study, we found a significant relation between health costs from fertilizer
application rates (ρ: 0.77–0.83, p < 0.01) and crop-sown areas (ρ = 0.59, p < 0.01) in China. It is generally
accepted that the more fertilizer is applied, the greater the health cost is. In the same situation,
increasing the crop-sown area will expand the utilized amount of fertilizer. The dose-response research
confirmed the relationship between health costs and phosphorus fertilizer application in Denmark [56].
In addition, the regression analyses show a significant relationship between GDP per capita and the
cost per sown area (ρ = 0.84, p < 0.01). In the more developed areas with higher GDP per capita, for
example, the eastern coastal area in China, land resources are expansive due to the wide use of land
for industry, business, and urban and settlement development [57,58]. In the meantime, the costs of
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farmland in these areas are much higher than in less developed areas with lower GDP per capita in
western China. A study in New Zealand and Finland found a similar relationship between health cost
and GDP [59]. As with many studies, we recognize that regression analyses only indicate a statistical
relationship. More studies are still needed to explore the cause of the regional differences in health
costs caused by fertilizer utilization.

The steady growth of the national health costs of fertilizer utilization is striking, but the spatial
variation of amounts and growth rates should receive equal attention. The economically developed
regions, especially the eastern coastal provinces, have much higher costs than the less developed
regions in the western provinces (Figure 1). This is also confirmed by the significant positive
relationship between GDP per capita and health costs per sown area (Table S4). With the rapid
development of urbanization and industrialization, China’s developed areas are facing a conflict of
land demand between food production and other economic activities. Without enough cultivated land,
farmers have to increase their investment in other elements, particularly fertilizers and pesticides to
stabilize and improve the crop yield. A critical point to address is that the health costs in northwestern
China have increased rapidly in recent years. Despite the lower consumption of fertilizers in the
past, northwestern China, particularly Xinjiang and Inner Mongolia, developed very quickly in the
horticultural crop planting and animal husbandry, unavoidably increasing the fertilizer demand and
health costs. However, the soil quality in western China is relatively poorer and the environment is
very fragile, and fertilizer utilization may further deteriorate the soil quality and environment [60].
Despite the large health costs of fertilizer utilization in eastern China, the rate of increase has slowed
down, probably due to the relative decline of agricultural production with the transfer of farmland
to industrial parks and settlement areas [61]. Agricultural production is shifting from economic
developed areas to the surrounding provinces and cities, where economies are relatively backward.
This is the result of the law of comparative advantage as well as the inevitable choice of resource
reconfiguration and optimization. It brings development opportunity as well as a huge environmental
and public health threats to the economically less developed areas.

4.3. Limitations and Uncertainties

The current study provides an assessment of the national and regional health costs of fertilizer
utilization in China over a 20-year period. Using the method of emergy analysis, combing DALY to
quantify the health costs, the method can to some extent reduce the subjectivity and randomness of the
traditional health valuation methods [28]. Combining the amount of regional fertilizer consumption,
the proportion of fertilizers’ transport and transformation, the coefficients of life years for each
contamination, and emergy flow, the current study could be regarded as an advisable method for
comparing the health costs of different regions. To the best of our knowledge, this study provides an
appropriate monetization indicator for the health costs of fertilizer utilization. Future researchers can
reference the ideas of the method to establish a monetization indicator for evaluating a specific social
ecological system.

Our result indicated that the health cost of fertilizer utilization was 23.0 billion Yuan, which
was lower than in previous studies (Table 1). This study focused on probably the most important
factor, chemical fertilizer, excluding other factors such as pesticides. The cost is directed at the health
impact, excluding the complexity of environmental degradation and biodiversity loss. Since the
costs of environmental depletion and degradation are in the range of 4% to 9% of gross national
income [18], our result, which indicates that health costs were approximately 0.5% of the agriculture
output, is acceptable. However, our result is also probably conservative, considering the complexities
of assigning values to the coefficients of nutrient conversion and loss, contamination generation dose,
emergy transformity, and the scarcity of local data.

In common with other studies, this research has a number of limitations, which need to be
addressed in the future. Firstly, there is lack of the latest and regional coefficients, including rates
of fertilizers’ transport and transformation (Cei), coefficients of life years for each contamination
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(Cdi), emergy consumption per capita (Cm), and emergy/economy ratios (Cg). Available Chinese
and international data were applied in this study; the emergy consumption per capita and the
emergy/money ratios were adjusted according to the material flow data, and others were considered
as homogeneous. Some researchers have found the different effects of fertilizer composition, fertilizer
amounts applied per crop, edaphic characteristics, and other factors influencing fertilization and losses
in variable spatial scales [62–64]. For example, Sharpley found a significant relationship between
phosphorus loss and soil phosphorus content in different areas (r2: 0.85 to 096) [62]. Clark et al. found
that nitrogen fertilization and loss is determined by soil cation exchange capacity, regional temperature,
and production responsiveness [64]. The variation of these parameters among regions and years is
the main uncertainty of our study. As stated in Table 2, we recognized the variation of fertilization
and losses due to edaphic factors, crops, and environmental factors in different areas. In spite of
some spatial variations, the spatial disaggregation of the parameters in Table 2 was unavailable due
to the data limitation in the current study. The life index or cost of living is also an important factor
influencing the calculation of the health costs of fertilizer utilization [65]. In addition, the health cost
of fertilizer utilization was affected by the contaminant concentration, exposure duration, the health
condition of the people, the lifestyle of people, for example smoking or not, and other factors [66–68].
The complexity of the health cost is far from clearly understood. We recognize the changes of health
costs because of these factors. The current result is a preliminary estimate of the health cost of fertilizer
utilization in China, and caution should be taken in interpreting the results. More studies are needed to
update and adjust the coefficients according to age and regional characteristics. Secondly, to calculate
the health costs derived from fertilizer, this study focused on the utilization of fertilizer. Further studies
should pay attention to fertilizer production, which can also impact the environment to a large degree.
Thirdly, crop variety is not considered in the calculation. The rates of fertilization utilization and
efficiency across the country also vary widely among crops [69], depending on local dietary habits and
economic development. Further research should concern the health costs of different kinds of crops,
not only cereal crops and cash crops, but also wheat, rice, and corn.

5. Conclusions

This study applied the method of emergy analysis combined with the dose-response method
and established a monetization indicator to assess the health costs caused by fertilizer utilization.
We calculated the health costs in China on national, regional, and provincial levels during the period
from 1990 to 2012.

This study shows the temporal trend of health impacts caused by fertilizer utilization in the last
two decades, as well as the spatial heterogeneity in different regions. From 1990 to 2012, the health
costs increased 12 times (fixed-price of 2012), with an annual growth rate of 12.42%. In terms of the
regional distribution of fertilizers’ health costs, the middle and lower reaches of the Yangtze River area
and the Huang-Huai-Hai area had the largest contributions; 27.07% and 24.28% of the national cost
in 2012, respectively. Regression analysis indicated a significant relationship between health costs,
GDP per capita (ρ = 0.84 and p < 0.01), and crop-sown area (ρ = 0.59 and p < 0.01).

The results supply the basis for future agricultural production and fertilizer use in terms
of policy-making.
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(PG), Table S4: Regression between health cost (HC), fertilizer application amount (FA), and crop sown area (CA).
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