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Abstract Phosphorus (P) is an essential nutrient for
crop production and is often in short supply. The
necessary P fertilizers are derived from deposits in
the lithosphere, which are limited in size and
nonrenewable. China is one of the world’s largest
consumers and producers of P fertilizers. Thus, P
resource use efficiency in China has an important
impact on the worldwide efficiency of P resource use.
This study examined the P fertilizer industry in China
in terms of P resource use efficiency, economics, and
environmental risk, and explored options for
improvement through scenario analysis. P resource
use efficiency decreased from a mean of 71% before
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1995 to 39% in 2003, i.e., from every 10 kg P in rock
material, only 3.9 kg P was used to produce fertilizer,
5.6 kg of the residues were discarded at the mining
site, and 0.5 kg was manufacturing waste. The
decreased efficiency was caused by increased P rock
mining activities, especially from small, inefficient
miners. Enhanced mining was supported by local
governments and by the growing P fertilizer industry,
where high-analysis P fertilizers have fourfold higher
gross margins than traditional low-analysis fertilizers.
Although the growing fertilizer industry is contribut-
ing significantly to the development of some regions,
the economic efficiency is still lower than in other
countries, e.g., in the USA. The P resource is
depleting quickly, and the environmental conse-
quences of inefficient use are serious. The amount
of accumulated phosphor gypsum was estimated to be
110 Tg, the amount of deteriorated land reached
475 km?, and the consumption of ground water was
1.8 billion m* per year. The low efficiency and
serious environmental risk could be attributed to the
numerous small inefficient miners, which were sup-
ported by intervention of governmental subsidies and
taxes after 1995. This study proved that there is a
great deal of room for improvement in the resource
use efficiency up to 77% by integrated measures,
which need broad cooperation of miners, fertilizer
plants, and agriculture.

Keywords Phosphorus - Efficiency -
Fertilizer industry - China
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Introduction

Chemical phosphorus (P) fertilizers were introduced
in the second half of the nineteenth century, and
consumption took off in the second half of the
twentieth century. Global P fertilizer use has
increased from about 2 Tg (1 Tg = 10'* g = 1 mil-
lion tons) in 1890 to 4 Tg in 1950 and 15 Tg in 2000
(Murray 2003). That has greatly contributed to the
increase of food and feed production but, on the other
hand, has contributed to the eutrophication of the
surface waters and the loss of biodiversity (Arrigo
2005; Beman et al. 2005). The demand for the
chemical fertilizers will keep increasing in the next
decades, as the global populations of humans and
animals will increase by some 30-60% (Alexandratos
and Haen 1995), especially in Asia, Latin America,
Oceania, and Africa (IFA 2004).

The production and consumption of P fertilizers in
China increased greatly during the last two decades
driven by the huge financial support from government
by more than 40 billion RMB annually to the
fertilizer industry (Zhang et al. 2007). China became
the largest consumer (30% of the total of the world in
2002) and the second largest producer of P fertilizers
(23%, TFA 2004). The forecasts suggest that the
demand for fertilizer will increase further as the
population grows from 1.3 billion in 2000 to 1.6 billion
in 2030. Increase in meat consumption is also
expected, and the country will require a 60% increase
in grain production, from 460 Tg in 2000 to 750 Tg
in 2030 (Cai 2004).

Unlike nitrogen (N), the resources for P fertilizer
production are limited. The known P rock deposits in
the world are sufficient for 100—1,000 years, depend-
ing on the efficiency of resource use during P
fertilizer production and on the use of these fertilizers
in the next decades (Tinker 1977; Smil 2000). China
is the second largest holder of P rock deposits in the
world. Its available deposit has been estimated at
1.2 Pg (1 Pg = 10" g) P,Os (equivalent to 500 Tg P)
in 2002 (USGS 2004). About 80% of the deposits are
of sedimentary origin and have low quality; 70% has
been classified as low grade, with less than 23% P,Os5
(10% P), and only 7% (0.37 Pg P,Os) as high-grade P
rock resources, with more than 30% P,0s (Zhang
et al. 2005b). However, it has been forecasted that
China will exhaust its high-grade P rock resources by
2014 and the total available deposit by 2050 if
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fertilizer use continues to increase at the current rate
(Zhang et al. 2005b). Therefore, improvement in the
management of P resources is urgently required.

Meanwhile, these massive increases in P use will
likely be followed by further environmental damage
if no controlling measures are taken (Liu and
Diamond 2005; Zhang et al. 2005a). The environ-
mental consequences of P rock mining and the
fertilizer industry include: (1) the use and degradation
of land and landscape damage at mining sites,
landfills, and dumping sites; (2) massive use of water
for the transport and beneficiation (separating P rock
from clay) of P rock; and (3) water and air (dust)
pollution by the phosphor gypsum and other wastes
(Brown 2005; Lv et al. 2002). But environmental
damage has rarely been discussed in China.

Considerable research has been done to improve P
fertilizer use efficiency in the agricultural sector. Liu
et al. (2004) recently explored P flows in China and
proposed possible measures to limit or prevent envi-
ronmental deterioration by controlling P use in
farmland, in animal production, and in human daily
life at reasonable levels. However, information is still
lacking on P flow partitioning and P use efficiency in P
rock mining and P fertilizer manufacturing, and only
few measures have been indicated to save resources in
these processes. Given the steadily increasing demand
for P fertilizers and the limited available rock P
resources, P resource use efficiency must be improved
and mechanisms should be well understood. P losses
must be reduced in both the agricultural production
sector and the industrial manufacturing process.

Therefore, the objectives of this study were to: (1)
present P resource use in the Chinese P fertilizer
industry and analyze its efficiency, (2) identify and
explore the possible reasons for the decrease in
efficiency of the P fertilizer industry in China by
economic evaluation, (3) assess the environmental
implications of the P fertilizer industry, and (4)
discuss potential targets for improvement through
scenario evaluation.

Materials and methods

Substance flow analysis

A substance flow analysis (SFA) model was designed
to better describe the entire process of P flux in the
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fertilizer industry and to analyze the resource use
efficiency. Model boundaries were set to cover the P
fertilizer industry from mining to the production of P
products. The model generated information on fertil-
izer production, which was used to calculate resource
use efficiency (RUE), the final output of the model.
RUE is defined here as the percentage of P in matrix
rock that ends up in P fertilizer. The higher the RUE,
the better the industry in terms of P resource use
efficiency. To analyze the RUE in the two important
processes of the fertilizer industry, RUE (%) was
further subdivided into (a) RUE in mining or P rock
recovery rate (RUE,, %) measuring the percentage of
P,05 in matrix rock that ends up in the refined rock,
and (b) RUE during fertilizer manufacturing (RUE,,
%) measuring the percentage of P,Os in refined rock
that ends up in the fertilizer products. The detailed
method to calculate the RUE is described here:

RUE = RUE; x RUE, = 100 (1)
RUE, = (P = Py;) x 100 (2)
RUE; = (Pyt + Pus) X 100 (3)
Py = Py + Py + Py + Pe (4)
Py = Py ~RUE|_; + Py +~RUE; (5)
7
Py =) Pi (6)
i=1
7
Py =Y Pi+Ri (7)
i=1

P, (Tg) and P, (Tg) refer to the amount of P,Os in
the refined rock and in the matrix rock respectively;
P (Tg), Pps (Tg), Py (Tg) and P, (Tg) refer to the
amount of P,Os in refined rock used for fertilizer,
P,Os in P4, P,Os in animal feed, and P,Os for
export, respectively; Py (Tg) and P (Tg) refer to
the amount of P,Os5 in refined rock from big mines
and small mines, respectively; RUE;_;(%) and
RUE|, (%) refer to the P rock recovery rate in
big mines and small mines, respectively, which were
derived from the reference directly. Py (Tg) refers to
the amount of P,Os in all P fertilizer; P; (Tg) and R;
(t/t of P,Os) refer to the amount of P,Os5 in each P
fertilizer product and refined phosphate rock con-
sumption per unit of fertilizer products, respectively;
i=1-7 refers to the P fertilizer products of
diammonium phosphate (DAP), monoammonium

phosphate (MAP), compound fertilizer (NPK), triple
straight phosphate (TSP), nitrate phosphate (NP),
single superphosphate (SSP), and fused calcium
magnesium phosphate (FMP).

Data for R; and P,Os content of P fertilizer
products (C;) (Table 1) came from an industry
survey, which was conducted in cooperation with
the China Phosphate Fertilizer Industry Association
(CPFIA) in (2004). Data and information were
collected in interviews in more than 48 main P
fertilizer plants in China by using a questionnaire
implemented by CPFIA. These plants are relatively
large, and their production of P,Os accounted for
78% for DAP, 46% for MAP, 51% for NPK, 95% for
TSP, and 100% for NP in China in 2003. Two of
them have their own P rock mine. Published data
(Fan 2001) were also used to calibrate some indices
because the survey data did not include SSP, FMP, or
all types of NPK plants. Similar data from the USA
(Table 1) came from the Web site of IMC (2004) and
Decyfer Ltd (2005).

The time series between 1961 and 2003 on the
production and export of total P fertilizer (Pp and P.)
came from the Food and Agriculture Organization of
United Nation statistical database (UN-FAO 2004).
The data of production of refined P rock (P,;) before
1996 came from the UN-FAO database (2004) and
Chinese data (China Statistics Bureau 2004) for the
period after 1996. The production in refined P rock of
big miners (P.;) came from the China Statistics
Bureau (2004) and that of small miners (P,) after
1996 came from the published data of Lin (2003).
Data on the production of different P products (P;,
Pp+ and P, came, again, from the China Statistics
Bureau (2004). The recovery rate of different kinds of
mines in China (RUE;_; and RUE;_,) came from the
statistical data of CPFIA (2004). CPFIA is an official
body responsible for the management, data collec-
tion, and information service for the government and
fertilizer industry in China. Their statistical data is
published in yearbooks from 1994, which contain
data on most of the fertilizer producing plants in
China.

Economic efficiency and environment evaluation

The economic evaluation of the P fertilizer industry
aims to find differences in profitability of the
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Table 1 Phosphorus (P) consumption rate by fertilizer product and the products’ quality in China and the USA (P,Os)

Countries Item Fertilizer products
TSP MAP DAP NP NPK SSP/FMP
China® C; (%) 46 44 46 12 15 14
R; (t/t of P,0s) 1.041 1.188 1.124 1.125 1.126 1.157
USAP C; (%) 46 51 46 12 15 18-20
R; (t/t of P,0s) 1.041 1.100 1.089 1.125 1.126 1.024

TSP triple straight super phosphate, DAP diammonium phosphate, MAP monoammonium phosphate, SSP single super phosphate, NP
nitrate phosphate, NPK compound fertilizer, FMP fused calcium magnesium phosphate

* In NPK processing, raw materials conform to 50% P,0Os phosphoric acid + MAP + ammonia + ammonium nitrate + KCI; Data of

SSP/FMP came from Fan (2001) and the rest came from industry survey (2004)
® Data came from the Web site of IMC (2004) and Decyfer Ltd (2005)
C; and R; refer to the product’s quality indicated by the P,Os content in the products (%) and the refined phosphate rock

consumption per unit of product (t/t of P,Os)

different products and different phases of the entire
production chain and to explain the reasons for the
changes in the P fertilizer industry. Based on the
industry survey data, the economics of the fertilizer
industry were evaluated in terms of cost (yuan/ton),
factory price (yuan/ton), trade price (yuan/ton), retail
price (yuan/ton), and gross profit (yuan/ton). Each
index was calculated as the average for all the
interviewed plants. The prices in each part of the
chain consisted of the cost and the profit of the
operators. The gross profit was calculated from the
retailer price and cost. Average cost/price per ton
P50, is the average of all products weighted by their
percentage in the total P,Os production and their
P,Os5 content in 2003.

The economic efficiency of miners and fertilizer
producers in China was compared with that of the
USA with the help of several indices, including the
number of employees per plant (capita), production
per employee (ton P,Os/capita), net sale per
employee (US $/capita), and gross margin per
employee (US $/capita). These indices were calcu-
lated from total production, total net sales, and gross
margin of the entire industry divided by the number
of total employees of the industry. Economic data on
the entire P rock mine and P fertilizer industry in
China came from CPFIA statistics, and US data came
from the U.S. Geological Survey (USGS 2004) and
IMC, a fertilizer company in the USA now called
MOSAIC (IMC 2004).

Three types of environmental indicators were used
to evaluate the environmental consequences of the P
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fertilizer industry in China. US parameters were used
as the reference for China because China’ parameters
were scarce. The first indicator is the total land area
(km?) occupied by P rock mining and fertilizer
processing, which was estimated as about 2.7 m? land
per ton P,Os of refined rock in the USA (FIPR 2005).
The second is the amount of water (m>) used for the
transport and beneficiation of P rock. It was reported
that 37.9 m> water is used for the production of
1,000 kg refined ore (FIPR 2005). The third index is
the production of phosphor gypsum and other wastes
(Tg): 5 kg of phosphor gypsum are produced to
manufacture 1 kg of phosphoric acid, which is
needed for the production of high-analysis P fertil-
izers (Rutherford et al. 1994). The environmental risk
related to the P fertilizer industry in China was
evaluated and is discussed by using these indices
multiplied with the production of P rock and P
fertilizer.

Scenario evaluation

From the definition in “substance flow analysis,” the
RUE is determined by some basic indices, such as
fertilizer production (P;), phosphate rock consump-
tion per unit fertilizer products (R;), P rock recovery
rate in different mines (RUE;_; and RUE,.,) and even
P,Os5 content in P fertilizer products (C;). Although
each index is seemingly decided by technology, they
could be changed by policies because the Chinese
fertilizer industry is supported and protected by the
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government. Usual policies are financial support for
investment, subsidy for production and transporta-
tion, and price fixing for raw material and products
(Zhang et al. 2007). For instance, the Chinese
government has invested more than US $6 billion
in a few big, state-owned enterprises and has imposed
low tax on fertilizer production (no added-value tax
for P fertilizer products except for DAP after 2000) in
order to develop the P fertilizer industry, especially
the high-analysis P fertilizers, including DAP, MAP,
NPK, TSP, and NP since 1990. The government
keeps the selling price of P rock used for P fertilizer
production at a low level by low tax rates (Pan 2003).
The government implements a low standard for P
fertilizer products, for example, requiring the citrate-
soluble P,O5 content of SSP and MAP to be 12% and
449 respectively, which are lower than international
standards. The government applies a low standard for
producer entry into the P rock mining and P fertilizer
production businesses and never prescribes their
technology level.

It was assumed that RUE would change after
canceling these policies or implementing some new
policies. Fertilizer production is the key process
influencing RUE, and two basic scenarios are distin-
guished: P fertilizer production grows in scenarios 1
and 2 but remains fixed at the 2003 level in scenarios
3 and 4, which can be achieved by investment
policies. Two additional subscenarios are included
within these two basic variants of scenarios on the
basis of different targets (Table 2).

Scenario 1 involves, for example, that P rock with
26% P,0s should be used for MAP production and
with 16% P05 for SSP and FMP production instead
of P rock with 30% P,Os used for all P fertilizers
products. It was assumed that some low-grade rock
could be used directly without beneficiation for MAP/
SSP/FMP. In this way, the recovery rate of these
rocks could be improved to the average of all big
mines. With the implementation of quality control for
fertilizer products in scenario 2, the quality of the P
fertilizers should comply with international stan-
dards: plant-available P,Os content of MAP should
reach 51% instead of the current mean of 44% and
20% SSP/FMP instead of 14%. And P rock use per
unit product should reach the international standard,
such as the USA level in Table 1.

In scenario 3, it was assumed that the recovery rate
of P rock used for all P fertilizer products would be

enhanced to the level of big mines in China. All
improvements in the other three scenarios were
included in scenario 4. In this case, P rock recovery
rate and P fertilizer production efficiency would be
increased to the level of big miners in China and the
level of the USA, respectively, through policy
measures.

Results

Phosphorus flows and efficiency of the Chinese
fertilizer industry in 2003

Figure 1 presents an overview of P flows in the
fertilizer industry in China in 2003. A total of
31.67 Tg of P,Os (equivalent to 13.83 Tg P) was
mined as rock phosphate. More than half of this rock
phosphate (15.90 Tg) was discarded and dumped in
order to produce 6.81 Tg of commercially applicable
refined ore without beneficiation by small mines
(RUE;; = 30%). About 8.96 Tg in raw ore was
required to yield 7.34 Tg refined P,0Os through
beneficiation at large mines and produced 1.62 Tg
in waste (clay, which is dumped; RUE;_; = 81.9%).
Hence, the RUE in the mining process (RUE;) was
about 45%. Roughly 19% of the refined ore was used
to produce high-grade animal feed P (0.80 Tg P,Os)
and yellow P (1.83 Tg P,0s). The latter is formulated
P4, which is a basic raw material for the chemical
industry and pesticides, whereas 1.05 Tg P,Os of
refined rock was exported in 2003. The other 74% of
the refined ore was used to produce P fertilizer as
follows:

About 5.32 Tg P,05 (equivalent to 2.32 Tg P) in
refined P rock phosphate was used to produce
4.58 Tg plant-available P,O5 in low-analysis fertiliz-
ers by (a) dissolution with sulfuric acid to produce
SSP and (b) electric heating to produce FMP. The
average total P,Os content of these two low-analysis
P fertilizers was usually lower than 14%, out of
which just 86% could be readily absorbed by plants
(averages of the available P content in the fertilizer
products were calculated using the survey data).
Therefore, the remaining 14% (0.74 Tg P,0Os)
although contained in the P fertilizer products, was
assumed to be lost during the manufacturing process.

Another 5.15 Tg P,O5 (equivalent to 2.25 Tg P)
was upgraded to yield phosphoric acid (4.54 Tg
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Table 2 Scenarios to increase phosphorus (P) resource use efficiency in China in 2010

Scenarios National production of Grade of P rock used  Quality of P fertilizer Recovery rate of P rock?
P fertilizer as forecast for production products®
for 2010 based on of P fertilizers®

industry survey®

Business as usual Usual level in Usual level in Usual level in China in 2003° Usual level in China in 2003°
China in 2003° China in 2003°

Scenario 1 Increase as forecast Different rock for Usual level in China in 2003° Usual level in China in 2003°
for 2010" different P fertilizer®

Scenario 2 Increase as forecast Usual level in Develop to international level” Usual level in China in 2003°
for 2010" China in 2003°

Scenario 3 Usual level in China  Usual level in Usual level in China in 2003° The level attained by big
in 2003° China in 2003° mines in China'

Scenario 4 Usual level in China  Different rock for Develop to international level’ The level attained by big
in 2003° different P fertilizer" mines in China’

SSP single super phosphate, FMP fused calcium magnesium phosphate, MAP monoammonium phosphate, DAP diammonium
phosphate, TSP triple straight super phosphate, NP nitrate phosphate, NPK compound fertilizer

# Based on the industry survey, the total forecasted P fertilizer production would be 12.8 Tg P,0s in 2010, including: 3.9 Tg P,0s in
SSP, 0.7 Tg P,Os in FMP, 3.9 Tg P,Os in MAP, 2.3 Tg P,0Os in DAP, 0.38 Tg P,Os in TSP, 0.1 Tg P,Os in NP, and 1.5 Tg P,Os in
NPK

" As usual business practice, P rock with the grade of 30% P,Os is used for all P fertilizers but restricting the use of P rock with 26%
P,05 for MAP and with 16% P,Os for SSP and FMP in the advanced level which assume this part of P rock would be mined in a
advanced recovery rate as big mines

¢ The quality levels of P fertilizers are enhanced to reach those of American plants (see Table 1)
4 The recovery rate of P rock is increased from 45% (usual level) to 81.9% (the level attained by big mines in China)
¢ The usual level in China in 2003

f Develop to advanced level

Fig. 1 Phosphorus (P)
flows in the Chinese
fertilizer industry in 2003.
Arrows indicate the relative
size and direction of the P

matrix
31.67

Discarded ore

flows; Number near arrows
indicates the estimated Beneficiation Refined ore
amount, in Tg (Mt) P,0Os
(1 kg P =2.29 kg P,05); 10.47 0.80 1.05
calculated from data from 1.62 ‘ P ‘ ‘ Animal feed ‘ ‘ "
industry survey in 2004 and — e e cxpo
the China Statistics Bureau F'ertlllzer
(2004) industry

SSP and I .| Phosphoric

FMP 532 515 |  acid

P,: Yellow phosphorus

SSP: Single Superphosphate

FMP: Fused Calcium Magnesium Phosphate
TSP : Triple Straight Phosphate

DAP: Diammonium phosphate

MAP: Monoammonium phosphate

NP: Nitrate phosphate

NPK : Compound fertilizer
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P,Os) and phosphor gypsum, containing 0.61 Tg
P,0s5. The phosphoric acid was used to produce high-
analysis P fertilizers (DAP, MAP, TSP, NPK, NP),
and the phosphor gypsum was discarded with little
measures taken to prevent potential pollution. There-
fore, the remaining 0.61 Tg P,Os in phosphor
gypsum was assumed to be the potential pollutant
from P fertilizer plants. Hence, the RUE during P
fertilizer manufacturing (RUE,) was 87%. However,
the overall RUE in the P fertilizer industry in 2003
was 39%. The low resource use efficiency in the P
fertilizer industry is caused mainly by the low
recovery rate in the mining of rock phosphate.

Changes in resource use efficiency in the mining
of rock phosphate between 1961 and 2003

Mining of phosphate rock was started in China in the
1960s. Until the early 1970s, the mining of rock
phosphate remained low and did not match the
demand of refined P rock for the production of P
fertilizer (Table 3). After 1977, with the reform and
opening process of China, there was a steady increase
in the amount of mined P rock, except for 1985 for
the decreased production of P fertilizer. Since 1995, P
rock mining increased steeply, at much faster rate
than the production of refined ore and P fertilizers.
From 1995 to 2003, the production of refined rock
increased with a growth rate of only 0.5 Tg/per year,
but P rock mining increased with a growth rate of
1.16 Tg/per year and reached 31.7 Tg P,Os in 2003,
which is equal to nearly 10% of known deposits of
high-grade P rock.

Before the 1990s, most P rock mines were
operated by 32 large and medium-sized state-owned
mining companies with annual production capacities
of more than 200 Gg. They used modern mining
technologies. In the open-pit mines, which accounted
for more than 40% of the total P rock mining, the rate
of P rock recovery was as high as 98%, whereas in
the underground mines, accounting for 60% of the
total P rock mining, P rock recovery rate was close to
70%. Therefore, the average recovery rate of P rock
mining was near 82% before 1995. After 1995, with
the increasing demand for high-grade P rock, a
number of small private companies got involved in P
rock mining, often using very simple equipment (pick
and shovel), and employing only a few laborers. By

2003, 48% of the total refined P rock was mined by
424 small enterprises, each with an annual production
of less than 20 Gg P,Os. However, these small
enterprises select high-grade P rock only, and the
average recovery rate of P rock is only 30%
compared with the 98% rate achieved by those mines
using advanced technology. As a consequence,
overall P rock recovery rate (RUE,) decreased from
about 82% in the 1980s to 45% in 2003.

The appearance of small, inefficient mines was
ascribed to policy support by local governments. Tax
rates for big mines (9-10%) were relatively higher
than that for small mines (5—-6%) because the taxes of
big mines are usually paid to the central government
but the taxes from small mines belong to local
government (Pan 2003). Therefore, local govern-
ments encouraged the development of small mines in
order to get more tax revenue. The small P rock
mining companies use primitive technology and
thereby have low costs. These two factors enable
small miners to sell products at low price and get high
profit in spite of low efficiency. Table 4 describes the
situation clearly, that the net sale in yuan per
employee and the price of the P rock sold to the P
fertilizer plant decreased as the size of the mine (in
annual production) decreased.

Economics of the phosphorus fertilizer industry

It was estimated from statistical data of the CPFIA
that the total revenue of Chinese P fertilizer chain
(mine, plant, wholesaler, and retailer) was 74 billion
yuan in 2003, which was 47 times higher than in
1994. About 57% of this revenue was created by the
P rock miners and P fertilizer manufacturers. The P
fertilizer industry has become an important contrib-
utor to the local economy in some regions. For
example, the contribution of the P fertilizer industry
to the total economy of Hubei Province was 17%,
whereas it was only 1% for China. The changes in the
P fertilizer industry in China mainly were a conse-
quence of the large differences in gross margins
between different products. It was assessed from
industry survey data (Table 5) that the total gross
profit per unit of product weight was four times
higher for the high-analysis P fertilizers (DAP, MAP,
TSP, NP, NPK) than for the low-analysis fertilizers
(SSP and FMP). The average selling prices of P,Os in
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Table 3 Trends in the mining of rock phosphate and in the
production of refined ore and phosphate fertilizers (Tg), and the
changes of resource use efficiency (RUE), RUE in mining or

phosphorus (P) rock recovery rate ( RUE;) and RUE during
fertilizer manufacturing (RUE,)

Year Production of  Production of refined P rock Phosphate rock P RUE (%)

phosphate b mining in P,0%

fertilizers in Gross weight P,Os5 content (P.)

P,05(Pyr) Total°  Big mine’  Small RUE, RUE, RUE

(P.y) (Prs) mine® (Py)

1961 0.15 0.00 0.00 0.00 0.00
1971 1.13 2.20 0.66 0.66 0.81 82 86 71
1981 2.59 10.86 3.26 3.26 3.98 82 87 71
1991 4.64 21.00 6.30 6.30 7.69 82 88 72
1995 6.09 26.54 7.96 7.96 9.72 82 85 70
1996 5.82 24.48 7.34 6.87 0.47 9.96 74 86 64
1997 6.42 27.44 8.23 7.53 0.71 11.54 71 86 61
1998 6.71 31.77 9.53 8.13 1.40 14.60 65 88 58
1999 6.43 31.57 9.47 6.23 3.24 18.41 51 89 46
2000 6.69 34.92 10.48 5.81 4.67 22.65 46 87 40
2001 7.45 40.50 12.15 6.30 5.85 27.19 45 87 39
2002 7.91 42.82 12.85 6.90 5.94 28.24 45 87 40
2003 9.12 47.18 14.15 7.34 6.81 31.67 45 87 39
Sum" 133 595 179 150 29 279

# Data from UN-FAO (2004)
® Data from UN-FAO (2004) before 1996, and was calibrated by data from China Statistics Bureau (2004) and Lin (2003) after 1996

¢ Calculated by the gross weight x 30% (the average P,Os content in P rock is 30%)

9 Data from China Statistics Bureau (2004) before 1996, calibrated by data of Lin (2003) after 1996
¢ Data from Lin (2003)

' Summed production of big mines/81.9% + production of small mines/30% (the recovery rate of big mines and small mines is
81.9% and 30%, respectively, see text)

€ Calculated by the formulas of the substance flow analysis (SFA) model, see text

hAl years between 1961 and 2003

Table 4 Size distribution,
turnover, and gross profit of
phosphorus (P) rock mining

Mine size,
(Mg per year)

Share of the
total production

Net sale (thousand
yuan per employee)

Retail price of
rock product

Gross margin
(yuan per Mg)

in China (after Pan 2003) (%) (yuan per Mg)
>500,000 30 578 672 12
200,000-500,000 27 664 528 29
100,000-200,000 14 829 523 7
50,000-100,000 20 188 281 10
30,000-50,000 4 101 326 33
10,000-30,000 4 110 272 26
<10,000 63 363 30
Average 410 503 17

P fertilizers increased from 0.21 yuan per kilogram in
1994 (China Statistics Bureau 2004) to 4 yuan per
kilogram P,Os in 2003 (Table 5).
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The huge profit spurred the local governments to
encourage investments in plants producing DAP,
MAP, and NPK, which resulted in their booming
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Table 5 The economics of fertilizer products in China in 2003 (yuan/ton)

Items Cost/price of phosphate fertilizers Average cost/price
per ton P,Osa
DAP MAP NP TSP NPK SSP/FMP
Cost 1,311 1,130 717 815 1217 250 2,857
Factory price 1,582 1,240 1,100 1,080 1350 300 3,345
Trade price 1,680 1,330 1200 1,180 1500 340 3,689
Retail price 1,750 1,410 1260 1,240 1,700 380 4,047
Gross profit 439 280 543 425 483 130 1,190

Data of SSP/FMP came from Fan (2001) and the rest came from industry survey (2004). Gross profit = retail price—cost

DAP diammonium phosphate, MAP monoammonium phosphate, NP nitrate phosphate, 7SP triple straight super phosphate, NPK
compound fertilizer, FMP fused calcium magnesium phosphate, SSP single super phosphate

# Average of all products according to their weight in the total P,Os production (see Fig. 1) and the P,O5 content of each product (see

Table 1) in China in 2003

development after the 1990s. Figure 2 presents the
trends in production of P fertilizer in the last decades.
The production of P fertilizer increased by 2.89 Tg
from 1995 to 2003, whereas the production of high-
analysis P fertilizers (TSP, DAP, MAP, NPK, NP)
increased by 3.41 Tg. Total production of P fertilizers
reached 9.12 Tg P,0O5 by 2003, and new production
capacities in the last few years were developed almost
exclusively to produce high-analysis P fertilizers.
Forecasts based on the industry survey presented that
the total P fertilizer production would be 12.8 Tg P,Os5
in 2010, including capacities to produce 3.9 Tg P,Osin
SSP, 0.7 Tg P,Os in FMP, 3.9 Tg P,0Os in MAP,
2.3 Tg P,Os in DAP, 0.38 Tg P,Os in TSP, 0.1 Tg
P,Os in NP, and 1.5 Tg P,05 in NPK.

12
e —O— Total production
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Fig. 2 Trends in production and imports of phosphorus (P)
fertilizers in China between 1960 and 2003. High-analysis
(high-grade) P fertilizers include diammonium phosphate(DAP
), monoammonium phosphate (MAP), triple straight super
phosphate (7SP), nitrate phosphate (NP), and compound
fertilizer (NPK). Low-analysis fertilizers include single super
phosphate (SSP) and fused calcium magnesium phosphate
(FMP). Import includes all types of P fertilizers. Data from
China Statistics Bureau (2004) and UN-FAO (2004)

The increased revenue does not mean increased
efficiency, as China has a huge P fertilizer industry
chain. The CPFIA (2004) reported that the number of
P rock mining companies and fertilizer manufacturers
was estimated to be 456 and 1,222, respectively, and
the number of employees 54,123 and 2,34,354,
respectively, in 2003. The large number of producers
and employees in the industry resulted in a low
economic efficiency. When comparing the economic
efficiency in the mines and fertilizer plants in China
with that in the USA (Table 6), it was found that
Chinese plants (or mines) had relatively low effi-
ciency. The differences in production per employee
and net sale per employee for fertilizer manufacturing
and in the gross margin per employee in both mining
and manufacturing are especially striking.

The booming development in production of high-
analysis P fertilizers was accompanied by a steep
increase in P rock mining from 1995 onward
(Table 3). Therefore, the side effect of the booming
production of high-analysis fertilizers was a decreas-
ing RUE; and RUE, but not RUE,. Technology of
fertilizer production is relatively new and advanced,
and there is little differences compared with the USA
(Table 1). In contrast, RUE, remained in the narrow
range of 86—-89%; the small variations reflect varia-
tions in product structure. Before 1995, the P
fertilizer industry only comprised big mines produc-
ing low-analysis fertilizer products, and the RUE was
as high as 71-73%. After 1995, the growing produc-
tion of high-analysis fertilizers required high-grade P
rock (the content of P,Os more than 30% after
beneficiation), and the central government subsidized
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Table 6 Economic efficiency of the phosphorus (P) industry in China and USA in 2003

Process of production and marketing Mining Fertilizer manufacturing

China USA China USA
Number of employees per plant (capita) 119 1,818 189 5,200
Production per employee (ton P,Os/capita) 168 537 40 533
Net sale per employee (US $*/capita) 10,854 47,300 25,366 421,269
Gross margin per employee”(US $/capita) 2,927 98,516 13,659 34,846
Data source Statistical data® USGS* Statistical data MC*®

# Exchange rate between US $ and yuan was 8.2:1
° Gross margin = net sales—cost

¢ Data from the statistics of CPFIA (2004)

4 Data from the USGS (2004)

¢ Data from IMC (2004)

the price of the high-grade P rock. All P fertilizers
were produced from high-grade P rock, although low-
analysis fertilizers could be produced from low-grade
P rock with P,Os content of 16%. At the same time,
all P fertilizer plants except two were independent
from P rock mining according to the industry survey.
P fertilizer plants usually ask for high-grade P rock
only to lower production costs. Moreover, mines and
plants are often geographically separated, and the
related transportation costs are high. Based on the
statistical data of CPFIA, the transportation of P rock
in China was 16 Tg (in gross weight) in 2003, and
there was a large incentive to use high-grade P rock
only to reduce costs. Huge demand on the high-grade
P rock and decreased recovery rate in mining and
fertilizer manufacturing resulted in a quick decline of
RUE (Table 3).

Assessment of the environmental implications
of the phosphate fertilizer industry

It was estimated that 140,000-200,000 km? of land is
occupied by mining in China, which took 2% of the
country, and it was growing by 200 km” per year
(Peng et al. 2005). Based on the total amount of
refined P rock mined (179 Tg P,0s, see Table 3) and
specific land occupation estimates from the USA, it
was calculated that a total of 475 km” land was
occupied by P rock mines by 2003, and it has a
growth rate of 3.5 km® per year. But this figure is
likely underestimated, because China has large
amounts of low-grade P rock, and mining activities

@ Springer

are less well organized compared with those in
Florida (Fan 2001; Lv et al. 2002). Although land
occupancy by P rock mining is a minor part of the
entire area of mines in China, the effect could be
huge, because most of the P rock mines are located in
ecologically fragile regions, such as in Yunnan and
Guizhou. The reclamation rate of this land was
estimated to be lower than 10% (Peng et al. 2005),
and the accelerated erosion and mud flows in these
regions affected more than 2,000 ha per year (Yang
2002). In some mining regions, the average crop land
per farmer decreased from 0.06 ha/capita in 1958 to
0.03 ha/capita in 1998 because of erosion and mud
flows (Tang 2001).

P rock mines use large amounts of water in the
beneficiation step to separate the refined ore from
clay. It has been reported for Florida that 37.9 m® of
water was used for the production of 1,000 kg of
refined ore, but 95% of it was reused (FIPR 2005).
Calculated from the production of refined P rock in
China in 2003 (Table 3), the consumption of ground-
water was 1.8 billion m® annually in the P rock
mining process, and the water was contaminated with
P, cadmium (Cd), fluoride (F), and other elements
from the P rock. The recycling of water is still in its
infancy, so that only 4.23% of the water can be
reused (Peng et al. 2005). Therefore, most of the
water is discharged into surface waters and thereby
contributes to eutrophication (with P) and pollution
(with metals and F) of surface water (Lv et al. 2002;
Tang 2001; Cheng et al. 1997; Yang 2002).

Phosphor gypsum is a by-product of high-analysis
fertilizers and is considered to be the most important
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pollutant of the P fertilizer industry and is usually
stockpiled or dumped. The accumulated total amount
of high-analysis fertilizer from 1961 to 2003 was
22.2 Tg P,0Os (Fig. 2), and the phosphor gypsum
produced with these fertilizers has been estimated to
be 110 Tg. Phosphor gypsum contains significant
quantities of P, Cd, F, and radionuclides from the P
rock, and usually has a high acidity. Chinese P rock
has a relatively low content of Cd (1-2 mg/kg
matrix) and a relatively high F content (10-35 g/kg
matrix) (Wang 2002; Fan 2001). It was estimated that
0.9-1.9 Gg Cd and 9-33 Tg F have been released
into the environment according to the total 931.5 Tg
mined matrix (279.45 Tg P,0s, see Table 3). Recent
reports indicated that soils around P fertilizer plants
have been enriched with P (up to 7.5 g/kg), Cd, and F
(Lv et al. 2002). Potential risks of the P fertilizer
industry have been discussed by Heijde et al. (1990)
and Rutherford et al. (1994). The mining and trans-
port of P rock also leads to formation of dust, which,
in the atmosphere, may cause health problems and
following its deposition, may contribute to the
eutrophication of surface water and the terrestrial
ecosystems.

Improving resource use efficiency in China

The “business as usual” (BAU) scenario has the
implication of keeping the RUE at 39%. According to
this, 32.8 Tg P,Os P rock will be consumed to
produce the projected 12.8 Tg P,O5 of fertilizer in
2010 (Table 7). About 18.04 Tg P,Os would be
wasted in mines and 1.96 Tg P,Os would be dis-
charged by P fertilizer plants, which is a potential risk
for environmental pollution. The situation seems less
sustainable than in 2003. Implementation of scenario
1 involves increase of RUE to 56% by regulating the
use of proper rock phosphate to produce adaptive P
fertilizer products by increasing the price of high-
grade P rock. More than 10 Tg P,O5 rock phosphates
would be saved in this case compared with the BAU
scenario. These measures are relatively easy to
implement but it would increase the cost of P
fertilizers. Measures included in scenario 2 involve a
slight increase in RUE from 39% to 42%, mainly by
improving the fertilizer products’ quality to interna-
tional standards. Thus, 0.95 Tg P,0O5 would be saved
in this case in the manufacturing process of P

fertilizers, which would decrease the environmental
risk. However, targets are difficult to achieve because
Chinese P rock generally comprises higher impurities.
Therefore, product quality can rarely match the
international level, especially for SSP and FMP,
unless improved beneficiation of refined P rock or
updating the technology of P fertilizer production is
achieved.

Implementation of scenario 3 involves increased
RUE to 71% through drastic efficiency improvement
of small mines. But this measure would induce
decline in P rock production and thus elevate its
price. Therefore, it can be only implemented step by
step. Indeed, several local governments promulgated
similar regulations to standardize the P mining and
fertilizer industry, in which small mines are allowed
to join big ones or are encouraged to improve their
technology in 3 or 5 years (PGHB 2004; PGYN
2005). Finally, implementation of scenario 4 yields a
significantly higher RUE of 77% accompanied by
low resource depletion and low environmental risk
due to drastic efficiency improvement of small mines
and better integration between big mines and fertil-
izer production plants (Table 7).

The room for improving the RUE in the P fertilizer
plants is small compared with the measures in P rock
mining (increased from 39% in BAU to 42% in
scenario 2 and to 56% in scenario 1). However, it
must be emphasized that the production of P fertil-
izers significantly affects the RUE. The increased
3.86 Tg P,Os (12.8-9.12) in P fertilizer production in
scenarios 1 and 2 resulted in 10-20 Tg P,O5 more
consumption of P rock compared with that in
scenarios 3 and 4. Furthermore, improving the
efficiency of fertilizer manufacturing could get a
higher RUE of 77% in scenario 4, which is higher
than that before 1995. Therefore, regulating the
fertilizer industry is the basic and necessary way to
improve RUE in China. Controlling the amount of
total fertilizer production or the product structure
could change the demand on P rock and, as a result,
the RUE. Furthermore, the technologies for mining,
beneficiation, ore dressing, and water treatment and
recycling are old and inefficient in many P rock
mines, mainly because miners care only about profit
and have less incentive to protect resources. But
fertilizer plants have more incentives to use resources
economically because they must ensure enough
materials for long-term development. In our opinion,
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Table 7 Estimates of the

Year/scenario Production of  Use of Mining loss Manufacturing  Resource
2010 outlook of phosphorus o
(P) fertilizer production, P P fertilizer P rock (Tg P,Os ) loss use
rock use, P losses, and (Tg P>05) (Tg Py0Os) (Tg P>05) efficiency (%)
resource use efficiency for Business as usual  12.80 32.80 18.04 1.96 39
different scenarios (see text) .

Scenario 1 12.80 22.82 8.06 1.96 56

Scenario 2 12.80 30.68 16.87 1.01 42

Scenario 3 9.12 12.79 2.31 1.35 71

Scenario 4 9.12 11.82 2.14 0.56 77

unification of the mines and fertilizer plants could
promote implementation of modern advanced tech-
nology of the fertilizer industry, and this could
increase the RUE_, of small mines and then improve
RUE greatly (scenario 4).

Discussion

Recently, Liu et al. (2004) presented a detailed
account of the P flows and budgets for the entire
economy and one of the watersheds in China. They
concluded that both resource use and RUE had
increased in the Chinese economy during the last
decades. In their study, P RUE was defined as the
total P flow per unit of gross domestic production
(GDP). The data showed that, apart from some
annual variations, the GDP increased faster than P
fertilizer production, import, and consumption, thus
the P RUE increased. Our study shows that the P
RUE of the P fertilizer industry has decreased
during the last decades, especially between the
1995 and 2003. In our study, P RUE was defined
as the percentage of P in matrix rock that ends up
in P fertilizer. This consideration has relevance
when dealing with scarce and finite resources, such
as P rock.

The fertilizer industry (3,980 Gg P in fertilizer in
2003) was clearly the largest external source of P in P
flows in China. With respect to eutrophication of
surface waters, P pollution by animal wastes (602 Gg
P) is the largest source, whereas runoff from
agricultural soils (164 Gg P), detergents in household
waste water (105 Gg P) (Liu et al. 2004), and
discharge by the P fertilizer industry (266 Gg P) are
also important sources. Although P fertilizer produc-
tion is currently an economically attractive business,
it is important to note that the environmental costs of
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P fertilizer production are not accounted for. For
instance, miners in Florida spent about US $1.3 mil-
lion/km” for reclaiming the land following P rock
mining (Brown 2005). Calculating these costs for the
Chinese mines would result in annual costs of land
reclamation being larger than the GDP of the entire P
fertilizer industry. Also, the costs of treating phos-
phor gypsum (Schultz 1992) would lower the gross
profits of the P fertilizer industry producing high-
analysis P fertilizers by roughly 20%. Decreasing the
Cd content in P fertilizers would lower the gross
profits of the entire P fertilizer industry by more than
50% (Lin 2003). Clearly, incorporating the environ-
mental costs in the cost-benefit analyses would
change the economics of the P fertilizer industry
greatly.

Both the increased scale and intensity of the
environmental problem and the rapid depletion of
natural P resources call for an improved P RUE in
the fertilizer industry. The current low RUE in the
P fertilizer industry in China (39% in 2003) allows
huge room for improvement. The scenarios show
the RUE could be increased up to 77% with
integrated measures. Increasing RUE could greatly
lengthen the duration of the finite P rock resources
in China, and it could also reduce environmental
pollution. However, the increase of P RUE requires
concerted large efforts from miners, manufacturers,
and governments.

Compared with the large opportunity to increase
RUE by regulating the fertilizer industry, the possi-
bilities seem smaller in Chinese agriculture. In the
last several decades, many agronomists have tried to
improve the P fertilizer recovery rate, but the
achievement was inconspicuous. The average appli-
cation of P fertilizer on grain crops increased from 22
to 84 kg/ha between 1981 and 2003, but the partial
factor productivity (PFP) decreased from 130 to
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Fig. 3 The tendency of phosphorus (P) fertilizer application
and the partial factor productivity (PFP) of P fertilizer on grain
crops in China. PFP is calculated by grain production divided
by P fertilizer used on grain crops, assuming 79% of total
phosphate fertilizer used by grain; P fertilizer application rate
is calculated by P fertilizer used on grain crops divided by the
planting area of grain crops. Data from China Statistics Bureau
(2004)

55 kg/kg (Fig. 3). The average recovery rate of P
fertilizer in one season is lower than 20% in China
(Lu and Shi 1980; Lu et al. 1995). In 2010, if the
recovery rate of P fertilizer in agricultural land could
be increased by 10%, the demand on P fertilizer in
China would be lower than the level in 2003. That
would be helpful in cutting back the production of P
fertilizers and then in improving total P resource use
efficiency. Although it seems to be difficult to realize
this in the short term, there is space for improving the
P RUE by optimizing the entire chain. Efforts to
improve agricultural production by advanced tech-
nology and to improve manufacturing processes are
both important for improving P RUE.

Conclusions

P RUE in China was proved to decline quickly from
71% to 39% between 1995 and 2003. The amount and
structure of P fertilizer use affected RUE significantly
because 74% of P rock was used to produce fertilizer.
After 1995, the P fertilizer industry developed very
quickly, with a great increase in the production of high-
analysis products such as DAP, MAP, and NPK. The
high-analysis products have four times more gross
margins than traditional low-analysis fertilizers, and
they greatly contributed to the development of some of
the regional economies. However, the production of
high-analysis fertilizers needs high-grade P rock,
which induced a massive development of P rock

mining. The low efficiency both in mining and in
fertilizer production resulted in a great waste of P
resource and produced huge environmental problems.
The consumption of high-grade P resources was
31.67 Tg P,0s5 in 2003, which was nearly 10% of the
known total deposit. Until 2003, total 179 TgP,Os was
extracted in the refined rock; 475 km? of land was
occupied without reclamation; 110 Tg phosphor gyp-
sum was stockpiled or dumped; and 1.8 billion m® of
groundwater was used annually in the beneficiation of
phosphate rock and the wastewater was discharged
without treatment. Some of these environmental risks
have been reported to produce large effects on the
environment. To improve P RUE is very important and
urgent for China, and the room to resolve recent
problems by modified policies is large, but great
concerted efforts are needed in the mining and fertilizer
industry and in agriculture.
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