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PREFACE

This paper is designed to provide a basis for an
objective analysis and discussion of the environmental
issues that arc facing the global phosphate fertilizer
sector.

The environmental issues described in this paperand
the rationale used to address them are dynamic and
constantly changing in responsc lo new information
and criteria. Therefore, the data presented in this paper
should not be viewed as final; instead they represent
only a phasc in the continuing development process.

Latcly, some of these issucs have taken on a height-
ened sensc of urgency due largely to the increased level
of worldwide public awareness and concern about
protecting theenvironment. [t appears that no industrial
endeavor, regardless of its type, size, or location, is
being spared from this environmentally focused public
scrutiny and accountability.

Terms such as “environmental protection and resto-
ration” or “environmentally sound or acceptable” have
no quantitative or universal meaning. Therefore, an
objective analysis of the issues is often clouded by lack
of scientific documentation on the one hand and public
pressure on the other.

This paper takes no position on the merits of the
cnvironmentai initiatives currently being proposed and
debated. Instead, it focuses on quantifying the possible
impactthata numberof proposed cnvironmental initia-
tives may have upon the production and use of phos-
phate fertilizers should they be enacted into law on a
widespread basis. Also, the authors emphasize that the
mention of industrial or regulatory organizations or
bodics for the purpose of illustration does not imply that
these groups agree with or endorse the data aad issues
described in this paper.

The increased level of environmental awareness has
already resulted in the formulation, and in some in-
stances the implementation, of restrictive legislation
relative to fertilizer production and use. In some cases,
the rationale for increased regulatory intervention to
safcguard the cnvironment may be technologically
founded, whereas in other cases a credible scientific

basis for incrcased regulation is cither lacking or open
to broad intcrpretation and debate.

The phosphate fertilizer production sector is espe-
cially vulnerable in the environmental debate because it
is part of two major industrial sectors—mining and
chemical processing. Thus, the industry is called upon to
respond to a broad spectrum of real or perceived adverse
cffects including those attributed to mine development
and operation, chemical processing, and the manage-
ment of process byproducts and wastes. Also, because
the phosphate fertilizer industry, including the commer-
cial trade of raw materials and products, is global in
nature, the impact that national or local environmental
issues may have upon the availability and cost of phos-
phate fertilizers takes on global proportions. The level of
cnvironmental regulation and compliance also varics
widely throughout the world. The impactof this disparity
on the competitive advantage of certain producers could
adversely influence the availability and farm-level cost
of phosphate fertilizers.

While it is not possible to quantify the precise impact
that the production and use of phosphate fertilizers may
have upon the environment from one region of the world
to another, this paper docs attempt to raise the major
cnvironmental issues facing the producer and user of
phosphaie fertilizers. 1t also strives to sufficiently quan-
tify the technical and economic impact that some of the
regulatory scenarios currently under study may have
upon the supply and cost of phosphate fertilizers: fertil-
izers that continue to be urgently needed to provide food
and fiber for the world’s more than 5 billion people, a
population that is currently growing at an annual rate of
1.8%.

Public- and private-scctor planners and policymakers
should find much of the technical and economic data
described herein particularly useful as they continue to
strive to reconcile environmental concerns attributed to
industrialization, on the one hand, with an ever-
increasing nced to maximize agricultural production
on the other.



PHOSPHATE FERTILIZERS AND THE ENVIRONMENT

ABSTRACT

Sustained production of food and fiber depends
hcavily upon the continuous addition of nutrients to the
soil to replace those removed by the harvested crop or
through a number of other pathways including leach-
ing, runoff, crosion, and, in the casc of nitrogen, gascous
losscs.

While rccognizing the importance of all nutricnts,
this paper is limited to phosphorus, which ranks among
the most essential nutrients required for crop produc-
tion. The paper cxamines the impact that current phos-
phate fertilizer industry practices, including mining,
land reclamation, beneficiation, and chemical process-
ing, may have upon the environment. It also indicates
the technical scope available for mitigating any nega-
tive impact that may occur.

Current annual world production of phosphate fertil-
izers amounts to about 41 million tonnes of P,04. More
than 95% of these phosphate products are chemically
processed to increasc their solubility. The gicat mzjor-
ity (about 70% of total) of all fertilizer P,O is derived
from wet-process phosphoric acid. The production of |
tonne of water-soluble PZOS, derived from wet-process
phosphoric acid, results in the production of about 5
tonnes of phosphogypsum. Additionally, in most cascs
the phosphogypsum is associated with contaminated
process water, which must be contained or otherwise
managed. World production of phosphogypsum
amounts to about 150 million tonnes annually. To date,
techunical and cconomic constraints have limited the
uscs for phosphogypsum; therefore, its management
and disposal have given risc to an increasing number of
cnvironmental and cost concerns. Estimates described

in this paperindicate that the farm-level costof the most
important phospaate fertilizers produced in existing
facilities could increase anywhere from about 10% to
50% depending upon the regulatory scenario examined.

Agronomic cvidence shows that, except for certain
short-scason crops grown in relatively cool soils, the
high water solubility of the phosphate fertilizers cur-
reutly being produced is not necessary for many crop
production systems. A modecrate level of water solubil-
ity in the range of 40%-60% of the total P,Oy is usually
satisfactory formostof the world’s important food- and
feed-grain crops, provided the remainder of the P,Oy is
“available” as measured by traditional laboratory test
mcthods.

Although the agronomic potential exists for decreas-
ing the water solubility of most phosphate fertilizers,
and thus the consumption of wet-process phosphoric
acid, the farm-level cost of P, O, derived from thesc less
water-soluble sources continuces to be higher than that
of P,Os derived from the more water-soluble phospho-
ric acid-based products cven if the production cost of
phosphoric acid is incrcased as much as 50% above its
current level.

This paper focuses on the impact that certain cnvi-
ronmentally driven regulatory scenarios may have upon
the cost and availability of phosphate fertilizers and
therefore the production of the world’s major food- and
fced-grain crops. Government policy initiatives and
other actions that may be required to alleviate the
constraints attributed to environmental protection are
indicated.
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PHOSPHATE FERTILIZERS AND THE ENVIRONWMENT

1. INTRODUCTION

The global agricultural sector, including the chemi-
cal fertilizer industry, is faced with a number of sensi-
tive political and cconomic issues rooted in the in-
creased worldwide awareness of the need to protect,
and in many cases restore, the global environment. This
paper identifics the major environmental issucs facing
the phosphate subscctor of the fertilizer industry, at-
tempts to quantify the costs for mitigating certain
indicated impacts upon the environment, and suggests
policy initiatives that may be required to ensure that
adequate supplies of phiosphate fertilizers continue to
be available to sustain global agricultural productivity.

Production of food and fiber for a world population
of approximately 5.3 billion, which is ircreasing 1.8%
annually, takes place on about 950 million ha of culti-
vated land, of which about 25% is irrigated in some
fashion [48,24]. Sustaining this production depends
upon the continuous addition of cssential nutrients to
the soil, not only to replace those removed by the
harvested crops (Table 1) but also to improve the
fertility of marginal lands. Worldwide annual con-
sumption of the three primary nutrients derived from
manufactured fertilizers—nitrogen (N), phosphate
(P;05), and potash (K,0)—currently amounts to about
146 million tonnes (Figure 1). Ona regional basis, there
is a widc disparity in the usc of thesc three primary
nutricnts ranging from a high of about 270 kg/ha in

Western Europe and China to a low of about 9 kg/ha in
sub-Saharan Africa. Likewise, P,O consumption var-
ics quite widely, from almost 70 kg/ha in Western
Europe to only about 3 kg/ha in sub-Saharan Africa
(Table 2). Current annual world phosphate fertilizer
consumption amounts to about 38 million tonnes of
P,O; and is expected to reach about 43 million tonnes
P.O;by the end of the century [23,13]. The distribution
of current world phosphate fertilizer consumption on a
regional basis is shown ir Figure 2 while the tread in
consuniption of the three primary nutrients since 1970
is shown in Figure 3.1

Ever since about 1840, when a German scientist,
Justus von Licbig, first stressed the importance of
replacing mincral elements removed from the soil by
crops, the benefits of nutrients supplied by manufac-
tured (chemical) fertilizers have been clearly estab-
lished as a means for increasing agricultural production
[8,30,32,33]. The recognized need for fertilizers in
today’s agriculture necessitates the continued effort to
implement production and use strategies designed to
minimize any adverse impact upon the world’s air,
land, and water resources.

1. Author's Note: Refer to Appendix B for regional classification
of countries used throughout this paper. Dates cited for fertilizer
stalistical data throughout this paper, for example, 1588 or 1989,
may actually be1987/88 or 1988/89, respectively, depending upon
source of data.

Table 1. Estimated Quantity of Nutrients Removed by Selected Harvested Crops?

World
Avcrage Nutricnts Removed

Yicld® Total Nitrogen Phosphorus  Potassium

(1989) Grain Yicld® Nutricnts (N) (P,05) (K,0)

(t/ha) (t/ha) (bufacre) e (kg/ha)- -« ---cccmmanno-.
Wheat 2.38 2.7 40 101 56 28 17
Rice
(paddy) 3.46 4.0 80 89 56 22 11
Barley 2.35 22 40 67 39 17 11
Maize 3.63 9.4 150 255 151 59 45
Sorghum 1.31 3.8 60 101 56 28 17
Oats 1.82 29 80 95 56 22 17
Ryc 2.10 1.9 30 61 39 11 11
Soybeans 1.84 2.7 40 269 168 39 62

a. Calculated from data in Table 2, The Fertilizer Handbook [58).

b. FAO {24].
c. Yicld assumed for calculation of indicated nutrient romoval.,

-
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Figure 2. Distribution of world phosphate fertilizer
consumption by region, 1989,

Nitrogen fertilizers have received the most attention
with regard to their contribution to clevated nitrate
levels in some aquifers underlying large areas of land
committed to intensive agricultural production. A num-
ber of initiatives are underway to curb the intrusion of
nitrogen into the grouadwater, particularly in devel-
oped countries where the consumption of nitrogen
fertilizers is reiatively high. These initiatives include
(1) legislation, including use taxcs, to limit the amount
of applicd nitrogen and regulate its time of application,
(2) improved application practices, (3) nitrogen prod-
uct modifications to better regulate the nitrogen releasce

ratcaccording to the crop’s nced, and (4) the use of crop
rotations and dcep-rooting crops that intercept nitrate
moving downward in the soil profile.

In contrast to nitrogen, applicd phosphate is quite
immobile in most soils. Except for unique situations
such as the occurrence of P-saturated soils, its intrusion
into the groundwater is very limited [8,32,38,39). Be-
causc phosphate rcacts with constituents of the soil,
only a portionof the phosphate is utilized by the crop to
which itis applicd. However, because the phosphate is
so intimately associated with the topsoil particles, it is
more casily transported to surface watcrways through
soil erosion {32].

The great majority of the phosphate fertilizers cur-
rently used worldwide are highly soluble in water
(Figure 4). The remainder, though less soluble in water,
arcstill relatively available to the crop, depending upon
a number of soil, crop, and climatic factors discussed
later.

Most of the highly water-soluble phosphate fertiliz-
cersare derived from wet-process phosphoric acid. Wet-
process phosphoric acid is produced by reacting sulfu-
ric acid with phosphate rock and then separating the
resultant dilute phosphoric acid from unwanted solid
reaction products, silica, and other impurities in the
phosphate rock. This solid residuc is essentially cal-
cium suffate-dihydrate, or gypsum, commonly referred
to as phosphogypsum.

Other methods for producing water-soluble phos-
phate fertilizer are also based on the reaction of acids
with phosphate rock. When alimited amount of sulfuric
acid is used, singlc superphosphate (SSP) is produced.
This product, although relatively low in PO, typically
16%-20%, is very soluble and currently accounts for
about 17% of world P,04 consumption. When phos-
phate rock is treated with nitric acid, unwanted calcium
is most often removed from the reaction liquor as solid
calcium nitrate, which can be further processed into
ammonium nitrate fertilizer and byproduct calcium
carbonalte. Variations of the nitric acid-type processes
range from almost total calcium removal to yicld a very
highly water-sotuble phosphate fertilizer to no calcium
removal, which yiclds a less concentrated and moder-
ately soluble product. Some nitric acid-based processes
also usc varying amounts of sulfuric acid and/or phos-
phoric acid to adjust the nitrogen-to-phosphorus ratio
and the level of water-soluble phosphorus in the final
product.

The water solubility of 2 phosphate fertilizer is
roughly proportional to thc amount of calcium removed
during processing. Most phosphate rock (concentrate)
typically contains about 1 tonne of calcium for each



Table 2. Phosphate Fertilizer and Total Fectilizer Consumption Per Hectare of Arable Land, 1989°

Phosphate Fertilizer Consumption

Total Fertilizer

Region® Total Arable Land Consumption
(million t P,O) (kg P,Og/ha) (kg N+P,05+K,0/ha
arable land)

U.S.S.R. (Former Soviet Union) 8.56 38 119
Western Europe 5.19 69 271
China 5.16 55 27
North America 4.35 19 87

Canada 0.62 14 47

United States 373 20 95
South Asia 3.39 16 68
Eastern Europe 2.6% 53 233
East Asia

(excluding China) 2.24 32 123
South America 2.12 18 50
West Asia 1.46 29 77
Oceania 1.03 22 40
Central America 0.61 18 89
North Africa 48 21 75
Sub-Saharan Africa 37 3 9
South Africa 32 26 67
World 38 28 106

a. Docs not include arable land in permanent crops.
b. Refer to Appendix B for regional classification of countrics.

Source: FAO [23,24).
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Figure 3. Trend in world total nutrient consumption and harvested area, 1970-89.

Million Harvested Hectares



tonne of P,Os. Thus, the production of the more soluble
phosphate fertilizers, which are derived from phospho-
ric acid, results in the production of about 150 million
tonnes of byproduct phosphogypsum annually on a
worldwide basis. This large quantity of phosphogypsum
has given rise to concerns relative to the management
and disposal of this solid material and its associated
process waterinancnvironmentally acceptable manner.

In searching for ways to meet the growing need for
phosphate fertilizers in an ccoromic way, and at the
same time address the environmental concerns directed
atthe phosphate fertilizer producer and user, this paper
raiscs the following issues (questions) for debate and
cvaluation:

1. Is the current family of highly water-soluble phos-
phate fertilizers necessary from anagronomic point
of view?

2. What arc acceptable phosphate fertilizer water solu-
bilities for the significant cropping systems in the
world’s major agroclimatic zones?

Direct Application
Phosphate Rock
3.5%

/—Basic Slag 0.4%

DAP/MAP
30.6%

Compounds Other
Than DAP/MAP
35.5%

Source: Various published data by British Sulphur
Corporation Ltd.,, FAO, and IFA.

Figure 4. Distribution of world phosphate (P.,Os)
fertilizer consumption by product type
(world total in 1984 was 38 million
tonnes).

3. Whatare the costs associated with responding to the
cnvironmental concerns currently directed at the
phosphate industry?

4. What alternative and more environmentally benign
phosphate product options arc available and what is
their cost?

5. Whatare the technical, cconomic, and policy barri-
crs {constraints) that would have to be overcome to
change current phosphate fertilizer production and
use practices?

2. AGRONCMICS OF PHIOSPIIATE
FERTILIZER USE

The production of the world's most important food-
and feed-grain crops (Figuzes 5 and 6) removes any-
where from about 20 to 60 kg/ha of P,O5 from the soil
for cach crop harvested (Table 1). Because the crop is
usually removed and consumed elsewhere, little of this
phosphorus is recycled back to the soils from which it
was ta".cn. Add to this the phosphorus that is lost
through erosion of topsoil or through reactions with soil
components to form compounds that are only slightly
soluble or entircly unavailable to crops, and one can
quickly appreciate the need for continuously replenish-
ing the soil’s phosphorus supply through the applica-
tion of manufactured fertilizers, manures, and recycled
crop residucs.

2.1 Phosphate Fertilizer Product
Character:zation

For agronomic purposcs, phosphate fertilizer prod-
ucts are most often characterized by (1) solubility, (2)
particle size, and (3) the chemical form of phosphate
they contain, for example, monocalcium phosphate or
dicalcium phosphate.

The solubility of fertilizer phosphate is measured by
a number of laboratory methods around the world. The
differences in indicated solubility depend larg "ly upon
the test method used [34,37,62].

Particlesizcis casily mecasured using testscreens. As
with solubility test methods, there are also a number of
screen standards and test procedures used [65]. The
particular chemical form of the phosphate, or the mix of
chemical forms found in a fertilizer, largely determines
the solubility of the product as determined by labora-
tory test methods. However, particle size and porosity
caninfluence the rate at which the phosphate dissolves
when it is applicd to the soil.



2.2 Behavior of Applied Phosphate Fertilizers in
Soil

Upon application, water-soluble phosphates react
quite rapidly with soil components to form compounds
of lower solubility. In the process, there is some local-
ized movementof dissolved phosphorus away from the
particlcor granule site. Becausc only asmall volume of
soil (about 2% of the plow layer) is normally affected
by the applied fertilizer phosphate, placement of phos-
phate ncar the sced is an important management prac-
tice used to increase the chances of the young secdlings
absorbing phosphorus when it is most necded.

Only about 10%-20% of applied phosphorus fertil-
izer is taken up by the crop to which it is applied. The
remainder contributes to “build-up” of residual phos-
phorus in the soil, which is usually in less soiuble
forms. In acid soils, these are primarily iron and alumi-
num phosphates of low solubility; in calcarcous soils,
they are calcium phosphates of varying solubility.
Formation of such compounds explains why phospho-
rus is quitc immobile in the soil and why so little is
taken up by the first crop.

BN

Coarse
. Grains
(Excluding
Maize)
24%

Roots/Tubers

Pulses (Legumes)

Source: FAO [24].

Figure 5. Distritution of major food- and feed-grain
crops (821 million harvested hectares), 1989,

2.3 Phosphate Solubility Needs for Selected
Crops

Many factors affect the responsc of a crop to water-
soluble phosphorus; however, minimum levels of water-
soluble phosphorus needed for certain crops can be
cstimated. Although this is a subjective judgment, the
water-solubility seldom nceds to be as high as currently
found in most commercial phosphate fertilizers. For
most crops, 40%-60% of the total phosphorus in the
water-soluble form is considercd adequate provided
thatmostof the remainderis “available” as measured by
conventional laboratory test methods. Forshort-scason
vegelable crops, the water solubility should be higher;
forlongerscason crops, it can be lower. Most vegetable
crops arc grown over a fairly short period of time with
rootsystems thatare not well developed, whereas long-
scason crops arc charactcrized by well-developed root
systems. Because the phosphorus is quite immobile in
the soil, a large and vigorous root system is more likely
to intercept and absorb phosphorus from the soil.

A summary of the estimated phosphate solubility
requirements for major food- and feed-grain crops
follows:

Estimated Water

Solubility
Requirement,
Crop % of Total P,04"
Coarsc grains 40-60
Maize 40-60
Plantation crops (for example, coconut, 0-30
cocoa, oil palm, rubber, sugarcane)
Pulscs 40-60
Rice 40-60
Roots/tubers (excluding potatoces) 40-60
Vegctables (including potatoes) 60-80
Wheat 40-60

a. Except for plantation crops, the non-water-soluble P,0
fraction is assumed to be soluble in neutral ammonium citrate
(NAC) solution. NAC sulubility often may not be required for
some plantation crops depending upon soil and climatic
factors. Refer to Chapter 4 for specific phosphate fertilizer
product characteristics and use criteria.

Source: IFDC [35].
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Figure 6. Regional distribution of harvested area for major food- and feed-grain crops (821 million

harvested hectares), 1983.

2.4 Irrigated Agriculture

Irrigated agriculture, which accounts for about 25%
(about 240 million ha) of the current world total har-
vested crop arca (Figure 7), may require special fertil-
izer materials to facilitate application. Flooding and
overhead sprinkling account for the majority of irri-
gatcdagriculture, with flooding and furrow waterappli-
cation techniques being the most common, represent-
ing about 90% of the total. Current.y, drip-type irriga-
tion systems account for less than 1% of the total, bat
the application of such systems is increasing. In gen-
eral, if the fertilizer is not applied with the irrigation
water, phosphate fertilizer products and application

mecthods used for upland agriculture are appropriate for
irrigated agriculture.

2.5 Summary

In summary, from an agronomic point of view, the
application of highly water-soluble phosphate fertiliz-
crs is not necessary for the majority of cropping sys-
tems. A morc moderately water-soluble family of phos-
phate fertilizers would be appropriate in most cases. A
more complete discussion of the factors affecting the
level of phosphate solubility required under specific
crop production systems can he found in a recent IFDC
literature review [35].



3. A BRIEF HISTORY OF THE PHOSPHATE
FERTILIZER INDUSTRY

The reported gathering of human and other anima!
bones (containing about 25% P,Os) from battlcficlds
and burial sites in the early 1800s for usc as fertilizer
testifics to the importance attributed to phosphate. By
1830, the effectiveness of ground bones was enhanced
by trcatment with sulfuric acid to increase their solubil-
ity and therefore the availability of applicd phosphatc to
the crop. In 1842, Sir John Bennet Lawes of England
patented a technology for the acidulation of coprolites
(phosphate-bearing petrified excrement) and began
operation of the world’s first commercial plant in
Suffolk to produce a phosphate fertilizer product called
single superphosphate, now commonly referred to as
SSP. The technology was quickly adopted, and by the
mid-1850s SSP was being produced from a number of
phosphate sources in several countrics, including the
United States. The SSP product from thesc carly plants
v<ually contained 10%-15% P,0s. By 1928 about 8.5
million tonnes of phosphate rock was being used world-
wide to produceabout 15 million tonnes of SSP. Except
for converting the piocess fivin the original batch-type
operation to a continuous process and improving ma-
chinery, materials of construction, :ind the recovery of
cffluents, the SSP industry of the early 1900s is much
the same today. Currently, world production of SSP,
usually containing 16%-20% P,O¢, amounts to about
40 million tonnes of product accounting for about 17%
of the world’s total fertilizer P,O5 consumption (Figure
4). A thorough review of the carly phosphate mining
and superphosphate industry (1842-1930) is provided
by Gray [27].

With the first commercial production of dilutc phos-
phoric acid (10%-15% P,0;) in Germany in the carly
1870s and in the United States in 1890, the production
of an enriched SSP was possible [53]. The partial or
total substitution of phosphoric acid for sulfuric acid in
the acidulation step resulted in an enriched or concen-
trated superphosphate product often referred to as CSP,
containing about 30% P,0Os, the predecessor io today’s
triple superphosphate (TSP) product containing 46%
P,0s. The early phosphoric acid plants, like the carly
SSP and TSP plan:s, were operated on a batch basis.
Wood and lcad were the available and preferred mate-
rials of construction in these carly plants. It was not
until 1915 that a continuous process for producing
phosphoric acid was introduced v the Dorr Company
of the United States [53]. This process, besides being
operated on a continuous basis, produced a more con-
centrated product acid containing about 25% P,0s. The
technology was quickly adopted, and by 1929 there

7

Arable but
not harvested
420 million
hertares

World tota! arable land - 1.37 billiun hectares

America
11%

Regional distribution of Irrigated Land
(240 million hectares total)

Source: FAO [24].

Figure 7. Total and regional distribution of
irrigated land area, 1968.

were some 31 companies in North America and Europe
using the Dorr continuous wet-process phosphoric acid
process. By today’s standards these carly plants were
small, typically producing from 10 to 50 tpd P,Os;
nevertheless, they provided the technological basis for
today’s phosphoric acid industry. The phosphoric acid
industry has grown stcadily since the mid-1900s, and
currently about 70% of the world’s fertilizer P,Os is
derived from phosphoric acid.

The commercial availability of wet-process phos-
phcricacid, usually containing from 28% to 54% P,0Ox,
facilitated the large-scale production of TSP (0-46-0),
ammonium phosphate-sulfate (16-20-0), diammonium



phosphate (DAP, 18-46-0), monoammonium phos-
phate (MAP, 11-52-0), and a number of compound
(NPK) products. However, it was not until the late
1960s that DAP became the dominant solid phosphate
fertilizer. Today, a total of about 20 million tonnes of
DAP and MAP (mostly DAP) is produced annually
accounting for about 31% of the world’s P,O; fertilizer
consumption. Since the mid-1960s, TSP has given way
to DAPand MAP and now TSP accounts for only about
13% of the world’s phosphate (P,05) consumption
(Figure 4).

Many other phosphate fertilizer production processes
enjoyed brief periods of development and industrial
prosperity over the years. Among the most notable was
thedirect production of phosphoric acid from elemental
phosphorus. Elemental phosphorus is produced by
reduction of phosphorus-bearing ore in an clectric arc
furnace. The first clectric furnace in the United States
was built in 1896 at Niagara Falls [45]. The Tcnnessce
Valley Authority (TVA) began development work on
the production of elemental phosphorus by the clectric-
furnace method in 1932; by 1974, TVA and nine other
plants in the United States were producing a total of
ncarly 0.5 million tonnes of clemental phosphorus
annually. Of this, the majority was converted into
phosphoric acid for nonfertilizer industrial uses
(mostly superphosphoric acid having a P,O5 content
of as much as 76%-80%). However, for a brief period
in the late 1960s and carly 1970s, a sigrificant quantity
of superphosphoric acid (about 1 million tonnes of
P,05) was converted into very concentrated and pure
solid and liquid fertilizer products. This acid consum ed
about 20% of U.S. clemental phosphorus production at
that time [28]. However, the cost of cnergy and the
environmental compliance expenditures required for
the electric furnace reduction process became prohibi-
tive, and many of the plants were shut down. Today,
annual world production of elemental phosphorus is
cestimated at about 1 million tonnes, and the Former
Soviet Union (FSU) accounts for about one-half of the
total [12]. About 15 plants are still operating, including
4 in the United States and 1 in Canada, producing
elemental phosphorus that is used mostly in the
nonfertilizer industrial sector.

Other thermally produced phosphate fertilizers that
have been manufactured in relatively minor quantitics
includecalcium-magnesium phosphate, Rhenania phos-
phate, defluorinated phosphate rock, calcium meta-
phosphate, and potassium metaphosphate. Their heavy
dependence on cnergy currently makes them
uncconomical o produce. Today, world production of
thermally produced phosphate fertilizers is small; Brazil,

China, Japan, and Vietnam ar reportedly among the
few remaining producing countrics.

The steel industry also produces a small amount of
fertilizer-grade phosphate in the form of byproduct
basic slag (also referred to as Thomas slag). This
material usually contains from 10%-20% P,0Os in the
water-insoluble form. In 1988, world production of
basic slag amounted to the equivalest of about 205,000
tonnes P,0s.

4. THE PHOSPHATE FERTILIZER
INDUSTRY OF TODAY

Today, the world’s phosphate fertilizer industry pro-
duces about 41 million tonnes of P,0; annually not
including that used for animai feed supplements (about
1.8 million tonnes P,0Oc) and other industrial purposcs
(about 2 million tonnes P,0x). This amount of P,O; is
contained in about 140 million tonnes of fertilizer
products in which about 70% of the P,0s is derived
from wet-process phosphoric acid.

Theindustry s characterized by (1) the concentration
of raw material production in relatively few countries;
(2) intcgrated processing; (3) extensive intra- and
interregional trade in raw materizls and increasingly in
intermediate and finished products; and (4) cxcess
capacity relative to demand.

4.1 Global Overview of Phosphate Fertilizer
Production and Use??

In the last twe decades, processed phosphate (phos-
phoric acid and finished products) trade has increased
steadily, whereas phosphate rock concentrate trade has
declined. Trensport cost savings for the more concea-
trated phosphate materials and cconomies of scale
attributed to the integration of mining and processing
have been the main reasons for the trend.

Because the production, consumption, and trade
statistics of phosphate raw materials, intermediates,
and finished products are difficult to describe in narra-
tive form, the reader is referred to Appendix A. Appen-
dix A contains a number of two-way tables which
quantify the phosphate production, consumption, and
trade patterns or. a regional basis. The country compo-
sition of cac’i region is given in Appendix B. A discus-
sion of these data follows.

4.1.1 Profile of Basic Phosphate Raw Materials

4.1.1.1 Phosphate Rock Concentrate—The an-
nual production of 41 million tonnes of fertilizer P,04
requires the mining of about 650 million tonnes of ore.
About 80% of the mined ore is of sedimentary origin



while the remainder is of igncous origin. This ore is
processed into about 140 million tonnes of phosphate
rock concentrate having a typical P,O5 content of about
31% for the sedimentary material; the P205 content of
concentrate derived from some igncous ores may ex-
ceed 36%. An additional 15-20 million tonnes of phos-
phaterock concentrate is used annually for nonfertilizer
purposes. [n 1989, total production of phosphate con-
centratc amounted to about 163 million tonnes [14].
Although 34 countrics currently produce phosphate
concentrate, only 4 countrics (United States, FSU,
Morocco, and China) account for about 75% of all
production (Table 3 and Figure 8).

Exports of phosphate rock concentrate account for
about 27% of total deliveries (46.4 million tonnes in
1988, 43.1 million tonnes in 1989). Fourtcen countries
cxported concentrate in 1988, but Morocco (14.3 mi! -
lion tonnes), the United States (9.3 million tonnes), and
Jordan (5.6 million tonnes) accounted for 63% of
export deliveries. Europe (62%) and Asia (22%) were
the predominantrcgional destinations for these exports.,

Over the past decade, world exports of phosphate
concentrate declined from about 53 million 1onnes to
about 46 million tonncs today. During this period,
North African (Morocco and Tunisia) and West Asian
(Jordan and Isracl) producers emerged as major export-
ers while exports from the United States declined. This
trend is expected to continue. Overall, itis expected that
phosphate concentrate exports will stagnate or even
decline slightly until the end of the century with Euro-
pean imports declining by 3-4 million tonnes arnd Asian
imports increasing by 2-3 million tonnes over the next
decade [20]. Jordan seems likely to continue its steady
growth (8% arnually) aud currently is the most com-

2. Authors’ Note: In 1988 (1987/1988 depending on the source
of data), the base year used in this analysis, the Former Soviet
Union (FSU)accounted for about 25% of world phosphate concen-
trate production and about 17% of world sulfur production while
domestic consumption of phosphate fertilizers (PO, bais) in the
FSU amounted to about 22% of the world total. More than 90% of
this production and consumption occurred in only 5 of the 15
former republics (Byelorussian S.S.R., Kazakh S.S.R., Russian
S.F.S.R., Ukrainian S.S.R.. and Uzbek S.S.R.). The recent demise
of the Soviet Union along with its centrally planned economy will
most certainly cloud the issues surrounding phosphate iertilizer
production, consumption, and trade in the short term. The pres-
sures on the FSU to generate foreign cxchange will undoubtedly
affect the global phosphate industry. The export of fertilizer,
particularly nitrogen and potash products, ranks second only to
petrolcum products as a source of foreign exchange in the FSU.
Therefore, the reader is cautioned not to view the historical data
described in this paper as necessarily indicative of future trends,
especially as the trends in international trade of phosphate fertil-
izer products are influenced by the FSU.

petitive exporter to the growth regions of Asia because
of its favorable freight advantages over the United
States and, to a lesser extent, over Morocco.

Currently, there is world capacity for about 200
million tonnes of phosphate concentrate per year [56].
This cxcess capacity will act as a major constraint to
price increascs for phosphate fertilizers.

4.1.1.2 Sulfur—The second major raw material
required for phosphate fertilizer production is sulfur.
Annual world production of sulfur in all forms has
increased from 52 million tonnes in 1975 to almost 61
million tonnes today. Almost half (29 million tonnes)
is used for the manufacture of phosphate fertilizers, and
an additional 4.3 million tonnes is used for the prodac-
tion of other fertilizers such as ammonium sulfate. All
but 8% of the total production of sulfur/sulfur equiva-
lent is used to manufacture sulfuric acid.

There have beer marked changes in the sources of
sulfur productionovertke past 15 years withan increase
in the proportion of sulfur recovered from sulfur-
containing (sour) natural gas and oil (41% in 1990).
This has been accompanied by stagnation or decline in
the percentage of Frasch (mined) sulfur {23%) and
sulfur obtained from pyrites (17%) and other sources
(19%). Thesc trends are expected to contitue, resulting
in some two-thirds of all sulfur output coming from
nonvoluntary production sources by 1995 [11]).

Although more than 50 countries produce sulfur,
only 4 (Canada, United States, FSU, and Poland)
account for 60% of world production. Thus, there is
considerable world trade in clemental sulfur, whercas
trade in pyrites is limited to Europe. There is also
limited trade in sulfuric acid amounting to 1.5 million
tonnes of sulfur cquivalent annually. Data on regional
production and use of sulfur are shown in Figure 9.

4.1.2 Prgfile of Wei-Process Phosphoric Acid
Production

World production of wet-process phosphoric acid
was equivalent to 28.6 million tonnes of P,Oy in 1988.
Production declined 5% in 1989, primarily because of
the previously mentioned Morocco-India commercial
dispute, but recovered in 1990. Because of freight

3. Author's Note: The year 1988 (1987/1988 depending on the
source of data) was choscn as areference year for analysis because
in 1989 the world phosphate trade was disrupted by a commercial
disagreement between India and Moroccowhich led to 1989 being
atypical in the trade of phosphate fertilizer materials. Foliowing
resolution of the commercial differences, a return to the estab-
lished trade patterns was again apparentin 1990. Data for 1991 are
incomplete at this writing and, as previously noted, the trends for
1992 are uncertain.



Table 3. Major Produccers of Phosphate Concentrate and World Phosphate Reserves

Country Mine Production, 1989? Reserves®® Reserve Basc*?
------------------------ (million t)- - ----ccvecciemaaaa ..
United States 49.8 1,230 4,440
Fornier Soviet
Union 39.0 1,330 1,330
Murocco and 18.0 5,900 21,440
Western Sahara
China 17.0 210 210
Jordan 6.7 90 480
Tunisia 6.6 - 270
Isracl 39 10 10
Togo 34 - 60
South Africa 3.0 2,530 2,530
Senegal 23 - 160
Others 138 690 2,860
World Total® 163.4 12,480 33,790

a. Marketable phosphate concentrate.
b. Refer to U.S. Department of the Interior, Burcau of Mines, Mineral Commodity Summaries 1991 for basis for determining

quantity of reserves.
¢. Totals may not add due to rounding.

Source: U.S. Bureau of Mines [14].
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Figure 8. Regional production of phosphate rock concentrate compared with total phosphate fertilizer
consumption, 1989,
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advantages, there has been a trend to integrate phos-
phkate mining and processing operations. Additionally,
because sulfur may represent 40% of the cost of produc-
tion, phosphoric acid plants arc most viable when
located ncar cconomic supplies of sulfur/sulfuric acid.

Of 40 producing countrics worldwide, only 4 (United
States, FSU, Morocco, and Tunisia) account for two-
thirds of the world production of wet-process phospho-
ric acid. About 4.4 million tonnes of P,O; as phospho-
ric acid was traded in 1988. Morocco is the largest
exporter with 1.7 million tonnes P, O, shipped in 1988,
mostly to Indiaand Western Europe. The United States,
the sccond largest exporter, cxports about 0.9 million
tonnes P,0s, of which about 70% goes to the FSU.
Within Western Europe, about 0.5 million tonnes P,0;
is traded, sourced primarily from Belgium and Spain.

About 1.9 miilion tonnes P,O5 as phosphoric acid
(about 7%) is consumed for nonfertilizer uses. About
70% of this industrial usc occurs in Western Europe,
North America, and Japan.

Very little net new production of phosphoric acid is
cxpected to come on stream during the next 5 years
because there is a current excess of capacity. China is
expected to increase its very small phosphoric acid
capacity by about 2 million tonnes over the next S years;
this production will be based on the use of domestic
rock. Morocco, Jordan, FSU, and Isracl are expected to
increasc capacity, but this will most likely be offsct by
declines in capacity in Europe and Japan. Production in
the United States is expected to remain static.

4.1.3 Profile of Finished Phosphate Fertilizer
Products

Almost 40% of the current annual production of
approximately 41 million tonnes P,O; as finished
products is in the form of ammonium phosphates (DAP
and MAP), and a further 13% is produccd as TSP. This
production accounts for approximately 83% of the
phosphoric acid used in fertilizer production. These
data for 1988 arc summarized in the following table.

Westemn _J 7.37 million tonnes domestic sulfur available for sulfuric acid production
Europe 7L/ 7A 251 million onnes sulfur equivalent used to produce phosphate (P,0O,) fertilizers
Eastern il _] 8.01 million t
Europe Y/ /L L2 7] 168 milion t
Former ] 10.28 miliion t
Soviet Union LA/ L7 /77777 4.42 milion t
North ] 16.57 million t
America (L LT A A A 7 /7 86T mion t
Central — 230 millien t
America 383,000 t
South 800,000 t
America 932,000 t
North 128,000 t
Africa 4.00 million t Summary
Sub-Saharan 66,000 ¢ World total sulfur production: 60.5 million t
Africa 212,000 t (All forms expressed as elemental sulfur)
South 743,000 t Sulfur equivalent used to produce sulfuric acid
Africa 502,000 t for all purposes: 53.4 million t
Waest ] 3.89 million t Sulfur equivalent used to produce all fertilizers
Asia (/771 949,000 t including P,O products: 33.3 milkon t
South 26,000 t Sulfur equivalent used to produce P,Oj fertilizers:
Asia 679,000 t 28.8 milion t
Eest Asia 3.05 miltion t
(Excluding China) [ZZZZA 1.30 million t
] 4.70 milion t
China 777777 77T 18T milon 1
210,000 t
Oceania 539,000 t 1 1 1
0 5 10 15 20
Million Tonnes Sulfur/Sulfur Equivalent
Source: British Sulphur Corporation Ltd. and other published statistical data.

Figure 9. Availability of domestic sutfur or sulfur equivalent compared with sulfur used to produce

phosphate (P,O;) fertilizers, 1988.
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Percent of

Percent of Total Phosphoric
Product Type P,0q Total P,O4 Acid Use
(thousand tonncs)

DAP/MAP 16,235 39.2 62.2
TSP 5,507 133 21.1
Phosphoric acid-based NPKs 4,338 10.5 } 16.6
Nitric acid-hbased NPKs 3,879 9.4 ’
sSSP 7,083 17.1
Other phosphate fertilizers 2,888 7.0
Dircct application phosphate

rock 1,310 3.2
Basic slag 205 0.5
TOTAL? 41,445 100.0 100.0

a. Totals may not add due to rounding.

The regional distribution of finished phosphate fer-
tilizer production for 1988 is shown in Table 4. Two-
thirds of total production occurred in the United States,
FSU, China, and Western Europe. Production derived
from phosphoric acid varies from around 80% or morc
in North and Central America, North Africa, and West
and South Asia to around 50%-60% in other regions
cxcept Occania and China, where phosphoric acid
contributes only about 14% and 1% of the P,0,
respectively.

4.1.4 Trade in Finished Phosphate Fertilizer
Products

International trade in finished phosphate fertilizers is
limited primarily to DAP, TSP, and compound NPKs.

Exports of DAP have doubled in the past decade to
around 4.8 million tonnes P,04 annually. DAP, con-
taining 18% N and 46% P. Os’ is now the most interna-
tionally traded phosphate fertilizer.

The United States accounts for 60%-70% of all DAP
and MAP cxports (about 3 million tonnes P,0;). Mo-
rocco, Jordan, and Tunisia follow with approximately
10%, 7%, and 5%, respectively. Almost 60% of all
ammonium phosphates are exported to Asia; China
accounts for around onc-third, and India, Iran, and
Pakistan together account for more than 25% of the
exports made to Asia. Recent estimates of landed costs
for DAP to the Chinese market indicate comparative
advantages from the United States while the North
Africaand West Asia exporters have cost advantages in
the South Asia and Western Europe markets [20].

Exports of TSP, 1.9 million tonnes P, in 1988,
have lagged behind that of DAP, prcsumably because
TSP has a lower total nutrient content than DAP.
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Production of TSP is concentrated in the United States,
FSU, North Africa, and West Asia. However, produc-
tion in the FSU is utilized domestically, lcaving the
United States, Tunisia, Morocco, and Turkey as the
major cxporters. One-third of all exports go to Western
and Eastern Europe, and about 15% go to the FSU.
Another 33% is imported throughout Asia, including
China, for usc as a straight phosphate fertilizer.

Trade of compound NPKs amounted to almost 2.3
million tonnes P,05 in 1988. Over 40% of this trade
was within Western Europe, and another 10% was
between Eastern Europe and Western Europe. Western
Europe also accounts for 50%-55% of all other exports
of P,O in the form of compound NPKs.

Because of the low concentration of P,0q, there is
little trade in SSP, other phosphate fertilizers, or direct
application phosphate rock.

4.1.4.1 Expected Trends in Traded Phosphate
Fertilizer Products—The concentration of raw mate-
rial supplies, favorable cconomics of integrated pro-
cessing, and the freight advantages for more concen-
trated finished products have led to the current structure
of production and trade of phosphate fertilizers. Growth
in total preduction of finished produces, which de-
crcased in annual percentage terms from 7.8% in the
1960s to 1.5% in the 1980s, is now expected 1o stabi-
lize. With a current overcapacity of about 2.5 million
tonnes P,Oy in the form of finished products (6.5% of
world P, O consumption) and a forccast growth in
demand ofonly 1%-1.2%/ycar for the next 5-10 years,
further rationalization within the industry can be ex-
pected. As the supply/demand balance comes into
cquilibrium during the next 5 years and prices improve,
new capacity can be expected and is already being



Table 4. Finished Phosphate Fertilizer Production, 1988

Origin
(Region/Country)* Production % of Total
(thousanc' t P,Oy)
Western Europe 4,254 10.5
Eastern Europe 2,824 6.8
Former Soviet Union 9,235 223
North America 10,005 24.1
Central Amecrica 406 1.0
South America 1,508 36
North Africa 1,954 4.7
Sub-Sahara Africa 108 03
South Africa 384 09
West Asia 1,471 35
South Asia 2,453 59
East Asia 2,156 52
China 3,607 8.7
Occania 1,025 2.5
Total 41,490 100.0

a. Refer to Appendix B for regional classification of countries.

Source: Derived from published statistical data and IFDC data file.

planned in China, North Africa, and West Asia. The
main surplus arcas will continuc to be the United States
and North Africa. The deficit areas will include East
Asia, China, Eastern Europe, and Central and South
America.

4.1.5 Demand for Phosphate Fertilizers

World consumption of phosphate fertilizers increased
from about 10 million tonnes P,O5 in 1960 to 38
million tonnes P,O, in 1988, representing 36% and
26%, respectively, of total fertilizer nutrient (N + P205
+ K,0) consumption. During the 1960s, all regions
exhibited growth in P,O5 consumption; growth aver-
aged 7.3%/ycar and ranged from 4.0% in Western
Europe 10 20.2% in South Asia. During the 1970s, the
growth rate slowed to 4.4%, butsstill all regions except
Occania maintained a positive growth. During the
1980s, there was considerable divergence in the re-
gional growth rates due to climatic and micro- and
macrocconomic policy changes [13]. Phosphate fertil-
izeruse decreased in several regions, including signifi-
cant declines in the mature markets of North America
(-3.3%), Western Europe (-2.1%), Oceania (-2.9%),
and Eastern Europe (-0.9%). The FSU, Asia, and sub-
Saharan Africa, however, experienced more than 6%/
year growth while Central America grew atalmost 5%.
Because of thedisparity in regional consumption growth
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patterns, the regional shares of P,O5 consumption
changed markedly between 1960 and 1988, asshownin
Figurc 10.

Over the next decade, total world consumption is
expected to increase by 1%-1.2%/ycar to 43.3 million
tonnes P,O¢ by the end of the century. Regional phos-
phate fertilizer demand as forecast by the World Bank/
FAO/UNIDO/ Industry Working Group is shown in
Figure 10. Static or declining consuraption is forccast
for the developed market cconomics, Eastern Europe,
and the FSU. Growth is confined to the developing
countrics and socialist Asia; over 75% of the growth is
forecast to occur in South and East Asia including
China.

4.1.6 Current Phosphate Fertilizer Manufacturing
and Farm-Level Cost Structure

Prices forinternationally traded phosphate fertilizers
have fluctuated widely over the past few decades but
have gencerally exhibited adownward trend (Figure 11).
The international prices,shown in Figure 11 and quoted
incurrent U.S. dollars, do not fully reflect the impact of
supply and demand or the cost of raw materials and
processing because of several distorting factors iniclud-
ing the following:
® A limited number of buyers and scllers.
© Incrcased government ownership of the industry.



® Limited entry and exit of producers to and from the
industry.

@ Long-term lags in adjustment to achieve commercial
equilibrium.

® Imperfect short-term knowledge of market conditions.

® Effects of countertrade and bartering.

® Effects of tariffs, quotas, and production and cnd-
uscr subsidies.

@ Impact of fluctuating international freight rates.

The industry is characterized not only by a regional
concentration of raw material resources but also, over
the past decade, by an increasing concentration of pro-
duction within regions under the control of fewer firms.
Low or negative profit levels have led to industry ratio-
nalization in the developed market cconomies, while the
expansion of production in developing countrics and
centrally planned economics has led to increased public
scctor ownership of production resources. In 1987, it
was estimated that 64% of the ownership of the global

1960
9.3 Millon Tonnes P,0,

fertilizer processing industry was in the putlic sector
[51]. Similar proportions are estimaicd to apply to the
production of phosphate concentrate (66%) and sulfur
(61%).

Assuming a new plant with relatively high capital
charges, the cost of raw materials for phosphate fertil-
izers accounts for 40% to 60% of the total production
costs [52]. However, for cstablished plants with lower
capital charges, such as thosc in the United States, raw
materials account for as much as 80% of the total
production cost [60]. With these proportionally high
costs for raw materials, price distortions can be signifi-
cant where government policy initiatives (in the form of
subsidized production or lack of environmental control
legislation and cnforcement) are designed to generate
foreign exchange for use in other sectors of the economy.
Nonsubsidized private sector production is only able to
compete against such price distortions through more
cfficient use of capital, raw material cost advantages,
and plant operating efficiencics.

1988
37.8 Million Tonnes P,0,

West Asla 3.8%
Esasl
la South
6.0% Asla
9.0%
FSU China
226% 13.2%
West Asla 0.4%
South Asla 0.8%
3.1% | Oceanla
South Africa 0.8%
Alfrica 1.4% V/estern Notth Sub-Saharan Africa 0.9%
Sub-Sahasan Africa 0.2% Eg’gg: America North Africa 1.2%
North Africa 0.8% 11.5%
Amerlca 2.6% / 71%
Central 2000 Forecast 5.6%
America 0.5% 43.3 Million Tonnea P04 Central America 1.6%
Eastern  gouh America
Europe

Note: East Germany was included in
Eastern Europe in 1960 and
1988. However, because of the
German unification, East Ger-

Central America

manpy became a part of Germany
which is included in Western
Europe for the year 2000.

Sub-Saharan 1.1%

Source: Derived from FAO and World Bank/FAO/UNIDO/Industry Working Group statistical data.

Figure 10. Trend in regional share of world phosphate (P,0s) consumption.
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4.1.6.1 Estimated Current Cost Structure As-
suming New Production Faciliiies—Estimates of
conventional and alternative phosphate fertilizer pro-
duction and farm-gate costs were made by IFDC in
1988, based on new capital investments in developing
country locations [52]. Thesc cstimates assumed capi-
tal recovery at 12% annual interest over 15 years and
delivered raw material costs of $135/tonnc for sulfur,
$60/tonne for phosphate concentrate, and $145/tonne
for ammonia. These costs, including credits for nitro-
ger and sulfur where applicable, arc summarized in
Figure 12. With the cxception of direct application
phosphatc rock, the estimated farm-gate cost for all
processed fertilizers is quite similar, at close to $700/
tonne P,0s.

In order to cxamine more thoroughly the expected
regional differences in farm-gate costs for major phos-
phate fertilizers, cstimates were based on the above
processing costs, including capital recovery and regional
supply and consumption estimates, using 1988 as a base
year. The delivered cost of phosphate rock concentrate

was derived from an estimated domestic production cost
of $107.6/tonnc P,O; for all regions cxcept the United
States ($61. S/tonnc P ,05), FSU ($143/tonne P,0y),
North Africa, sub-Saharan Africa, and West Asia ($98.4/
tonne P,0O) and from an average export price of $123/
tonne P,Os f.0.b. plus estimated international freightand
port-handling costs. The delivered cost for sulfur was
estimated at $135/tonne for all regions, and phosphoric
acid production costs and intcrnational freight costs were
estimated. Where supplics of finished products were
imported, the landed costs were derived from the esti-
mated productioncosts in the regionoforigin plus freight
and handling.

Toarriveat the farm-gate cost, the domestic distribu-
tion and marketing costs were assumed to be $30/tonne
of product for all regions except sub-Sahaian Africa,
where a value of $80/product tonne was assumed (refer
to Chapter 6). Farm-gate product costs were then ex-
pressed per tonne P,Os, and credits for nitrogen or
sulfur were deducted, wherc applicable, at $520/tonne
for nitrogen and $135/tonne for sulfur at the farm level.
The results are summarized in the following table.
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Source: IFDC Data File as Derived from Green Markets Fertilizer Market Intelligence Weekly.

Figure 11. Price trends in current U.S. dollars for internationally traded phosphate materials (f.0.b.

U.S. Gulf Coast, bulk).
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Estimated Farm-Level

Cost of

Region/Country Phosphate Fertilizer®

(US $/tonne P,0,)
Western Europe 559
Eastern Europe 634
Former Soviet Union 484
North America 469
Central America 621
South America 580
North Africa 575
Sub-Saharan Africa 844
South Africa 627
West Asia 578
South Asia 633
Eas! Asia (excluding China) 638
China 541
Occunia 702
World Average 582

a. Bused on new plant facilities (1988 basis) and current world
product mix and phosphate trade. Values do not include estimated
incremental costs for environmental compliance described in
Chapter 5.

Although an attempt was made to incorporate the
impact of intcrnational movements of raw materials,
intermediates, and finished products and diffcrences in
the cost of phosphate rock among the major exporting
regions, the resultant farm-level costs should be re-
garded only as indicative values.

The results of this analysis indicate an average cur-
rent world cost of about $582/tonne P,Oy at the farm
gate, with a low of US $469/tonnc P,Oc in North
America and a high of US $844/tonne P,0y in sub-
Saharan Africa. Apart from direct application phos-
phate rock, DAP, at an average cost of $551/tonne
P,0s, is the lcast-cost source ot phosphate followed
closely by compound NFKs at $573/tonne P,0;. The
cost of TSP is $630/tonnc P,04, and SSP is the most
expensive source at $682/tonne P,05. The cost struc-
ture for the various products is described more fully in
Chapter 6.

This analysis indicates that the current industry
structure and product mix, based heavily upon wet-
process phosphoric acid, is providing the least-cost
supply of phosphatc fertilizers on a global basis.

Notes: Legend:
1. Indicated costs for P,O, are net after taking Factory Gate
credit for nitrogen or sulfur contained in product.
1100 2. Marketing costs, including transportation and . [ Fam Gate
1000 slorage are estimated at US $257 product for Without Credit for )
B D.A phosphate rock, SSP, and SAB-PAPR and Coproduct CAN-26 Int’emauonal 1.o.b.’Bulk
900 US $407 for all others, $9[l4 gges (;:’ZOF_L fIzasns)
w — wn for Reforence.
g. B With Credit for  S0Urce: Fertifzer Woek October 17, 1968
2 $69% $714 Coproduct
é 700 |- $663 seo7$663 ey CAN26  $655
600 [ $600 8
g $571 $547 $58
500 - $467
$407 L $435
400 "o $388 $365 1. % |z
T
00 - ‘272% 5;3
20 - B |22
100 Z|2 ES §
DA. Phosphate  SSP SAB-PAPR TSP DAP Nitrophosphate ~ Phosphonitic TSP DAP DAP
Rock 20% POs 22% P05 46% P05 18% N 20% N, 20% P,0s 20% N North Africa  U.S. Gulf
30% P205 11% S 6% S 46% P:Os Coproduct CAN-26  20% P.0s

Source: Schultz and Le [52].

Figure 12, Estimated factory- and farm-gate cost of

P,Os from various products (new production

facilities with full capital charges are assumed using 1988 cost basis).
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4.2 Overview of Environmental Regulations in
the Phosphate Fertilizer Sector

4.2.1 Summary of Environmental Regulations

A 1983 survey of member countrics by the Interna-
tional Fertilizer Industry Association (IFA) indicated
that “cnvironmental concerns were not regarded as a
problem in developing countries, where food supplies
are often insufficient, organic manure in short supply,
and fertilizer use in a decline” [31].

A similar survey by IFA in 1989 showed that the
situation has changed markedly: “The environmental
movement has become a strong political force and is
spreading to some developing countries, whether or not
the conditions arc appropriate” [31].

A sampling of cxisting cnvironmental regulations
directly affecting the phosphate fertilizer industry in
sclected countries is given in Tables S and 6. These Jdata
indicatc a great deal of variability in the permitted
values and the basis used for calculation.

In addition to legislation regarding discharges to the
cnvironment, some countrics have cstablished work-
placc environmental standards. These standards, ex-
pressed as threshold limit values (TLVs), are designed
to protect people who are exposed to toxic and hazard-
oussubstances in the workplace for long periods of time
[1,66].

4.2.2 Industry Compliance With Environmental
Regulations

Environmental Iegislation most often precedes com-
pliance by several years. Most legislation contains a
compliance schedule based on the implementation of
best available technology over a period of time. The
ultimate level of compliance routinely accomplished is
ofteninfluenced by the level of inspection and monitor-
ing by the authoritics charged with enforcement and by
the severity of penalties imposed for noncompliance.

Itis beyond the scope of this discussion to examine
the current level of compliance in the global phosphate
fertilizer sector. However, it is clear that the increased
public awarencss of industrial pollution and the grow-
ing body of health-related scientific evidence that may
incriminate certain sectors of the industry will undoubt-
cdly result in an increased level of enforcement of
legislation designed to protect the environment and
thosc in the workplace.

4.3 Phosphate Fertilizer Manufacturing
Technology

In the following discussion of existing or possible
industry practices and environmental considerations,
reference is made to the United States Environmental
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Protection Agency (U.S.-EPA) and the United States
phosphate industry. This is because of tlie availability
of considcrable information in the public sector and the
major role played by the U.S. industry in providing the
global supply ot phosphate materials. Reference to the
U.S.-EPA and the U.S. industry is for illusiration
purposcs only and does not imply their endorsement of
the data described by the authors.

4.3.1 Phosphate Mining, Land Reclamation, and
Beneficiation

As indicated carlier, the phosphatc industry is char-
acterized by the movement and processing of large
tonnages of overburden, ore, and concentrate. The
phosphate concentrate used to prepare the intermediate
and finished products is derived from naturally occur-
ring phosphate-bearing ore. Typically, the naturally
occurring ore contains 15%-30% P,0 comingled with
sand, clay, and other impurities. Current world phos-
phate reserves amount to the equivalent of about 12
billion (12 x 10%)tonnes of marketable concentrate, and
the reserve base amounts to more than 30 billion tonnes
(Table 3) [14].

The great majority of the world’s phosphate ore is
obtained using surfacc mining techniques. These min-
ing operations often require the removal and eventual
replacement and reshaping of as much as 5 tonnes of
overburden per tonne of ore, or several times that
amount of material per tonne of recovered P,0s, be-
causc not all the P,O4 contained in the mined orc is
recovered as a marketable phosphate concentrate. De-
pending upon the characteristics of the ore, as much as
onc-third of the P,04 can be lost in the process of
scparating the phosphate from its parent ore consisting
of sand, clay, limestone, and cther materials. The
scparation (bencficiation) process may range from a
crude dry-screening process to a very sophisticated
process that may involve washing, wet screening, mag-
netic scparation, hydraulic scparation, centrifugation,
flotation, calcination, scttling/decantation, and drying,

Prior to about 1925, losses of phosphate in many of
the operations, such as those in Florida (U.S.A.), were
very high and the quantity of water required per tonne
of recovered P,O, for the mining operations was large
as compared with that used today. For example, the
Florida (U.S.A.) phosphate mining and beneficiation
industry as a whole, even as recently as 1970, had a net
consumption of about 15 tonnes of water/tonne of
marketable concentrate (about 50 tonnes of water/toanz
0f P,O5) compared withonly about one-hal( thatamount
today [25]. Thesc carly operations, circa 1925, were
successful in recovering only the large phosphate
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Table 5. Sampling of Existing Environmental Regulations Affecting the Phosphate Fertilizer Industry—Indicative Values for Selected Countries?

Component Austria® Belgium Germany (FR) Greece India Iran® Italy
------------------------------------------ (Wmit) == ecemmmm e el

Particulate (dust) 75 mg/m3 50-75 mg/m?3 150 mg/m?> 150 mg/m3
NH, 20 mg/m3 50-300 mg/m3b (15 mg/1.)
HF 5 mg/m3 5 mg/m3
HCL 30 mg/m3 30 mg/m3
F (300-600 mg/L)* (1 kg/t P,O,) 100 mg/m? 25 mg/m3 (2.0-2.5 mg/L) (6 mg/1.)

(6 mg/L) (10 mg/L)"
NH,*-N¢ (150 mg/L) (2 kg/t N (50 mg/L) (0.5-2.5 mg/L)*
NO,™-Nd (225 mg/L) (2 kg/t N (10-20 mg/L)° (1.0-50 mg/L)* (20 mg/L)
NO,° 350 mg/m* (ammonia plant

primary reformer)
450 mg/m? (nitric acid plants) 5 kg/t HNO,J
500 mg/m? (cther plants)

Cd (2-0.3 mg/L)8 (100 mg/t P,O)! (0.01-1.0 mg/L)
P (50-300 mg/L)f (0.5 kg/t P,0Oy)! (10 mg/L) (5 mg/L) (1.0 mg/L) (10 mg/L)
SO, 10kg/t H,SO,] 4 kgt H,SO,
SO, 0.8 kg/t H,S0,J (300 mg/L)'
Sulfuric acid mist 50 mg/m3]
Chemical oxygen demand (300-450 mg/L)f
Total suspended solids (200-600 mg/L) (40 mg/L) (100 mg/L) (30 mg/L)
pH (5-9.5) (6-9) (6.5-8.0) (6.5-8.5/5-9 [well])
Temperaiare (35°C)

(Continued)
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Table 5. Sampling of Existing Environmental Regulations Affecting the Phosphate Fertilizer Industry—Indicative Values for Selected Countries? (Continued)

Component Jordan®™ Mexico Saudi Arabia Turkey Zimbabwe United States
-------------------------------------------- (Umit) = - = e oo m e e e e e
Particulate (dust) 200 mg/m?3 (Refer to Table 6
NH, (2.5 mg/L) for U.S.
HF regulations)
HCL
F (20 mg/L) 10 mg/m3 (1 mg/L)
(15 mg/L)

NH,*-N¢ (5C-150 mg/L)? (5 mg/L) (50 mg/L) (10 mg/L)*
NO;-N4 (50 mg/L)
NO,° 800 mg/m*
Cd (0.01 mg/L) (0.5 mg/L) (0.01 mg/L)
P (Omgl)  (05mgL) (35 mg/L) (1 mg/L)
So, 3-28kg/t H,SO,9 380 mg/L )
SO, 0.4 kg/t H,SO}
Chemical oxygen demand (100 mg/L) (200 mg/L)
Total suspended solids (30 mg/L) (30 mg/L) (15 mg/L) (100 mg/L) (25 mg/L)
pH (6.5-9) (6-9) (6.8-7.2) (6-9) (6-9)
Temperature (5°C above ambient 30°C) (35°C)

outfall temperature)

a. Derived from IFA Environmental Legislation Survey (1989) and other reported data. Values in parentheses ( ) indicate liquid effluents; all others indicate gaseons effluents. Values
not shown do not necessarily indicate lack of legislated limit. Gaseous values assurned to be expresszd in normal cubic meters (m3).
b. Values for Austria pertain to new installations.

- For Iran, lower values refer to wastewater discharged into wells and higher values refer to surface discharge.

. Allowable limit calculated as N existing in indicated form.

- NO, calculated and indicated as concentration of NO,.

Higher value pertains to brackish water applications.

g- Lower value pertains to brackish water applications.

h. NH; regulated at discretion of local authorities; values indicate the range of limits.

i. Proposed limit using best availabie technology.

J- Based on 100% H,SO, or 100% HNO,.

k. Concentration indicated as NH,* and NO;".

1. Concentration indicated as SO,~.

m. Jordan currently has no regulations pertaining to emissions to atmosphere.

n. Fluoride value may be as low as 1.5 mg/L depending upon recipient stream of outfall.

<. Higher value (20 mg/L) is applicable to phosphate fertilizer production units.

p- Higher value (150 mg/L) is applicable to urea plants only; values refer to total N equivalent regardless of form.

4. Limits vary depending upon location, age, and capacity of sulfuric acid plant.

r. Total N equivalent regardless of {form.

-0 o0
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Table 6. Selected Federal Environmental Regulations Pertaining to the Fertilizer Sector in the United States

Source of Effluent—Production Unit/Operation

Wet-Process Superphosplhoric Granular Triple
Phosphoric Acid Diammonium Triple Superphosphate
Substance Sulfuric Acid Nitric Acid Acid Concentration Phosphate Superphosphate Storage Facility
------------------------------------------- (i) = e e e e e e e e e aeila
Ammonia (NH,) (Ammonia discharged to the atmosphere is not covered by federal regulations; may be regulated by state

and local authorities)

Ammonia (expressed as N) 0.45-4.5 g/t HNO,b5d
(wastewater)
Acid mist 0.075 kg/t
H,S0,°
Fluorides (expressed as F) 10 g/t P,Oq 5 g/t P,Oq 30 g/t PO, 100 g/t POy
25-75 mg/L.° 25-75 mg/L° 25-75 mg/L*® 25-75 mg/L®
(wastewater) (wastewater) (wastewater) (wastewater)
Nitrogen oxides (expressed L5 kg/t HNO,®
as NO,)
Nitrate (expressed as N) 23-170 g/t HNO,>5¢
(wastewater)
Phosphate (expressed as P) 35-105 mg/L*° 35-105 mg/L® 35-105 mg/L*
(wastewater) (wastewater) (wastewater)
Sulfur dioxide (SO,) 2kg/t H,S0 P
Stack opacity Less than 10% Less than 10%
Total suspended solids 50-150 mg/L° 50-150 mg/L*® 50-150 mg/L*
(wastewater) (wastewater) (wastewater)
pH 6.0-9.0
(wastewater)

0.25 g/h-t P,O,°

(Continued)
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Table 6. Selected Federal Environmental Regulations Pertaining to the Fertilizer Sector in the United States (Continued)

Source of Effluent—Production Unit/Cperation

Phosphate
Phosphate Rock Fhosphate
Substance Rock Calciner Grinder Rock Dryer
----------------------------- U1 I L ——_
Ammonia (NH,)
Ammonia (expressed as N)
Acid mist
Nitrogen oxides (expressed
as NG,)
Nitrate (expressed as N)
Particulate (dust) 120 g/t rockf 6 g/t rock 30 g/t rock
55 g/t rock
Sulfur dioxide (SO,)
Stack opacity Less than 10% 0% Less than 10%

a. Indicated limits for phosphate operations refer to phosphate rock or P,0; equivalent fed to process. Except for wastewater as noted, all values refer to discharges to the
atmosphere. Additional state and local regulations may also apply.

b. Based on acid produced; 100% H,SO, or HNO,. Atmospheric discharge value:. efer to a maximum 2-h average.

c. Lower value is average of daily values for 30 consecutive days; higher value is maximum for any one day. Limit for total susperded solids is waived if water is treated to
remove phosphates and fluorides.

d. Standard for new facility based on gaseous ammonia raw material.
¢. Based on tonnes P,O; equivalent in storage facility.
f. Refers to caicination of unbeneficiated rock or blends of beneficiated and unbeneficiated rock. Lower value (55 g/t) pertains to calcination of beneficiated rock.

Source: United States Code of Federal Regulations July 1, 2989 and July 1, 1990.



agglomerates (pebble); the smaller phosphate particles
were lost with the washwater, which was normally
discharged to strecams and rivers [47). Economic pres-
sures on the phosphate industry during the first two
decades of the 1900s brought about labor-saving inno-
vations in mining and beneficiation. By 1925, P,0O,
recovery improved, but still more than 50% was lost.
Improvedrecovery wasaccomplished through theadop-
tion of better screcning methods and the use of hydrau-
lic classificrs (cyclones) designed to separate small
phosphate particles that were previously lost with the
washwater. These improvements coupled with the in-
troduction of flotation technology in 1927 greatly in-
creased the level of P,O recovery to about 70% of that
contained in the ore. By 1940, beneficiation technology
as practiced worldwide today, including flotation, was
in gencral use among the Florida producers.

The disposal of phosphatic clay waste is the most
troublesome problem faced in most beneficiation pro-
cesses. Even after years of scttling, these very fine
particles scldom consolidate to more than 20% solids
[29]. Besides the large land arca required for settling
and storage of this material, careful management of the
containment site is essential to prevent an accidental
spill of contaminated water which normally covers the
settled clay waste to a depth of several meters. This
water is used to transport the clay waste from the
bencficiation unit to the disposal site; therefore, it is
contained and continuously recirculated for this purpose.

All phosphate ore contains traces of uranium and its
radioactive decay products (Table 7) and a number of
metals which are being studied in relation to the health
of humans and other animals (Table 8) [5,64].

Studies of the ultimate fate of radioactive decay
products and potentially harmful metals in the process-
ing of phosphate ore to finished fertilizer products are
yiclding some interesting obscrvations. For example,
the concentration of radionuclides is reportedly higher
in the small particle size fraction (minus 30 pum) of
phosphogypsum [21], whereas in the beneficiation of
central Florida phosphatc ore, which is naturally low in
cadmium, about one-third of the cadmium is removed
with the phosphatic clay thatis discharged to a disposal
site [64]. The fate of certain metals and radioactive
decay products, including theirentry into the food chain
through the soil and plant tissve, continucs to receive
considerable study [2,16,26,49].

Thesc metallic constituents, most notably cadmium,
have received a great deal of attention in recent years,
especially regarding international trade of phosphate
concentrate containing clevated levels of cadmium.
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Techniques for removing cadmium from phosphate
coucentrate, for example, high-temperature calcina-
tion, have been evaluated and used to a limited commer-
cial extent with generally unsuccessful and costly re-
sults. Removal of cadmium and other metals from
phosphoric acid to achicve tolerable levels seems to
offer more promise. Such removal techniques, though
currently not widely practiced commercially in the
fertilizer industry, involve ion-exchange or solvent
cxtraction methods [5,15]. Removal of cadmium from
phosphoric acid using coprecipitation techniques is
also being studiced.

4.3.).1 Environmental Factors Related to Phos-
phate Mining, Land Reclamation, and Beneficia-
tion—Phosphatc mining and beneficiation operations,
depending upon a number of site-specific factors, may
affect the environment to varying degrees in onc or
more of the following ways:

e Topography changes including the loss of aesthetic
value, soil fertility, and soil moisture-holding
capacity.

@ Loss of natural plant and wildlife habitat.

o Loss of recreatioral, historical, and archacological
values.

¢ Disturbance of shallow aquifers.

o Contaminationofsurfaceand groundwaterresources
causcd by the intrusion of contaminated water from
mine sites and phosphatic clay and sand tailings
disposal sites.

e Temporary depletionof groundwater resonrces due
to extraction of water used for processing,.

Table 7. Approximate Radioactivity of Selected
Phosphate Matcrials and Background Soil

Radioactive Element

Material U-238 Ra-226
------ (pCirg)------
Phosphate concentrate?
Sedimentary origin 40 38
Igneous origin 2 1-2
Phosphogypsum®
Central Flonda 3 31
Background soil 0.3 0.5

a. Source: Economic Commission for Europe and FADINAP/
ESCAP [22].

b. Source: Berish, Proceedings of the Third International
Symposium on Phosphogypsum [18].



¢ Erosion caused by wind and water.

o Concentration and/or escape of radionuclides that
may be harmful to human health.

® Atmospheric contamination due to exhaust fumes
and noise from mining/reclamation equipinent.

Fortunately, for thc most part, the level of environ-
mental degradation caused by these factors is mini-
mized, and in some cases climinated, through respon-
siblc and innovative technical management of the min-
ing, reclamation, and bencficiation operations. Insome
cases, mined-out sites have beenrestored toanacsthetic
and economic level far exceeding that of the original
site. It is also important to note that some unreclaimed
minc sites offer very favorable habitat for wildlife and
natural vegetation that would otherwisc be lost if the
arcas were reclaimed for agricultural or commercial
development.

In some locations it is possible to integrate mine-site
reclamation with the disposal of large quantitics of
phosphatic clay, sand tailings, and phosphogypsum
discharged from the ore beneficiation and phosphoric
acid units.

Reported costs for reclamation of mined-out land as
practiced in Florida (U.S.A.) range from about US
$5,000/ha to US $25,000/ha depending upon the site,
desired end use, and the method used to manage the
surface water. In the example cited for Florida, about
15,000 tonnes of marketable concentrate (abou’ 4,600
tonnes P,Qs) is extracted per hectare. Thus, the cost of
reclamation per tonne of P,Cs is in the range of about
US $1-85.

Because mining and beneficiation will continue to be
esscntial for the preparation of phosphate fertilizers
regardless of the product type, it is expected that the
adoption of environmentally sound mining and land
reclamation procedures will continue to be expanded
on a global basis. A discussion of the environmental
aspectsof the Jordanian phosphatcindustry by Tagieddin
[57] is indicative of this trend. Also, it is cxpected that
more sophisticated operational procedures in all as-
pects of mining and benceficiation will be implemented
asthe higher grade phosphate orcs become depleted and
thus necessitate the processing of lower grade material.

Table 8. Summary of Potentially Hazardous Elements in Sclected Phosphate Concentrates

Element*
Phosphate Concentrate As Cd Cr Hg Pb Se \
(ppm) (ppm) (ppm) (ppb) (ppm)  (ppm) (ppm)
Scdimentary Origin
Israel (Araci) 4-7 12-17 - - - - -
.5 (14) (130) (480) ) 6 (203)
Jordan (El Hassa) 5-12 3-12 50-127 - - - 60-81
® ® 92 - @ &) (70)
Morocco (Khouribga) 10-25 3.27 188-212 - 2-29 - -
(13) (15) (200) (1,000) (10) “) (106)
Morocco (Youssoufia) - 4-19 - - 21-22 - -
(10) (15) . - @1y - .
Sencgal (Taiba) 4-28 60-115 - - 2-10 - 237-810
a7 @7 (140) - ©) ©) (524)
Togo 8-14 48-67 - - 8-9 - -
(10) (58) (101) (600) ®.3) ) (60)
Tunisia 4.5 30-5¢ - - - - -
@.5) (40) (144) y @ ® @
United States (Central Florida) 4.25 3-20 37-109 25-200 9-55 2.6-3 70-160
(1) © (60) (17 (n 2.8 (108)
United States (North Florida) - 3.10 62-68 - 10-13 - 98-109
M 6) (65) - (12) - (102)
United States (North Carolina) 7-13 20-51 129-197 85-400 3-20 - 19-32
(11) (38) (158) (261) ® O] (26)
United States (Western Deposits) 14-40 40-150 330-1,000 - 5-16 4-13 300-1,737
(24) (92) (637) (500) 12) ) (769)
Igneous Origin
Republic of South Africa 5-27 1-1.6 - - - - -
(Phalaborwa) (13) (1.3) m - (1) (4 ®
Former Soviet Union (Kola) - 0.3-2 - - - - N
(10) (1.2) - (33 - -

a. Values in parentheses () indicate average concentration of element based on indicated range. A dash (-) indicates lack of sufficient data,

Source: Derived from Baechle and Wolstein 5], Tennessee Valley Authority [64], IFDC data file, and other reported data,
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The production of phosphate fertilizers that are less
water-soluble ray benefit the mining and beneficiation
operations in two ways. First, less beneficiation inay be
required, resulting in lower losses of P,0s. In some
cases it may even be possible to produce phosphoric
acid by the direct acidulation of the ore and avoid
beneficiation entirely [9]. Second, the use of lower
grade phosphate ore containing a higher levzl of impu-
‘ritics, such as magnesium, iron, and aluminum, will
have the net result of increasing the level of phosphate
reserves and increasing the ecoromic life of existing
production facilitics.

4.3.2 Wet-Process Phosphoric Acid

Phosphoric acid is the major intermediate used to
produce phosphate fertilizer. As previously stated, ap-
proximately 70% of all fertilizer P,O5 iv derived di-
rectly from wet-process phosphoric acid. Most of the
balancc is derived from phosphaic concentrate that is
usually treated with phosphoric or other acids (sulfuric
or nitric acid) to increasc its solubility. Additionally,
small amounts of fertilizer-grade phosphates are de-
rived from dircct application phosphate rock, basic
slag, thermophosphates, guano, bonemeal, and other
minor sourccs.

Except for a small amount of phosphoric acid pre-
pared from elemental phosphorus (furnace-grade acid)
that may be used to prepare speciality fertilizers used in
irrigation and greenhousce culture, all fertilizer-grade
phosphoric acid, including about 2.2 million tonnes
P,Oys in the form of superphosphoric acid containing
about 70% P,0s, is produced using a varicty of wct
processes in which the phosphate concentrate is di-
gested in a dilute mixture of recycled phosphoric acid
and fresh sulfuric acid. The amount of sulfuric acid
required to produce 1 tonne of POy in the form of wet-
process phosphoric acid is most heavily influenced by
the specific characteristics of the phosphate concen-
trate. Sulfuric acid consumption values (100% H,S0,
basis) typically vary from a low of about 2.5 tonnes
acid/tonne P,04 for high-purity phosphate concen-
trates such as thosc found in Russia (Kola), Finland,
Togo, and Brazil to about 3.1 tonncs acid/tonne P,0;
forless purcconcentrates. Valuesin the range 0£2.6-2.9
tonnes acid/tonne P,Os arc typical for most major
phosphoric acid producers.

The digestion process results in a slurry of phospho-
ric acid and solid calcium sulfate. The insolublc cal-
cium sulfate, formed from the reaction of calcium
contained in the concentrate and sulfuric acid, is sepa-
rated from the phosphoric acid solution by filtration.
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The concentration of the phosphoric acid as it exits the
filter (fil.er-grade acid) varics from about 27%-30%
P,0; to about 40%-50% P,O, depending upon the
specific process. The acid may then be further concen-
trated and clarificd, depending upon its final use. Like-
wisc, the calcium sulfate produced in the digestion step
may bein the hemihydrate (CaSO,-1/2H,0) or dihydrate
(CaSO,-2H,0) foem, depending upon the specific pro-
cess. Insome of the hemihydrate processes, the calcium
sulfatc is recrystallized to the larger and casier to filter
dihydrate (gypsum) form before filtration; in others, the
calcium is removed in the hemitiydrate form. The major
wet-process phosphoric acid process routes are well
described in the literature [7,53,54].

In most cases, calcium sulfate (phosphogypsum)
discharged from the filter is slurried to a concentration
of about 20% with recirculated process water and
pumped toa disposal site. In some cascs, the gypsum is
purified or otherwise processed for usc in the manufac-
ture of construction materials or other industrial prod-
ucts inciuding sulfuric acid, aggregate, and cement.

In addition to industrial uscs, z relatively small
amount of phosphogypsum is used as a source of
agronomic calcium and sulfur (land plaster).
Phosphogypsum is especially uscful as a soil amend-
ment for soils containing high levels of exchangeable
sodium. Thus, phosphogypsum can often become an
integral component in the reclamation of soils contain-
ing clevated levels of exchangeable sodium.

About 15% of the world production of wet-process
phosphoricacidis traded in the form of merchant-grade
material having a P,Og content of 52%-54% and an
undissolved solids content of less than 1%. The balance
is uscd at the various production sites for the production
of phosphate fertilizers, such as DAP, MAP, TSP, and
compound NPKs. Also, as already mentioned, some
acid is used to producc nonfertilizer products such as
animal fecd supplements. The average P,O; content of
acid used for the production of fertilizers at the basic
productior sites is usually in the range of about 40%-
45%. Also, the undissolved solids content in this acid
may be well above 1% depending upon the product
produced,

4.3.2.1 Environmental Factors Related to Wet-
Process Phosphoric Acid Production—As alrcady
indicated, cach tonne of P205 produced as wet-process
phosphoric acid results in the production of about 5
tonnes (dry basis) of phosphogypsum and often about
twicc that amount of process water that must be dealt
with. Additionally, large quantitics of sulfuric acid arc
required. A discussion of the environmental aspects of
wet-process phosphoric acid follows.

"
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4.3.2.1.1 Sulfuric Acid Production—Worldwide,
about 1,000 produccrs manufacture about 160 million
tonnes of sulfuric acid (100% basis) annually [10].
About 60% (ncarly 100 million tpy) of this acid is used
for the manufacture of fertilizers. The manufacture of
wet-process phosphoric acid, alone, accounts for the
great majority (about 82%) of the sulfuric acid con-
sumed in the fertilizer industry, the remainder is used
mostly for the production of ammonium sulfate. The
sulfuric acid plants found in the phosphoric acid indus-
try arc usually large compared with those found clse-
where, and capacities in cxcess of 2,000 tpd arc not
uncommon.

Modecrn sulfuric acid plants, b2scd on two-stage
absorption of sulfur trioxide (SO5), the double absorp-
tion process, and multiple passes of the process gas
through the catalytic converter system, routinely obtain
conversion/recovery cfficiencics equivalent to 99.5%-
99.8% of the sulfur fed to the process. A conversion
efficiency of 99.8% cxcceds an SO, cmission level
cquivalent to about 2 kg SO,/tonne H,SO,.

The level of acid mist (acrosol) discharged to the
atmospherc has also been greatly decreased in the
industry through the usc of unique absorber design and
operating procedures that minimize the formation of
acid mis: and cffectively collect mist that happens to be
formed.

Older single-absorption sulfuric acid plants that fail
to meet established emission criteria may be fitted with
scrubbers designed to collect residual sulfur oxides and
acid mist from the cxhaust gas (tailgas). These water-
type scrubbers may usc lime, ammonia, or other caustic
additives to collect the acidic emissions from the ab-
sorber. Tailgas scrubbers are well suited for applica-
tions where the need for sulfur recovery in the form of
sulfuric acid is less important than is the need for
complying with ambicnt emission standards. For cx-
ample, some of the older plants operating with conver-
sion cfficiencices in the order of 95%-97% emit 6-10
times the amount of sulfur oxides emitied by the more
efficient modern plants; thus they often are good candi-
dates fortherelatively inexpensive retrofitting of tailgas
scrub,bers provided the scrubber effluent liquor can be
utilized, for example, to produce ammonium sulfate, or
discarded iri an environmentally acceptable manner.

The sulfuric acid production process also produces
large amounts of heat. This heatis sufficient to produce
nearly 2 tonnes stecam/tonne H,SO,. However, in most
sulfuric acid plants installed prior to the mid-1980s,
only about 50%-55% of this heat is recovered [61). The
energy is recovered in the form of stcam which is used
to produce elcctricity, power stcam turbine-driven

25

process cquipment, and provide heat for concentration
of phosphoric acid. Recovery of process heat is very
favorable from an cnvironmental viewpoint becausc it
indircctly decreases the amount of pollution that would
otherwise be caused by burning fossil fuel to produce
the cquivalent amount of stcam and clectric power
required by the phosphoricacid and phosphate fertilizer
complex.

Advances in energy recovery systems for sulfuric
acid plants during the past decade have resulied in an
increased production of stcam (up io 1.8 tonnes/tonne
H,S0,) to yicldan overall recovery of heat, in the form
of stcam, in the order of 95% [55].

In summary, modern sulfuric acid plants operated
within a phosphatc fertilizer complex can have a very
favorable impact upon the cnvironment in that they are
capable of providing more than cnough heat and clec-
trical cnergy nceded for the fertilizer complex, thus
climinating the need for imported energy produced by
burning fossil fucls that have an unfavorable impact
upon the environment. For example, a modern well-
operated sulfur-burning sulfuric acid plant with a ca-
pacity of 2,250 tpd acid has the potential to produce
about 34 megawatts of clectric power, of which about
32 megawatts would be available for export outside the
sulfuric acid production arca [43]. The number of such
plants and plant modifications is expected to grow
provided the economics for exporting excess clectric
power arc favorable.

4.3.2.1.2 Phosphogypsum—In some cascs, the
phosphogypsum is slurricd with seawater and dis-
charged to the sca beyond the low-tide beach. In other
cascs, it is discharged into rivers or integrated with
mine reclamation projects where it is buried in mined-
out arcas. In very limited cases, the gypsum is pro-
cessed into ammonium sulfate and calcium carbonate
forusc as a fertilizer and cement additive, respectively.

The technology for conversion of phosphogypsum
to sulfuric acid, aggregate, and other useful products
has been relatively well developed, but commercial
adoption is constrained primarily for cconomic reca-
sons. The integration of wet-process phosphoric acid
production with coal-fired clectric power production
has been conceptualized and could result in the almost
total utilization of phosphogypsum in the form of
recovered sulfur dioxide for the production of sulfuric
acid and lime for the production of cement [19]. Such
integration may be the key to improving the cconom-
ics of phosphogypsum utilization; however, the op-
portunitics for cconomic integration arc often quite
limited because they depend heavily upon the avail-
ability of raw material resources on the onc hand and



the economic pricing of coproducts, such as electricity
and ccment, on the other. Several methods for using
phosphogypsum, although perhaps currently not eco-
nomical, arc well documented in the literature [17,41].
It should be noted, however, that the economics of
phosphogypsum utilization will undoubtedly improve
as the costs of alternative phosphogypsum disposal
techniques increase.

For the most part, however, with the exception of a
few locations, the phosphogypsum is stacked
aboveground atdisposal sites located near the phospho-
ric acid production units. Currently, it is cstimated that
by the year2000over 1 billion tonnes of phosphogy psum
will be stored in stacks in the State of Florida (U.S.A.)
alonc. The central Florida stacks now cxceed 600
million tonnes, not including the north Florida stacks,
and arc currcntly growing at an annual ratc of about 30
million tonnes; the total annual production of
phosphogypsum worldwide amounts to about 150 mil-
lion tonnes. The design and operating criteria for
phosphogypsum stacks are described by Baretincic in
The Fertilizer Institute’s (TFI) comments to the U.S.-
EPA [59].

The closing or decommissioning of existing
phosphogypsum stacks brings about another sct of
concerns, particularly becausc most of the existing
stacks werc not designed to accommcdate closure
requircments currently under consideration. According
to options being considered by U.S.-EPA and local
rcgulators, idle or inactive stacks that exhibit certain
characteristics, for example, radon cmanation levels
above a certain threshold value, would have to be
dewatcred, reshaped, and covered with an impervious
(plastic) membrane and asoil cap to support vegetation.
Evenifinfiltration of fresh stormwater is eliminated by
capping the stack, drainage from the stack may con-
tinue for many years. This drainage must be collected
and properly dcalt with. The cost for closing the ap-
proximately 30 activec and 34 inactive stacks in the U.S.
industry is cstimated at about US $1.3 billion or an
average of about US $20 million/stack [3]. This cost
docs not include the cost for long-term environmental
monitoring and maintcnance.

Onc such stack closure completed in mid-1991 in
central Florida was described by Kleinschmidt at a
recent symposium on phosphogypsum [18]. This par-
ticular stack had an original base arca of about 140 ha
and a hcight of about 70 m; the cost of closurc was
reportedly about US $5.5 million. Extrapolation of this
costtothcabove 64 stacks results in a total industry cost
of about US $0.35 billion, much lcss than the US $1.3
billion indicated by Ardaman [3]. In still another case,
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the closure of a similar stack was recently cstimated at
US $18 million. The large variation in estimated and
actual costs may be duc to a number of unspecified site-
specific technical features and regulatory criteria.

Replacement of the active phosphogypsum storage
facilitics according to a regulatory scenario examined
by thc U.S.-EPA is cstimated to cost about US $2
billion [3]. This would amount to an average of about
US $95 million per production sitc assuming such
stacks would be constructed at the 21 sites examined.
Onc such stack site currently under construction in
central Florida s reported to cost in the order of US $50
million. This partic. :ar stack and process water stor-
age/cooling pond site is about 160 ha in size and
completely lined with an impervious synthetic mem-
branc. Assuming the US $50 million cstimatc as a basc
and an estimated active life of 10 years, the capital cost
alone, not including operation, per tonne of P,0;
manufactured over a 10-year period would amount to
about US $6.4 at a 14% annual interest rate and an
annual production of phosphoric acid P,04 of 1.5
million tonnes.

4.3.2.1.3 Recirculated Process Water—A morc
troublesome issuc than the phosphogypsum is the
recirculated process water that is used to slurry the
phosphogypsum and transport it to the disposal site.
This recirculated process water is also used to remove
heat and gascous and particulate cmissions from the
wet-process phosphoric acid concentration unitand the
finished product processing units. The acidic process
water, referred to as “process wastewater” by the U.S.-
EPA, dissolves and holds in solution a number of
mectallic clements originally contained in the phosphate
rock. Also, slippage of phosphoric acid to the
phosphogypsum during filtration, and the collection of
particulate from other processing units, adds to the
water small quantitics of solubilized metallic ions in
addition to phosphates, sulfates, and fluorides. Further-
more, because the process water is recirculated on a
closcd-loopin ancffort to obtain a zero-discharge mode
of operation, the concentration of these dissolved spe-
cics increases quitec markedly with time.

Estimates by the U.S.-EPA indicate that in 1988 the
U.S. phosphoric acid industry managed about 1.8 bil-
lion tonnes of contaminated process water. This is
cquivalenttoanaverage of 84 million tpy for cachof the
21 production facilitics or about 130 tonnes/tonne of
P,0; produced, assuming a total annual production of
14 million tonnes of P,Os in all forms including about
10 million tonnes in the form of wet-process phospho-
ric acid [21]. According to U.S.-EPA, the amount of
contaminated process water managed among the



facilities varied widely from about 13 million tpy to 280
million tpy. Most of this process water is reused in the
process loop; fresh makeup water, including rainwater,
may amount to only ahout 7-10 tonaes/tonne P,04
produced. The ultimate fate of the managed process
water, thus requiring the 7-10 tonnes/ tonne P, O, fresh
makeup, includes evaporation, water of hydration re-
quired to form gypsum, entrained water in the
phosphogypsum stack, scepage into the ground, and, in
some cascs, permitted discharge to surface waterways
after appropriate treatment. An example of the typical
composition of the recirculated process water for a
sclected number of phosplioric acid preducers is given
in Tzble 9. Because the overall process water balance is
heavily influenced by rainfall, it may be necessary to
intentionally discharge water from the containment site
from time to time. In the United States, such discharges
must be treated to comply with federal and state dis-
charge permit criteria.

Treatment and containment of this contaminatcd
process waltcer arc currently the subjects of major con-
cern among both the regulatory agencies and the pro-
ducers. Proposals put forth by some regulators include
the use of impervious liners for the gypsum stacks and
process water cooling ponds and the continuous treat-
ment of the recirculated process water with lime to
clevate the pH to at least 3.5 to promote the precipita-
tion of unwanted dissolved fluorides.

Although treatment of the recirculated process water
may be technically feasible, total containment without
an intentional discharge is not technically possible in
somc locations because of gypsum stack design con-
straints and unfavorable rainfall and evaporation
balanccs.

Although treatment of recirculated process water is
currently not practiced in the industry, the costs associ-
ated with such treatment of process water to comply
with a regulatory scenario examined by the U.S.-EPA
were estimated by an engineering firm on behalf of TFI
andarc givenasanexample (Table 10) [36]. Besides the
capital and operational costs directly related to treat-
ment (cquipment and lime), it is important to note,
though speculative because of a lack of actual experi-
ence, that the loss of precipitated P,Os, which may
amount to about 4% of the total processed P,0, could
have a major influence on the net PO recovery for the
facility. Also, because of the loss of acidity, additional
sulfuric acid must be fed to the digestion process to
replace the acidic process water.

Furthermore, because the recirculated process water
is an integral part of the phosphogypsum transport and
management system, studics indicate that its treatment
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would adversely influence the stacking and drainage
propertics of the phosphogypsum. Laboratory tests
indicatc ihat the presence of precipitated compounds
from the process watcr, including silica gel, increases
not only the scttled volume of the phosphogypsum but
also its moisture retention propertics, thus making
dewatcering (draining) more difficult ard adversely
influencing its stacking propertics [4].

The ultimate disposal of the precipitated solids from
the process water presents still another technical/cost
concern. Laboratory, as well as limited commercial,
experience indicates that the insoluble compounds re-
sulting from limiag of the recirculated process water to
pH 3.5 consolidate to only about 15% solids after 5
years, makiag soil/vegetation capping (reclamation) of
such settling ponds impractical |4].

Additionally, it is important to dctermine what, if
any, collateral impact the proposed process water con-
tainment and treatment schemes may have on the
performance of the process and final product cost, as
well as on the environment. The cost of P,O; produc-
tion is likely to be increased by process incfficiencics
and incrcased downtime due to blinding of the filter
media and scaling of process equipment. It is also
ncr essary to consider the costs associated with trans-
port and handling of lime and to recognize that the
increased production of lime will have other cffects
related to quarry operations, lime kiln emissions, and
the consumption of energy.

Insummary, the wet-process phosphoric acid indus-
try may affect the environment in several ways. The
dcgree of potential impact is very process- and site-

Table 9. Typical Composition of Recirculated Process
Water (Cooling Pondwater)—Wet-Process
Phosphoric Acid Production

Component Weight
(%)
P,0; 2.05
F 0.82
SO~ 0.53
Ca0 0.27
Na,O 0.23
MgO 0.10
F'e,0, 0.09
AlL,O, 0.09
N 0.06
K,0 0.04
pH Less than 3.5

Source: Jacobs Engineering Group Inc. [36).



specific as arc the definitions and criteria used by the

regulators and gencral public in assessing the level of

impact. The reader is therefore cautioned not to gener-
alizc. The main possibilities include the following:

e Disturbance >f land used for phosphogypsum and
contaminated process water storage.

e Contamination of water resources caused by the
disposal of phosphogypsum and its associated
process water, including acidity, dissolved metals,
and radionuclides.

o Fluoride emissions to the atmosphere from the
phosphoric acid process.

® Escape of radionuclides that may be harmful to
human health.

o Airborne solid and liquid particulates including
those caused by wind erosion of phosphogypsum
stacks.

® Rcleasc of contaminated cooling water, plant site
storm waterdrainage, and boiler blowdown residue.

o Sulfur dioxide and acid mist cmissions from the
sulfuric acid production units.

® Release of metals and other residues from the
regeneration or disposal of spent catalyst from
sulfuric acid production units.

o Reclease of solvents, oils, and other contaminants
from plant maintenance and workshop activities.

As with phosphate mining, the potential impact of
phosphoric acid processing can be minimized through
skilled technical management of the production facili-
ties. However, new investments may be required to

more completely control the long-term fate of some
process wastcs.

4.3.3 Finished Phosphate Fertilizer Products
Except for relatively small quantities of basic slag,
thermophosphate-type products, and miscellancous
organic fertilizer products, the current family of fin-
ished phosphate fertilizers can be grouped into the
following basic categorics:
Direct application phosphate rock.
Superphosphates.
Ammonium phosphates.
Nitrophosphates.
Abrief discussion of cach of the basic product types,
including their technical advantages and constraints,
fllows.

4.3.3.1 Direct Application Phosphate Rock
Technology—The production of direct application
phosphate rock {concentrate), of course, uses the sim-
plest and least-cost process technology. It is also the
basic building block for other more complex produc-
tion technologics. For the purposes of this discussion,
a bencficiated phosphate rock concentrate containing
30% P,04 is assumed. However, beneficiation is not
always needed, and ihus the P,O5 content of such
products can vary widely.

As indicated carlicr, the agronomic performance of
phosphate rock is heavily dependent upon the charac-
teristics of the phosphate rock, soil, crop, and climatic
conditions. In general, phosphate rock will perform

Table 10. Estimated Cost of Liming Recirculated Process Water to pH 3.5 in Typical U.S. Phosphoric Acid Facility

Cost Component

Estimated Cost Increase Per
Tonne of P,O5 Produced
as Wet-Process Phosphoric Acid

Raw matcrial (lime, CaO)

P,05 lost due to precipitation from
recirculated process water

Additional sulfuric acid required to
ncutralize excess calcium and replace
acidic process water normally fed to
digester

Lost production because of lower
filtration rates duc to presence of
silica gel

Lost production due to scaling of process
cquipment

TOTAL

(US $t P,05)
226

53

9.3

248
8.1

70.1

Source: Jacobs Engineering Group Inc. [36].



pest in acidic soils low in available phosphorus and
calcium and also low in reactive iron and aluminum; its
performance is further enhanced if the soil is warm and
moist and if the crop growing season is long.

Pcrhaps morc important than the absolute P,O4
content is the observed cffectiveness of the phosphate
rock (concentrate) as a fertilizer. This cffectiveness is,
in part, dependent upon the origin of the rock and its
inherent ability to dissolve in the soil and become
available to the crop. This characteristic of the rock,
gencrally referred to as its “reactivity,” is measured by
a number of laboratory test methods; onc commonly
uscd method to indicate a rock’s reactivity is based on
thc amountof P,O, thatcan be extracted from a sample
using a ncutral ammonium citratc (NAC) solution [63].
Caution should be taken when interpreting laboratory
reactivity data because the results of the tests can vary
widcly depending upor the extractant used and the test
procedure [34,37,62]. Another criterion, referred to as
bioavailability, subjects the fertilizer to a greenhouse
pot test to determine its performance. This test method
is widely used to correlate chemical test methods with
crop response, but the results must be treated with some
caution. This is because plant responses under the
carcfully controlted conditions in the greenhouse, cspe-
cially water regimes, may differ considerably from
those in the ficld.

The reactivity of a phosphate rock is determined not
only by its geological origin and mineral characteris-
tics, but also by its particle size, which may be altered
by grinding. Most phosphate rock materials used for
direct application nced to be quite fincly ground, typi-
cally 90% minus 150 pm. The cost of this grinding
operation, of course, has a major influcnce on the
production cost of direct application phosphate rock.
Typical data on the composition, rcactivity, surface
area, and grindability of sclected phosphate rock mate-
rials are shown in Table 11. If the phosphate concen-
trate is sufficiently reactive and does not have to be
finely ground, as is likely with such highly reactive
phosphate rock concentrates as Sechura (Peru), North
Carolina (U.S.A.), and Gafsa (Tunisia), a significant
cost advantage is rcalized.

Advantages and Constraints—Despite the apparent
major advantages of low capital investment and pro-
duction costs, the use of direct application phosphate
rock technology is limited by (1) the lack of widespread
availability of rcactive phosphate rock materials that
give the appropriatc agronomic performance; (2) the
difficulty of handling fincly ground material and the
possible worker hcalth concerns related to handling
dusty material; (3) limited versatility of use, especially
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because notall soils are acidic; and (4) increased cost of
P,0O, delivery to the farm gate because the rock has a
lower nutrient content than do the more concentrated
processed phosphates such as TSP or DAP. Conse-
quently, as previously indicated (Figure 4), only about
3.5% of world P,O4 consumption is in the form of
dircct application phosphate rock.

From an environmental viewpoint, direct applica-
tion phosphate rock is quitc benign. Except for the
impact of mining, the direct application products may
require less beneficiation and thus generate less waste
in the form of contaminated water, phosphatic clay, or
atmospheric discharges as a result of calcination to
remove unwanted carbonates crorganic material. How-
cver, because of the small particle size caused by
grinding, the rock is more difficult to handle, and
special precautions must be taken toavoid the impactof
airborne dust when it is transported, handled, and
applicd. Also, because the rock is not chemically or
thermally treated, the level of cadmium and other
unwanted constituents per tonne of applied P,O45 may
be higher than that found in the processed phosphates.

4.3.3.2 Superphosphate-Type Product
Technology—Thesuperphosphate family of phosphate
fertilizers includes two major products—SSP and TSP.
With SSP, sulfuric acid is reacted with phosphate
concentrate to produce a product usually containing
16%-20% plant-available P,O5 and about 10% sulfur.
With TSP, phosphoric acid is used instcad, and the
product usually contains 46% availablc P,O5 and only
a tracc of sulfur. These basic products/processes can be
altered to produce enriched superphosphatc—basically
a mixture of SSP and TSP—and some partially acidu-
lated phosphate rock (PAPR) producis in which the
level of soluble P,O4 depends upon the characteristics
of the phosphate rock and thc amount of acid used [34].

Advantages and Constraints—The factory-gate cost
of granular SSP and PAPR, on a nutricnt basis, is often
quite favorable when compared with that of granular
TSP. However, the cost of delivering an cquivalent
amountof P,O¢ to the farm gate in the form of the lower
analysis SSP and PAPR products usually makes the
more concentrated TSP product the most favorable
choice, especially in the case of imports and when the
delivery distance to the farmer is long. Onc possible
disadvantage of TSP, in addition to its partial (approxi-
mately 70%) dep :ndence upon phosphoric acid, is that
the production complex, including the sulfuricacid and
phosphoric acid plants, is quite costly and can remain
cconomical only if cperated atarelatively high capacity
utilization. In contrast, the less costly SSP and PAPR
units arc affected less by a decline in capacity utiliza-
tion. Another important potential disadvantage of TSP



is its lack of agronomic sulfur content despite the
relatively heavy dependence upon sulfur in producing
the phosphoric acid used in TSP production. This
disadvantage is likely to prove more important in the
future as atmospheric sulfur from industrial cmissions
continues to decline because of the increased adoption
of “clean air” technologics.

The SSP and PAPR technologics have another sig-
nificantadvantage over TSP; theirsimplicity and lower
investment requirements make them better suited for
smaller scale operations that may often use locally
available phosphate resources to supplement or replace
more costly imported phosphate raw materials or inter-
mecdiates such as phosphate concentrate or wCt-process
phosphoric acid.

With specific reference to environmental impact, the
entire family of superphesphate products has less ad-
verse impact at the production site than do the ammo-
nium phosphate products. This is because a smaller
amount of phosphoric acid is consumed per tonne of
marketable P,Os. In the case of SSP and some PAPR
products, no phosphogypsum and very little contami-
nated process water are produced. The recovery of
fluorides further cnhances the environmental integrity
of these processes, whether the fluoride-based acid is
recycled to the process as an acid source or is converted
into a marketable byproduct. In some instances, how-
cver, the increased level of fluorine in these products
has led to concern about increased levels of fluorides in
groundwater in arcas where the soil is sandy and the use
of SSP is high.

4.3.3.3 Ammonium Phosphate Product
Techrology—DAP (18-46-0) is thc most common
ammonium phosphate product. However, the produc-
tion of MAP with a typical analysis of about 11-52-0 is
gaining in importance in those locations where ammo-
nia is lacking or where, for transport cost reasons, it is
important to maximize the level 0f P,O4 in the product.
Also some production of MAP may be desirable in a
DAP complex to utilize “phosphatic sludge” removed
from phosphoric acid that s fed to the DAP production
unit. In some cases MAP may be preferred over DAP
whenapplied with, orclose to, the seed because demage
to the seed by ammonia is less likely. Another signifi-
cant ammonium phosphate-based product, especially
in parts of Asia, is 16-20-0. This product is basically a
mixturc of ammonium phosphate and ammonium sul-
fate. Unlike DAP or MAP, this product typically con-
tains 8%-12% sulfur. All three of these products can be
produced in the basic DAP-type plant provided precau-
tions are taken to cope with the higher level of cquip-
ment corrosion normally encountered with the 16-20-0
product.

Advantages and Constraints—As a source of phos-
phate, the DAP and MAP products rank very favorably
with regard to dclivered cost and agronomic effective-
ness wien compared with other phosphate product
alternatives. Additionally, these products usually cx-
hibit very good physical properties even when mixed
with other materials, and they usually store well. The

Table 11. Chemical and Physical Propertics of Sclected Phosphate Rock Concentrates

Chemical Composition Surface
P.O; F Ca0 CO, MgO Fe,0; ALO;  Si0, Na,0 Area® Grindability®
------------------ (% by weight)  ~--e-eeeieiiiiis (mYE)  (KWhA)
Khouribga (Morocco) 33.0 3.8 523 42 027 025 046 2.1 0.65 19.6 16.2
Nauru Island 384 35 528 26 049 019 0.23 0.14 0.13 129 9.8
Taiba (Scnegal) 370 38 496 20 003 092 090 4.7 0.04 8.1 9.2
Central Florida
(US.A) 315 39 478 37 04 1.3 1.2 6.9 0.61 12.4 144
North Carolina®
(US.A) 30.1 3.6 490 60 058 056 0.37 43 093 209 18.9
El Hassa (Jordan) 335 39 537 54 020 020 0.15 24 0.46 16.8 12.8

a. BET nitrogen adsorption method.
b. Derived from Bond ball mill work index.
c¢. Uncalcined concentrate.

Source: McClellan, ct al. [44].
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mostsignificantdisadvantages of the ammonium phos-
phate products are similar to those cited for TSP, for
cxample, (1) a large capital investment is needed, (2)
they are heavily dependent upon sulfur (about 1 tonne
of S/tonne of P,0s), (3) a relatively rigid specification
for phosphate rock is required for cconomic production
of phosphoric acid, and (4) costly sulfur is lost in the
form of phosphogypsum. Furthermore, because these
products depend entirely upon wet-process phosphoric
acid as the source of P,0s, about 2.5 tonnes of
phosphogypsum is produced for each tonnec of DAP, or
the cquivalent of about S tonnes/tonne of P,0,. Addi-
tionally, the ammonium phosphate process requires
ammonia, which must cither be produced locally or
imported.

Moderm fully integrated ammonium phosphate plants
producing sulfuric acid and phosphoric acid arc energy
efficient; except for the heat discharged from the phos-
phoricacid evaporation units, a relatively small zmount
of waste heat is discharged into the environment resul-
ing in optimum production cos:s. It is important to note
that heat discharged to the recirculated process water
pond facilitates evaporation to help minimize or com-
pletely eliminate the need for treatment and discharge
of process water from the closed-loop system. Addi-
tionally, small amounts of ammonia, fluorides, and
solid particulatc arc discharged to the atmosphere.
However, these pollutants are quite casy to control and
theirimpacton the environment is gene:ally minimal in
a well-managed production facility.

4.3.3.4 Nitrophosphate-Based Product
Technology—Nitrophosphate-based technology dif-
fers markedly from the previously discussed technolo-
gics in that nitric acid is used to digest and solubilize
some or all of the phosphate rock. Therefore, in the
basic nitrophosphate process (most often referred to as
the Odda process), which originated in Norway, it is
possible to produce a very water-soluble (in excess of
95%) phosphate fertilizer without using sulfur. This
characteristic continues to attract interest, especially
during times cf sulfur shortages or high sulfur prices.
Continued cnvironmentally related pressures on the
wet-process phosphoric acid industry are expected to
focus additional attention on the merits of nitrophos phatc
technology.

Advantages and Constraints—The mostoften quoted
advantages of the Odda-type nitrophosphate process
over phosphoric acid-bascd processes are (1) its com-
pleteindependence of sulfur, (2) the ability to use lower
quelity phosphate rock, (3) flexibility with regard to
water-soluble P,Os in the product, (4) its overall agro-
nomically favorable ratio of N-to-P,05 (2:1) for upland
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crops when ail coproduct ammonium nitrate (AN) is
utilized cither in the form of AN or calcium ammonium
nitratc (CAN) or when it is combined with the phos-
phate into a product such as 26-13-0, and (5) less
environmental impact because the production of
phosphogypsum and its associated process water is
avoided. The following are some of the possible disad-
vantages of the process: (1) the production of coproduct
AN/CAN isrelatively high, and this amount of nitrogen
in the nitrate form may not be appropriate for some
crops, for example, flooded rice; (2) the relatively low
P,O5contentof the product results ina higher delivered
cost perunitof P,Os nutrient; (3) the relatively complex
process technology requires a large-scale operation to
be cconomic; and (4) because the ammonium nitrate-
containing products may be quite hygroscopic and are
not chemically compatible wiih urea, mixed storage or
blending with urca in the marketing system must be
avoided. Also, because nitrophosphate-ty pe processing
is heavily dependent upon the use of ammonia and
ritric acid, the collateral impact on the environment
caused by these production units must be considered.

Variations of the basic nitric acid-type process may
include the usc of sulfuric and/or phosphoric acid or
ammonium phosphatc—the so-called phosphonitric or
mixcd acid processes. Such raw material additions are
madc to adjust the N/P,O; ratio, convert calcium nitrate
into a compound with more favorable physical proper-
tics, oradd agronomic sulfur to the final product. These
techniques add considerable flexibility to the basic
process but increase dependency upon the need for
sulfur and phosphoric acid.

Another variation of nitrophosphate-type processing
involves the calcium precipitation process in which a
solublc sulfate, typically ammonium sulfate, is used to
precipitate and remove calcium from the digested li-
quor (as wastc gypsum) while at the same time adding
nitrogen to the mother liquor. In still another variation,
ion cxchange techniques are used to remove calcium.
The ion exchange process has the added advantage of
producing chloride-free NPK fertilizers, but the waste
liquor from the ion exchange unit must be treated.

Another possible advantage of nitrophos phate-based
technology is that it offers the opportunity to obtaina
broad range of P,Oj solubility in the products. The
P,O4 water solubility is dependent upon the amount of
calcium removed from the digested slurry and/or the
amount of phosphoric acid, or its derivatives, used in
the process. In the Odda process, essentially all of the
calcium can be removed as calcium nitrate by cooling
(refrigeration) the digested liquor to about 5°C. As a
result, the water solubility of the final P,Os product is



quite high—approaching 100%. The calcium nitratc is
subscquently converted into an AN or CAN coproduct.
In contrast, in thc phosphonitric or mixed acid pro-
cessces, none of the calcium is removed and the water
solubility of the P,Os is dependent largely upon the
amount of phosphoric acid (or alternatively solid am-
monium phosphatc) added to the process. In these
processcs, the water-soluble P,O5 may be as low as
30% of the total, whercas the plant-available P,0;
usually exceeds 95% of the total.

The phosphonitric (mixed acid) technology is less
capital intensive and complex ihan the Odda
nitrophosphate process—the level of capital invest-
ment and technology more closely approximates that of
DAP—but the process depends upon the usc of some
sulfurand phosphoric acid and therefore the production
of phosphogypsum, cither directly or indircctly. The
mixcd acid process, in cffect, combines many advan-
tages of thc ammonium phosphate and the Odda
nitrophosphate processes. in those locations where the
lower level of P,O5 water solubility obtainable with
modcrate dependence upon sulfur (phosphoric acid or
ammonium phosphate) is agronomically acceptable,
this technology appears to offer advantages over the
more water-soluble phosphate products such as TSP,
DAP, or the Cdda-type nitrophosphates.

4.3.3.5 Environmental Factors Related io the
Production of Finished Phosphate Products—The
cnvironmental impact resulting from the production of
finished phosphate fertilizer products may vary widely
depending upon the scale of operation and the level of
process intcgration.

For example, a small superphosphate plant located
far from the source of phosphate concentrate and acid
(sulfuric or phosphoric) may very well have a more
adversc impact upon the envir - -ent, despite its small
sizc, than a large fully integrated facility. The small,
remote facilitiesoftenlack financial resources to achicve
thelevel of technical management, process technology,
and intcgration of facilitics needed to collect and re-
cycleormarket process wastes and byproducts, particu-
larly fluorinc-containing wastes. On the other hand, the
large integrated facilitics usually enjoy a higher level of
technical skills and financial resources needed for the
proper cnvironmental management of the facility. This
higher level of integration also results in the more
cfficient use of waste heat (energy) and thus decreases
the collateral impact of fertilizer processing caused by
the burning of additional fossil fuel to produce clectric-
ity and stcam for the process.

The production of finished phosphate fertilizers may
adverscly affect the environment in one or more of the
following ways:
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® Rclcasc of airborne solid and liquid particulates.

& Rclcasc to the atmosphere of ammonia, fluorides,
nitrogen oxides, carbon dioxide, and other gascous
compounds.

e Reclcase of metals and other residues from the
regencration ordisposal of spent catalyst (ammonia,
sulfuric acid, and nitric acid production units).

® Releasc of contaminated cooling water, process
water, plant sitc stormwatcr drainage, and boiler
blowdown residue.

® Recleasc of solvents, oils, and other contaminants
from plant maintcnance and workshop activitics.

The technology for containing and treating these
potential pollutants is well developed. However, the
cffective application of the technologies is heavily
dependent upon economics on the one hand and techni-
cal/ managerial skills and the level of emphasis placed
on compliance with environmental regulations on the
other. In many instances thic cconomic cosstraints to
compliance haveresulted in the closure of facilities. For
cxample, in the United States and Western Europe
alonc, more than 300 small to modcrately sized plants
cngaged in the production of phosphate-based com-
pour.d NPK fertilizers have closed since the mid-1970s
[50]. The decision to close these plants, of course,
involved a number of technical, market, and cconomic
factors in addition to those directiy associated with the
environment.

5. THE COST OF ENVIRONMENTAL
COMPLIANCE'

To estimate the possible future cost of complying
with environmental regulations in the global phosphate
fertilizer sector, a number of assumptions must be
made. There arc no uniform legislative compliance
criteria; furthermore, compliance tezhnologies are not
uniformly applicable to all facilitics because of the
large variety of site-specific factors, including location
of plant, climatic conditions, minc and plant site geol-
ogy and hydrology, and population and political pres-
sures coupled with land-usc prioritics. In some cascs
cxtraordinary measurcs arc being taken to guard against

4. Author's Note: The term "environmental compliance,” as used
in this discussion, docs not imply that the industry is currently out
of compliance with cxisting regulations. Instead, the term is used
to denote what incremental compliance costs may accrue if
additional regulations arc implementced in the future.



any real or perceived adverse impact that the industry
may have upon the cnvironment; in other cascs less
stringent measures are practiced.

For the purposc of this discussion, a regulatory/cost
scenario is described to give the reader an impression of
the range of costs that could possibly accrue in the
global phosphate industry if the industry was required
to substantially conform to certain cnvironmentally
driven regulatory initiatives currently being examined.
In ¢valuating these costs, it is not practical to assume
thatthe entire global phosphate industry will be equally
affected withrespectto thelevel of compliance technol-
ogy uscd, cstimated cost, and implementation
timeframe. Thercfore, the illustrated technology and
estimated costs should be considered indicative only
while still providing uscful insight to those charged
with formulating policy initiatives that are compatible
with maintaining an ccologically and cconomically
sustainable phosphate fertilizer industry.

With the exception of the United States, the authors
found little environmental compliance cost informa-
tion available in the public sector relative to the other
major producers of phosphate (the former FSU, Mo-
rocco, China, Jordan, and Tunisia). Therefore, because
considerable information is available in the public
scctor concerning the U.S. phosphate industry, and
becausce the U.S. industry supplies about 35% of the
world’s basic phosphate materials, itis used to illustrate
the broad range of compliance criteria and costs being
cxamined. Information described in this paper was
initially derived from data presented in the July 1990
U.S.-EPA Report to Congress on Special Wastes From
Mincral Processing [21]. This U.S.-EPA Report, par-
ticularly Chapter 12, focuses on the environmental
management of phosphogypsum and process water
resulting from the production of wet-process phospho-
ric acid. The technical and cost data described in the
U.S.-EPA Report were further expanded with informa-
tion derived from a number of technical and economic
cvaluations developed by industry and engincering
bodies during the course of preparing public comments
on the U.S.-EPA Report to Congress.

The reader is reminded that the environmental issues
facing the global phosphate fertilizer sector are very
dynamic and subject to constant review and change. To
illustrate, on May 20, 1991, the Administrator of the
U.S.-EPA issued a Final Regulatory Dete.mination
regarding the 20 special wastes (including
phosphogypsum and process water) addressed in the
July 1990 U.S.-EPA Report to Congress. The Admin-
istrator has concluded that “the proposed regulation of
the 20 special wastes as sct forth in the July 1990 U.S.-
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EPA Report to Congress on Special Wastes From
Mincral Processing is inappropriate.” The Administra-
tor goes on tosay that “the U.S.-EPA plans to readdress
18 of the wastes possibly in a program being developed
for mining wastes and to proceed with the development
and promulgation of a program under the Toxic Sub-
stances Control Act (TSCA) that will address the
management of the remaining two wastes
(phosphogypsum and process water) from wet-process
phosphoric acid production.”

As furtherclarificationof the current status of the U.S.-
EPA’s cnvisioned regulatory concept, a spokesperson
for the agency states that “the U.S.-EPA’s preferred
option for managing phosphogypsum and process water
from the wet-process phosphoric acid industry is to use
cxisting regulatory authority to require containment and/
or remediation at those facilitics where current waste
management practices arc causing an imminent hazard to
human health or the environment. In the longer term, the
avthority of the TSCA is to be used to develop tailored
guidelines for these wastes. The TSCA provides the
authority and flexibility, currently not provided by the
highly prescriptive Subtitle C of the Resource Conserva-
tion and Recovery Act (RCRA), described in the July
1990 U.S.-EPA Report to Congress, to create guidelines
that will be (1) protective of human health and the
environment, (2) technologically feasible for the large
volumes of waste involved, and (3) affordable to the
industry. Guidclines developed under the TSCA would
beideally suitable for facilitating in-plant process changes
with a goal of waste minimization and pollution
prevention,

The U.S -EPA will encourage the participation of
industry, the affected states, environmental groups, and
the interested public in the development of the TSCA
guidelines for the phosphoric acid industry. This pro-
cess is just now getting underway.

In the event that suitable guidelines under the TSCA
cannot be developed, EPA has reserved the opiion of
revisiting its May 20, 1991 decision not to regulate the
phosphoric acid industry under the RCRA Subtitle C
scenarios described in the July 1990 U.S.-EPA Report
to Congress.”

The regulatory criteria ultimately applicable to the
U.S. industry and the related costs that may cvolve as
a result of this initiative are not known. Therefore, the
reader is urged to view the data described in this paper
in this context.

With regard to the global situation. if the same
cnvironmental compliance criteria described in this
paper are applied to other locations, it is unlikely that



the average incremental cost of environmental compli-
ance illustrated for the United States would change
much. In fact, in locations such as the Middlec East and
North and West Africa where fresh water is scarce and
the majority of the population dencnds on surface
sources for water, the cost of possibly having to deal
with land disposal of phosphogypsum and process
water as an alternative to sca disposal may be higher
than the costs indicated for the United States. Further-
more, it should be noted that the cost of complying with
existing or proposed cnvironmental standards is very
site-specific, and it is beyond the scope of this discus-
sion to attempt to more fully quantify these costs on a
regional or country basis.

[t is also important to note that, except for limited
opportunitics for industrial intcgration designed to
utilize process wastes, technological innovations in the
phosphate industry scem to offer little scope in the near
term for significantly decreasing the quantity of basic
process wastes encountered: ¢.g., phosphatic clay ma-
terials, phosphogypsum, and process water. Thus, the
development and implementation of methods for deal-
ing with these materials to minimize their impact upon
the environment are expected to be expanded on a
global basis.

5.1 Estimated Iucremental Cost of Compliance

The estimated cost for environmental compliance for
the scenario described he:ein is expressed as the “incre-
mental cost of compliance” over and above the current
cost of production which, of course, includes existing,
but often unspecified, compliance costs. The estimates
assume a U.S. industry aggregate annual production of
14 million tonnes of P,Os in the form of phosphate
concentrate of which the eyuivalent of 10 million
tonnes of P,Os is converted into wet-process phospho-
ric acid. The remainder (4 million tonnes) represents
concentrate used for the domestic production of TSP,
SSP, and animal feed supplements, and thatsold on the
cxport market.

The compliance costs for the scenario are grouped
into four major categorics which include (1) phosphate
miningand land reclamation, (2) phosphogypsum man-
agement, (3) precess water management, and (4) fin-
ished product processing. A discussion of cach of these
cost categories follows,

5.1.1 Phosphate Mining and Land Reclamation

In many locations, particularly outside of the United
States, reclamation of mined-out phosphate lands is not
widely practiced. In the United States about 75,000 ha
of land has been disturbed over the years by phosphate
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mining in Florida, Tennessee, North Carolina, and the
western states, particularly Idaho and Wyoming [42].

In the United States, reclametion of mined-out arcas
has been practicedsince the mid-1970s, ger.erally on an
as-mincd basis. In Florida al! lands mined since July 1,
1975, must be reclaimed. However, much of the ap-
proximately 35,000 ha of land mined prior 1o the mid-
1970s, mostly in Florida, has not been rzclaimed.

As indicated carlier, the cost of reclamation, such as
practiced in Florida, U.S.A,, varies wideiy depending
upon the site and desired end use of the land (from about
US $5,000/ha to US $25,000/ha). For the purpase of
this discussion, an incremental compliance cost of US
$4/tonne 2,0 is assumed as a global average taking
into account cxisting mined-out sites in Africa, the
Middlec East, and clsewhere that may require reclama-
tion. However, in the United States, a reclamation cost
ofabout US $1/tonne P,04 to US $2/tonne P,0 seems
morc appropriate, and this cost, for the most part, is
alrcady included in the cost of production and therefore
should not be viewed as an additional cost.

Additionally, it is important to note that changes in
land usc prioritics can have a significant effect on the
cost of phosphate mining. For example, national and
local regulations dealing with encroachment of mining
operations on property boundaries, strcams, and other
land fcatures can significantly decrease the minable
reserve basc and thus adversely affect the overall eco-
nomics of the mining operation. Thus, of the reserves
stated in Table 3, the quantity that could actually be
mined may be significantly less than indicated. Be-
causc the additional costs that may be attributed to land
usc prioritics arc quite variable from one location to
another, it is not possible to assign a meaningful value
for the purposes of tkis discussion.

5.1.2 Phosphogypsum Management

5.1.2.1 Active Stacks and Containment Sites—In
the worst case, some phosphogypsum could be defined
as a hazardous wastc according to certain U.S. criferia.
The new phosphogypsum disposal site for such a
material would resemble a pond much like those used
fcr the storage and disposal of phosphatic clay w iste
from the phosphate ore beneficiation process; the tradi-
tional clevated stack would not be allowed and, of
course, a much greater land areca would be required. The
impoundment-type configuration would be designed to
facilitate future closing and capping in accordance with
a U.S. hazardous waste regulatory scenario; such a
closure scenario could not be practically accomplished
with an clevated stack. The disposalsites would have to



be constructed to facilitate collection and total contain-
ment of contaminated process water and leachate. Such
containment would require that the phosphogypsum
disposal site meet specific design and management
criteria, including the installation of two layers of an
impermeable synthetic liner in addition to specific
criteria for soil preparation and process water removal
and containment.

In the July 1990 Report to Congress, the U.S.-EPA
cstimated that phosphogypsum produced by 11 of the
21 U.S. phosphoric-acid production facilitics could be
classificd as a hazardous waste piimarily because of
leachatc toxicity characteristics [21]. U.S.-EPA further
cstimated that an investment of about US $3.64 billion
would be required for the construction of the 11
phosphogypsum disposal sites according to the above
criteria f21]. Subscquent to the July 1990 Report to
Congress, the U.S.-EPA now beclicves that
phosphogypsum produced by all 21 facilitics would be
affected by a “hazardous waste” designation [68].

Using the US $3.64 billion as a base and assuming
that the 11 affected production facilities produce a total
of 6 million tonnes of P,O5 annually in the foria of wet-
process phosphoric acid, the estimated incremental
compliance cost per tonne of P, Oy for capital charges
alone would be about US $90 according to U.S.-EPA
estimates, or about US $54 if the cost is prorated across
the entire industry to reflect the average impact on the
U.S. production cost.

For the same 11 affected facilities, U.S.-EPA esti-
mates indicatc a total annual cost of about US $685
million, including operating and capital charges [21].
Again, assuming an annual production of 6 million
tonues of P,Os, a cost of about US $114/tonne P,0s is
indicated (US $90/tonnc capital plus US $24/tonne
operating). If this cost (capital and operating) is pro-
rated across the entire industry, the average cost per
tonne of P,O5 would be about US $68. Subsequent to
the U.S.-EPA July 1990 Report to Congress, the esti-
mated cost fer this hazardous waste regulatory scenario
was adjusted downward inthe order of 50% by the U.S.-
EPA.

According to U.S.-EPA, some U.S. phosphoric acid
production facilitics would fall under less costly
phosphogypsum management practices accordingtoan
alternative “special waste” classification being evalu-
ated by the U.S.-EPA. In these cases, conventional
stacking would be allowed; also, the need for imperme-
able liners and other operational or post-operational
practices would be determined on a plant-by-plant
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basis. The cost for managing the phosphogypsum ac-
cording to the special waste criteria is cstimated by
U.S.-EPA at about US $28 to US $36/tonne P,0;
depending upon the site-specific management criteria
[21]. As with the more rigorous criteria, capital charges
account for the majority (about 80%) of this cost.

Using the U.S.-EPA cost estimates as described in
the July 1990 Report to Congress and assuming that
60% of the U.S. phosphogypsum fell under the most
costly U.S.-EPA hazardous waste critcria and the re-
maindcr under the less rigorous special waste criteria,
the industry avcrage incremental compliance cost for
phosphogypsum management would amount to about
US $80/tonne P,O; produced as wet-process phospho-
ricacid. Of course, this industry average value could be
considerably less depending upon the regulatory crite-
ria that arc ultimately adopted in view of the May 1991
ruling of the U.S.-EPA Administrator and the regula-
tory guidelines that may emerge as a result of regulation
under the TSCA.

To kelp place these estimated on-site wastc manage-
ment costs into perspective, it is interesting to noic
(though academic) thattipping fees for hazardous waste
landfills in the United States average US $192/tonne of
disposed material notincluding transportation and state/
local taxes [40,46]. For ordinary residential waste (gar-
bage)or “special waste” that meets the residential waste
criteria, the landfill cost averages about US $30/tonne
of material not including transportation and taxes.

5.1.2.2 Closed Stacks—Compliance with certain
phosphogypsum stack closure scenarios being analyzed
would call for the closing of about 30 active stacks and
34 inactive stacks in the United States. The cost of
closing these stacks is estimated at US $1.3 billion
(average of about US $20 million/ stack), not including
the cost for long-term monitoring and maintenance [3].
Again, using 10 million tonnes of phosphoric acid P,0O,
production/ycar as a basc and a 20-ycar capital recovery
period at an annual interest rate of 14%, this closure cost
would amount to an incremental compliance cost for
capital charges alone of about US $20/tonne phosphoric
acid P,O5 produced by the entire U.S. industry overa 20-
year period. Extrapolation of one recent actual closure
cost expericnce [ 18] and a reported current estimate by a
major U.S. producer, however, indicate that the cost of
stack closure is quite variable and may be significantly
less than the average value of US $20 million/stack.
Values in the range of about US $5.5 to US $18 million/
stack are indicated.



3.1.3 Process Water Management

As previously discussed, the recirculated process
water associated with the production of wet-process
phosphoric acid represents a mayor potential environ-
mental cost if such water requires treatment with lime
to adjust the pH to a minimum value of 3.5. Estimates
madc by the U.S.-EPA for the U.S. wet-process phos-
phoric acid industry indicate an incremental compli-
ancc cost for process water trcatment and management
in the order of US $22/tonne P,O; produced [21].

Detailed estimates, however, made by an cngincer-
ing firm on bechalf of TFI indicate a much higher
additional cost for compliance: about US $70/tonnc
P,0O5 as sliown in Table 10 [36]. The large difference
between the U.S.-EPA estimates and the TFI-commis-
sioned cngincering estimates is attributed to differ-
ences in interpretation of the significance of a number
of operational cost factors: for example, because some
process water is normally rcturned to the phosphate
rock digester, treatment of this water with lime would
resuli in a loss of acidity in the digestion/rcaction
scction that would have to be replaced with additional
sulfuric acid; the level of dissolved calcium would also
be higher, thus requiring more sulfuric acid; because of
lower filtrationrates, alower plant capacity is expected;
and because of increased chemical scaling (fouling) of
process cquipment, lower capacity utilization is also
expecied [36).

Itis important to note that treatment of recirculated
process water with lime to maintain the prescribed pH
is not commercially practiced. Therefore, such a prac-
tice may incur other costs that have not been identified,
for example, the extra cost of phosphogypsum disposal
caused by the adverse impact that the treated water may
have upon the phosphogypsum stacking ant drainage
(dewatcring) characteristics as reported by Ardaman
[4]. Altcration of the phosphogy psum properties could:
possibly preclude conventional stacking as currently
practiced. This, or course, could have a significant
impact on the cost of phosphogypsum management.

5.1.4 Finished Product Processing

Because . is portion of *he overall phosphate manu-
facturing complex is largely independent from the
phosphoric acid process loop, no significant additional
costattributed to environmental compliance is likely to
be incurred in these units.

5.1.5 Summary of Incremental Cost of
Environmental Compliance

According to the foregoing discussion, the following
cstimated range of incremental costs for environmental
compliance is indicated for the major processing com-
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ponents of the industry. The total cost, of course, will
depend upon the number of components that are ulti-
mately included in the regulatory criteria.

Estimated Incremental
Compliance Cost

US $/tonne P,0O; as
Wet-Process
Compliance Component Phosphoric Acid

Phosphate mining and land

reclamation® US $1-$5
Phosphogypsum management

Active stacks US $6-880

Closed stacks US $5-520
Process water management US $20-570
Finished product processing No change

a. Applicable to all phosphate fertilizers; all other costs directly
applicable to 1he production of wet-process phosphoric acid only.

Subscquent to the July 1990 Report to Congress, the
regulatory scenarios used to determine some of the
above compliance costs were re-cxamined by the U.S.-
EPA and a revised cstimated incremental compliance
costin the range of US $28 to US $87/short ton of wet-
process phosphoric acid P,O5 was indicated depending
upon the regulatory scenario [67].

The large variability in estimated compliance costs
forthe indicated components is duc to a number of site-
specific technical and regulatory factors, variations in
the assumed capital recovery period, and the lack of a
broad base of actual cost cxperience relative to the
scenario examined.

According to an engincering study performed for
TFI, the U.S. industry average cost of production for
merchant-grade wet-process phosphoric acid (52%-
54% P,05and 1% orlesssuspended solids) in 1989 was
US $308/tonne P,O; f.0.b. plant site; the average cost
of production for acid having less than merchant-grade
specifications was about US $250/tonne P,05 [36].
This lower value does not include certain concentration
and clarification costs nor does it include interest and
sales and administration charges that arc normally
associated with the marketing of a merchant-grade
product.

From this it can be scen that in current dollars the
indicated environmental compliance costs could in-
crease the f.o.b. costof merchant-grade phosphoric acid
P,05 anywhere from about 11% (US $308 + US $34)
to about 57% (US $308 + US $175), depending upon
the level of compliance cost incurred. For the lower
grade acid normally used within the complex for the



production of TSP and DAP, the cost per tonne of P,0Os
would be increased in the order of about 14% (US $250
+ US $34) 1o about 70% (US $250 + US $175). The
revised U.5.-EPA estimates indicate a cost increase for
phosphoric acid P, O of anywhere from 12% to 38%
depending upon the compliarce criteria used [67).

On the basis of this range for the incremental envi-
ronmental compliance cost, the f.0.b. factory-gate cost
range is indicated below for the major finished phos-
phate products produced by the U.S. industry in exist-
ing facilities.

Itis quite likely that the total cost per tonne of P,0,
would be slightly higher than indicated to take into
account the increased value of intermediate and fin-
ished product inventorics and, conscquently, higher
levels of required working capital. There is also the
issue of the cost of long-term liability for the waste
disposal sites that may continue after the useful life of
the plant has expired.

Incremental
Environmental Estimated Total Cost Range,
Current Cost, Compliance Including Increniental
Product f.o.b, Factory® Cost Range? Compliance Cost, f.0.b. Factory
(US $/tonne product) (US $/tonne product)  (US $/tonne product) (US $/tonne P,0;)
Triple superphosphate 122 12-57 134-179 291-389
(TSP), 46% P,0;
Monoammonium phosphate 168 18-91 186-259 294-434°
(MAP), 11% N, 52% P,0,
Diammonium phosphate 162 16-81 178-243 270-410°

(DAP), 18% N, 46% P,0;

a. Derived from 1989 U.S. industry survey data compiled by The Fertilizer Institute.
b. Based on P,0; content derived from phosphate concentrate and wet-process phosphoric acid.

C. Adjusted to reflect credit for contained nitrogen valued at US $300/tonne N.
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6. PHOSPHATE FERTILIZER PRODUCT
ALTERNATIVES FOR MITIGATING
ENVIRONMENTAL IMPACT AND THE COST
OF COMPLIANCE

6.1 Phosphate Product Choices
Aside from the minor phosphate fertilizer products,

such as basic slag and boncmeal, the most likely
commercial phosphate product choices are listed below:

Approximate Current
Contribution to

Product Total P,O4 Production
(%)
Direct application pkosphate rock 4
Single superphosphate (SSP) and cenriched superphosphate 17
Partially acidulated phosphatc rock (PAPR) nil
Triple superphosphate (TSP) 13
Ammonium phosphate (DAP or MAP) 39
Odda- and mixed acid-type nitrophosphates 20
Other compound (NPK) products derived from
various phosphatc sources including thermophosphates 7
TOTAL 100

The relative agronomic, technical, and environmen-
tal merits of each of these basic phosphate sources have
already been discussed. The practical commercial fea-
tures of each product choice are briefly summarized.

6.1.1 Direct Application Phosphate Rock

Only a small amount of the world’s commercial
phosphate rock is sufficiently reactive to make it suit-
able for widespread agronomic use as a dircct applica-
tion product. Also, because the agronomic effective-
nessofdirectapplication phosphate rock depends heavily
upon the occurrence of acid soils with low phosphorus
levels, its use is often most appropriate in locations that,
unfortunately, are generally located long distances from
the majcr commercial sources of reactive rock that
occur in North Carolina (U.S.A.) and Tunisia in North
Africa. Therefore, except for special cases where the
phosphaterock is sufficiently reactive and located close
to the consumption area, dircct application phosphate
rock is not considered a major alternative source of
fertilizer phosphorus.
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6.1.2 Single Superphosphate (SSP) and Enriched
Superphosphate

Although an cxcellent source of agronomic phos-
phorus, sulfur, and calcium, SSP is gencrally too costly
on a dclivered P,0; basis when compared with TSP or
DAP. If, however, the sulfur valuc of SSP could be
reflected in its nutricnt content and sclling price, then it
would be quite competitive with the more concentrated
souices of P,Os, such as TSP or DAP, i{ transport costs
arc not excessive. Enrichment of SSP with phosphoric
acid and ammonia to a grade such as 5-25-0 may offer
a practical means for increasing the total nutricnt con-
tent and agronomic performance of the basic SSP
product where a low dose of nitrogen may be needed.
Also, the addition of ammonia to SSP improves its
physical propertics and compatibility with urea, an
important feature if it is used for blending NPK grades.
Nevertheless, the widespread use of SSP-type products
is expected to continue to be limited by the economics
of transport and distribution.



6.1.3 Partially Acidulated Phosphate Rock (PAPR)

The PAPR products are characterized as agronomi-
cally intermediate between direct application phos-
phate rock and its more soluble counterparts, SSP and
TSP. As with direct application phosjhate rock, the
agronomic cffectiveness of PAPR depends upon the
propertics of the phosphate rock on one hand and the
characteristics of the soil and crop on the other. Because
of these constraints, it is unlikely tha* PAPR can be
viewed as an alternative to the mors - juble phosphate
products if, in fact, such solubility is agronomically
required.

6.1.4 Triple Superphosphate (TSP)

Triple superphosphate offers many of the advantages
of DAP while depending less on wet-process phospho-
ric acid; thus, itis a better choice from an environmental
viewpoint provided the fluorides cvolved from the
process are properly dealt with. Also, it is important to
note that a TSP unit often complements a merchant-
grade wet-process phosphoric acid/DAP complex
becausc the sludge-type phosphoric acid produced dur-
ing the clarification of merchant-grade phosphoric acid
is often suitable for the production of TSP,

6.1.5 Ammonium Phosphate (DAP or MAP)

These products currently account for the largest
single share of world phosphate fertilizer production,
about 39% of the total P,0s. Although currently the
most economic phosphate fertilizer to produce and
transport, cspecially if one considers the nitrogen con-
tent, the ammonium phosphate products have the po-
tential for the most severe environmental impact at ihe
production site because of their total dependence on
wet-process phosphoric acid as the source of P 50s.
However, because of the high nutrient content, good
physical propertics, and good agronomic performance
undera wide variety of conditions, it will be difficult to
replace, on a large scale, ammonium phosphates with
other phosphate products.

6.1.6 Odda-Type Nitrophosphates

This phosphate production technology has the least
impacton the environmentbecausc phosphogypsum and
its associated process water are not produced. This
technology does, however, require nitric acid, and there-
fore, the impact of nitrogen oxide (NO,) cmissions upon
the environment must be considered and controlled. The
main disadvantage of this technology is that a relatively
large amount of nitrogen in the nitrate form is produced.

39

If, for example, 50% of world’s current P,0O5 consump-
tion was supplied with Odda-type nitrophosphate prod-
ucts, about 38 million tonnes of ammonium-nitrate type
nitrogen would be produced. The international market-
ing of such a large amount of nitrate-containing product,
which is agronomically inappropriate for some crops,
¢.g., flooded rice, would be difficult, considering that
total world consumption of nitrogen amounts to about 79
million tonnes, of which urea currently accounts for
nearly 40%.

Becausc of the nitrogen constraint, itappears that the
Odda-type nitrophosphate plants can most appropri-
ately supply local and regional markets where the 2:1
N:P,O5 nutrient ratio and the nitrate form of nitrogen
are preferred. The plants in Europe, India, Pakistan, and
China, for example, meet these criteria. Also, the
recently announced decision by a major European
phosphate fertilizer producer to close its phosphoric
acid plant at Antwerp, Belgium, and expand its Odda
nitrophosphate-type facility illustrates the advantage
offered by the Odda process when the costs associated
with the disposal of phosphogypsum and contaminated
process water become unacceptable [6).

6.1.7 Mixed Acid-Type Nitrophosphates
(Phosphonitric Products)

This technology, also developed in Europe, is very
flexible and well suited for local or regional locations
where a number of N:P,O¢ nutrient ratios are required.
Also, because the technology is less capital intensive
and less complex than the more fully integrated Odda-
type process, it is better suited for those developing
countrics thatoften depend heavily upon imported raw
materials, including ammonia and phosphoric acid.
Today, however, some of thescimport-dependent coun-
trics arc closing their basic production units and con-
verting toblending of imported granular materials. This
approach often proves to be more cost effective espe-
cially if the level of government production subsidics is
decreased or climinated.

0.1.8 Compound NPK Products

Compound NPK products, including nitrophosphaic-
and thermophosphate-type products but not including
DAP and MAP, currently account for about 35% of
world P,O consumption (Figure 4). For the most part,
with the exception of the Odda-type nitrophosphate
products and the thermophosphates, these compound
products derive their P,0, from SSP, TSP, or dircctly
from wet-process phosphoric acid. Worldwide, about
275 plants are currently producing compound NPK



products, not including the major producers of DAP
and MAP [50]. The combined production of these 275
compound NPK production units is estimated at about
10-12 million tonnes of P,Os. Growth in compound
NPK production capacity has stagnated, and blending
is expected to replace some of the capacity lost through
plant closures/industry rationalization.

6.2 Comparative Cost of Phosphate Products
Including Estimated Incremental Cost of
Environmental Compliance

As can be scen from the foregoing discussion and
estimates, the incremental cost of environmental com-
pliance is roughly proportional to the amount of P,0,
in the fertilizer product thatis derived from wet-process
phosphoricacid. In addition to the costs dircctly related
to wet-process phosphoricacid, an average incremental
cost cquivalent to US $4/tonne P,Ox is also estimated
for the reclaiming of existing and future mine sites to
make these sites conform to existing or proposed stan-
dards. There is a great deal of variability in the cost of
reclamation, and the US $4/tonne P,O4 global valuc is
only indicative.

The most common phosphate fertilizer product
choices are listed as follows, according to their increas-
ing dependence upon wet-process phosphoric acid and,
therefore, increasing incremental cost for environmen-
tal compliance at the factory gate:

P05

From Wet-Process

6.2.1 Estimated Impact of Product Choices on
the Delivered Cost of Phosphate Fertilizer

To arrive at an cstimate of the impact that environ-
mental compliance costs at the production site would
have on the farm-level cost of phosphate fertilizer, the
current product composition and logistics of the world
phosphate industry were cxamined on a regional basis
as described in Chapter 4. The data in Chapter 4 were
then used to determine the delivered cost of P,O, to the
farm level on a regional basis for several products
according to two scenarios as shown in Table 12. The
Casc 1 scenario (base case) reflects the estimated farm-
level costof P,O5 assuming production ina new facility
according to current commercial standards. The Case 2
scenario assumes the Casc 1 production costs plus an
additional (incremental) cost for environmental com-
pliance asdescribed inscction 6.2. The upper values for
environmental compliance were used to describe a
maximum cost scenario.

The estimated and incremental environmental com-
pliance costs for phosphogypsum disposal described
for the United States were adjusted downward by US
$20/tonne P,O4 for non-U.S. phosphoric acid produc-
ers. This was done to correct for the estimated maxi-
mum cost of closing inactive phosphogypsum stacks,
whichismorelikely tobe necessary in the United States
than elsewhere.

Derived Estimated Range of

Incremental Cost of

Product? Phosphoric Acid Environmental Compliance
(% of total) (US $/tonne product)  (US $/tonne P,0s)
Direct application phosphate rock, 30% P,04 0 1.2 4.0
Single superphosphate, SSP 20% #,0s, 10% S 0 08 4.0
Partially acidulated phosphate rock, (PAPR— 0 09 4.0
sulfuric acid based), 22% P,0,, 6% S
Nitrophosphate (Odda process), 26% N, 0 a5 4.0
13% P04
Nitrophosphatc (mixcd acid process), 20% N, 50b 3.8-18 19-90
20% P,04
Enriched superphosphate, 30% P,0s, 5% S 50° 5.7-27 19-90
Partially acidulated phosphatc rock (PAPR— 50° 7.6-36 19-90
phosphoric acid bascd), 40% P,0;
Triple superphosphate (TSP), 46% P,0s 70° 12 -57 25-124
Diammonium phosphate (DAP), 18% N, 46% P,0; 100 16 -81 34-175
Monoammonium phosphate (MAP), 11% M, 52% P,05 100 18 91 34-175

a. Indicated P,O, content of direct application phosphate rock and the PAPR products is total; P,O; in other products is assumed to be

available according to normal commercial test methods.

b. Quantity of wet-process phosphoric acid may vary slightly depending upon properties of phosphate rock and wet-process phosphoric

acid.
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Table 12. Effect of the Cost ot Environmental Compliance on the Farm-Level Cost of P,04 From Selected Products

Triple Superphosphates Single Superphosphate Other Phosphate Products Direct Application
Ammonium Phosphate (DAP) (TSP) (SSP) (NPKs) Phosphate Rock

Case Case Case Case Case Case Case Case Case Case

Region/Country? 10 2°  Difference? 10 2 Difference? 1° 2¢  Differenced 1° 2¢ Differenced 1*  2°Differenced
------------------------------------------------ (US S/t Py0s)- - - - oo m e e e el

Western Europe 553 720 167 663 789 126 742 746 4 549 659 110 425 429 4
Eastern Europe 573 736 163 645 TN 126 707 711 4 585 655 70 No reported market
Former Soviet Union 507 668 161 596 722 126 631 635 4 452 489 37 No reported market
North America 469 651 182 552 688 136 596 600 4 458 555 97 No reported market
Central America 564 732 168 649 775 126 736 740 4 607 708 101 No reported market
South America 527 698 171 605 732 127 657 661 4 605 707 102 350 354 4
North Africa 498 659 161 570 696 126 621 625 4 541 636 95 No reported market
Sub-Saharan Africa 687 853 166 761 887 126 912 916 4 929 1,043 114 No reported market
South Africa 534 696 162 No reported market 658 662 4 632 768 136 No reported market
West Asia 551 726 175 600 726 126 657 661 4 599 692 93 326 330 4
South Asia 597 764 167 657 784 127 726 730 4 692 822 130 414 418 4
East Asia 598 770 172 697 823 126 748 752 4 601 661 60 436 440 4
(excluding China)
China 573 751 178 620 746 126 623 627 4 400 404 312 316
Oceania 601 772 17 682 809 127 765 769 503 512 395 399
World 551 720 169 630 757 127 682 686 4 573 656 83 372 376 4

«. Refer to Appendix B for regional classification of countries.

b. Case 1 (base case) assumes a new plant with full ca
¢. Case 2 values include the base case (Case 1) values

estimated physical distribution and marketing costs.

d. Difference is atributed to the estimated maximum cost of environme
maximum values. Values are independent of base case investment re

reasonable approximation of the cost of compliance.

pital charges as described by Schultz and Le [52].
plus estimated incremental costs due to environmental cornpliance as described in the text. Refer to Table 13 for summary of

ntal compliance. Estimated minimum incremental environmental cost is approximately 20% of the indicated
quirements (capital charges) so they ray be applied to current production costs in existing facilities to give a



The cost of international and domestic transport and
marketing was also cstimated (Table 13). Furthermore,
because some phosphate products contain nitrogen
and/or sulfur, these nutrients were credited on a farm-
level cost basis of US $520/tonne for nitrogen and US
$135/tonne for sulfur to arrive ata net delivered cost for
P,0s at the farm level. For compound NPK products,
all calculations were made on a net P,O; basis to avoid
the complexity of determining credits for other nutri-
cnts commonly contained in NPKs.

As shown in Table 12, the most extreme estimated
incremental cost of environmental compliance (world
weighted-average basis) at the farm level varies from
US $4/1onnce P,O5 (direct application phosphate rock
and SSP) to US $169/tonne P,04 (DAP). However, the
net cost of P,Os delivered at the farm level, including
the environmental compliance cost, varies from US
$376/tonnc P,O4 for dircct application phosphate rock
to US $720/tonne P,04 for DAP and US $757/tonne
P,O4 for TSP. Again, the rcader is reminded that these
costs not only reflect the expected highest estimated
cost of environmental compliance but also the higher
costof production in new facilities, which is caused by
higher capital charges than currently experienced by the
cstablished industry. These data are summarized in
Table 14along with the estimated currentdelivered cost
of P,O4 derived from DAP and TSP, based on 1990
average international f.o.b. prices (shown for compari-
son). The data in Tablc 14 also describe the impact that
the large variation in cstimated environmental compli-
ance costs may have upon the delivered cost of phos-
phate fertilizer.

The data also clearly show the favorable cost struc-
ture for existing production facilitics compared with
ncw units that would incur a much higher level of
capital charges than cxperienced with the existing
units. The favorable cost profile for the existing indus-
try remains intact compared with new units even when
the incremental environmental compliance costs are
considered.

6.2.1.1 Relating Delivered Cost of Phosphate
Fertilizer to Agronomic (Solubility) Needs—Thec
abovc analysis quitc clcarly shows that DAP, even with
arclatively high estimated cost forenvironmental com-
pliance, ranks very favorably among the phosphate
product choices from the point of view of delivered
cost. Although at the highest compliance cost SSP and
some NPKs may effectively deliver P,Og to the farm
level at a net cost slightly below that of DAP (in the
order of 5%-10%), it would not be practical or cost
cffective in most cases to assume that the total PO
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requirements could be effectively supplied in the form
of SSP or NPKs that usually contain only about 15%-
20% P,0s.

It is interesting to note that TSP, with an estimated
cnvironmental compliance cost of about 70% that of
DAP, still remains less attractive on a delivered PO,
basis than DAP. This, of course, is due to the extra value
placed on DAP (US $94/tonnc DAP) for its nitrogen
content.

Direct application phosphate rock is, of course, the
least-cost form of P,Os. Its delivered cost (P, O basis)
atthe farm level is about 52% that of P,O4 derived from
DAP, according to the assumptions used for this cvalu-
ation. As already noted, the widespread usc of direct
application phosphatc rock as a source of P,Oj is
scverely limited for agronomic rcasons as well as by the
lack of general availability of suitably reactive material.
Therefore, it should not be viewed as an altemnative
product without qualification.

The overall cconomics (production and use) of
PAPR, produced from cither sulfuric acid or phospho-
ric acid, fall between those of direct application phos-
phate rock and conventional low-P,0O4 products such
as SSP and many NPKs. Therefore, it is unlikely that
such products offer a significant altemative to DAP
and TSP on a global basis. In certain very specific
locations, however, the PAPR family of products may
be appropriate provided the cost of production and
physical distribution can be minimized.

As discussed in Chapter 2, the agronomic suitability
of phosphate fertilizer products containing lower levels
of water-soluble P,Os, for cxample, 40%-60%, may
offersignificant cconomic advantages other than those
related directly to mitigating the cost of environmental
compliance. Some of these advantages are as follows:
1. The usc of lower grade phosphate rock to produce
conventional products, such as DAP, TSP, and SSP,
containing lower levels of water-soluble P, O, would
cxtend theusefullife of existing mines and production
facilitics.

Less soluble products would lelp to expand the
rcgional and global phosplate resource base to in-
clude phosphate ores containing higher levels of
impuritics.

Less solubic products would tend to decrease the
cnvironmental impact at the production site because
less intensive beneficiation would be required.
Under some soil/crop/climatic conditions, the use of
less soluble products would improve the agronomic
performance of the applied phosphate fertilizer. This
is especially relevant in soils that are relatively acidic
and that have a high phosphorus fixation capacity.
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Table 13. Estimated Physical Distribution and Marketing Costs for Phosphate Fertilizer Materials?

International Transport Cost

Destination (Region/Country)®

Former
Origin Western Eastern  Soviet North  Central  South North Sub-Saharan South West South  East
(Region/Country)  Europe Furope  Union America America America  Africa Africa Africa Asia Asia  Asia China Oceania
--------------------------------------- (US S/t product) = = - - = e e e lioiaao.
Western Europe X 15 20 25 25 30 12 40 40 15 30 35 35 35
Eastern Europe 15 X 15 25 25 30 13 40 40 15 30 35 35 35
Former Soviet Union 25 15 X 27 27 32 14 42 1?2 12 32 37 37 37
North America 25 25 27 X 15 20 30 35 35 32 44 36 36 35
Central America 25 25 27 15 X 15 30 35 35 32 44 42 36 35
South America 30 30 32 20 15 X 35 35 30 37 45 42 36 47
North Africa 25 25 27 30 30 30 X 40 40 12 35 42 47 35
Sub-Saharan Africa 40 40 42 35 35 35 40 X 25 40 30 42 38 28
South Africa 40 40 42 35 35 30 40 25 X 40 25 28 28 30
West Asia 15 15 17 40 40 40 12 40 40 X 22 28 33 30
South Asia 30 30 32 44 44 45 35 30 25 22 X 15 18 22
East Asia 35 35 37 42 42 42 42 38 28 28 15 X 15 20
China 35 35 37 36 36 36 47 38 28 33 18 15 X 27
Oceania 35 35 37 35 35 35 47 35 28 30 22 20 27 X
Domestic (Internal) Transport and Marketing Costs
Region/Country Transport Marketing Total
------------ (US S/t product) - - - - - - - - -
Sub-Saharan Africa 50 30 80
Al] other regions/countries 15 1530

a. Estimated costs are indicative only and are assumed to cover all costs of moving (including handling and in-transit storage) fertilizer materials from their source, through
processing, and on to the farm level.

b. Refer to Appendix B for regional classification of countries.



Table 14. Estimated World Average Delivered Cost of P,O5 at the Farm Level Including Incrementa! Cost of
Environmental Compliance—New and Existing Production Facilitics?

New Production

Existing Production Facilitics
Delivered Cost at

Facilitics Farm Level Using Average 1990 f.o.b. Prices®
Incremental Cost of Delivered Cost With Incremental Costof ~ Without Incremental Cost
Product Environmental Compliance®  at Farm Level Environmental Compliance of Environmental Compliance
-------------------------------- (USS$/tP0g) = vemmcmece e e et
Direct application

phosphate rock 4 376 - -
Compound NPKs? 28-83 601-656 . -
Ssp 4 686 - -
DAP 32-169 583-720 355-492 323
TSP 26-127 656-757 459-560 433

a. Refer to Table 12 for regional/country cost data.

b. Bascd on average 1990 U.S. Guif Coast f.o.b. prices plus US $70/t product to cover transportation, bagging, and marketing
costs. DAP is given credit for its nitrogen content at US $520/t nitrogen delivered at the farm level.
c. Indicated average global range depending upon compliance criteria.

d. NPKs assumed to contain an average of 15% P,Os.

6.2.2 Impact of Increased Fertilizer Cost

From the previous discussion, it can be concluded
that any significant change in the overall phosphate
fertilizer product mix is unlikely cven if the indicated
incremental costs for environmental compliance for the
phosphoric acid-based products were uniformly ap-
plicd on a global basis. However, the increased costs
would most certainly have an adversce effect on demand
and consumption patterns. The expected regional im-
pact, using the maximum cstimated incremental cnvi-
ronmental compliance cost at the farm-gate, is summa-
rized in Table 12. In North America the cost increase
would be highestin both absolute and percentage terms
because of the high proportion of phosphoric acid-
based products used. China, Oceania, and Eastern
Europe, all regions with high proportions of SSP usc in
the current product mix, would be least affected. How-
ever, theabsolute farm-gate cost for P,Os indeveloping
countrics, cxcept China, would increase by $80 to
$130/tonnc to over $700/tonne P,04 and up to about
$1,000/tonnc P,0; in sub-Saharan Africa.

There is little doubt that under this estimated maxi-
mum cost scenario the demand for phosphate fertilizer
would decrease in most regions and the impact would
be particularly severe in the developing countrics. In
Western Europe, the combination of an estimated 19%
incremental costincrease with high average application
rates could increasc average phosphate fertilizer costs
by more than $7/ha, twice the increase of any other
region. However, the impact on the benefit/cost ratio
attributed to phosphate fertilizer usc would be much
less for European farmers than for farmers in develop-
ing countrics where fertilizer costs represent a mnch
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higher proportion of the total crop production costs.
The likely impact of increased fertilizer costs in sub-
Saharan Africa with its alrcady very low use of phos-
phate fertilizer would be severe; this would undoubt-
cdly decrease opportunities for increased food produc-
tion in this region.

6.3 Barriers to Change and Initiatives Required
to Bring About Change

As indicated in the foregoing discussion, the phos-
phate fertilizer industry will face a significant increase
in the cost of producing certain phosphate fertilizers if
compliance with some of the proposed environmental
initiatives is widely mandated. The phosphate fertilizer
products that depend heaviest upon wet-process phos-
phoric acid as the source of P,O5 will be affected the
most, as discussed and as shown in Table 12. A number
of barriers will need to be overcome to bring about
change and help mitigate the expected impact that
certain environmental initiatives may have upon the
phosphate fertilizer production industry, the farmer,
and society in general. The following obscrvations
address some of the most significant barriers that have
been identified.

6.3.1 Identifying and Overcoming the Barriers to
Change

An cxaminatioa of the alternatives that may be
available for mitigating the impact of an increased
level of environmental compliance in the phosphate
fertilizer production and use scctors indicates the
following barriers (constraints) to achicving wide-
spread implementation:



Lack of definition of acceptable cnvironmental

standards.

@ Lackof global environmental compliance
standards.

® Cost required to implement available technology.

Major investments required to change product

mix.

Limited availability of foreign exchange.

Marginal competitive status within the phosphate

fertilizer industry.

Disturbance of commercial cquilibrium.

Lack of significant farm-level cost differences.

Restrictive fertilizer product legislation.

Difficulty in changing farmers’ practices.

A discussion of these constraints follows.

6.3.1.1 Lack of Definition of Acceptable Environ-

mental Standards—Thiere is currently no universal

definition or criteria for objectively judging the “cnvi-

ronmental acceptability” of a fertilizer production or

use practice. The criteria for an “acceptable standard”

may vary widcly depending upon climatic, geological,

and other technical and nontechnical factors including

population density and public pressures. Forcefully

expressed public concern can often result in environ-

mental regulations thatlack a sound technical/economic

basis.

Currently, in many countrics, industry standards arc
being debated and negotiated at the national and local
level between environmental regulatory agencics, pub-
lic action groups, and fertilizer industry representa-
tives. Although it is unlikely that a single sct of stan-
dards for universal application in the industry can, or
should, be established, it scems desirable for the global
industry to agree upon scicentifically established mini-
mum cnvironmental standards appropriate to given
locations. It is thercfore appropriate that international
and national industry agencies, togcther with national
cnvironmental regulatory agcencics, convene to estab-
lishand agree upon minimal standards for environmen-
tal compliance in the phosphate industry. Additional
compliance standards for national industrics, where
dcemed necessary or desirable, could be resolved on a
national or local level.

6.3.1.2 Lack of Global Environmental Compli-
ance Standards—An ir.creasc in the farm-level cost of
P,0; can be influenced dircctly or indircctly by cnvi-
ronmentally related cost factors. Therefore, unless en-
vironmental compliance is viewed as a global respon-
sibility, there can be a great disparity in production
costs and conscquently an unhealthy competitive envi-
ronment caused by unilateral environmental legislation
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and enforcement. Thenet result may be supply/demand-
driven farm-level cost increases and a declining farm-
level bencefit/cost ratio attributed to fertilizer use with-
out mitigating the cnvironmental impact of the
nonrcgulated production units,

Without a global initiative for environmental com-
pliance, oratleastan environmental policy agreed upon
by the leading producers of phosphate fertilizers, it is
doubtful whether the cost of an increased level of
cnvironmental compliance could be sustained.

On the contrary, it should also be noted that an
increased level of mandated environmental compliance
will deter cconomic development, especially in the
resource-poor developing nations.

6.3.1.3 Cost Required to Implement Available
Technology—The lack of technology is perhaps the
least significant barrier 1o change. Today’s modern
phosphatc fertilizer industry has evolved over a period
of nearly 150 years. During this time, technological
progress together with strong local and international
competition for market share has resulted in a very
cfficient industry, especially with regard to cptimizing
production costs, including the recovery of cfflucnts
and their conversion into marketable byproducts.

On the basis of the industry’s demonstrated perfor-
mance, it is clear that, given the appropriate cconomic
incentives, the industry, in general, is not significantly
constrained by the lack of knowledge and available
technology. The widespread implementation of the
availablc technology required to mitigate certain cnvi-
ronmental concerns is, however, severely constrained
by cost-related market factors.

If, for instance, the environmental standards de-
scribed in this paper were adopted elobally, the annual
total industry cost for compliance could be in the order
of $4 billion. This raiscs questions concerning the
social benefit/cost ratio of environmental protection.
Becausc of the industry structure, environmental ben-
cfits will accrue to a limited number of countrics where
strict compliance is obscrved, but the costs will be
incurred globally. A growing body of opinion, how-
cver, recognizes thatenvironmental stewardshipshould
be approached on a global basis and therefore its costs
should be shared globally.

Lackof profitability in the private sector, and inertia in
the public sector in many countries, will preclude or
delay cnforcement of any agreed-upon minimum stan-
dards. It is therefore appropriate that acceptance of
minimum industry standards should be coupled with
international agreement on an implementation timetzble
for compliance. With the concentration of production in



only a few coustrics and the preponderance of public-
sectorownershipof the production resources, asignificant
level of international cooperation may be an achievable
goal.

6.3.1.4 Major Investments Required to Change
Product Mix—While it is clear from the forcgoing
discussion that the farm-level cost of P,O4 derived
from direct application phosphate rock, SSP, and some
NPKs would be least affected by increased cnviron-
mental compliance costs at the production site, the
industry would have to undergo a major restructuring to
meet the world’s P,O5 demand with such products. Not
only would such a rcitructuring require large invest-
ments in new and modificd production and distribution
facilitics, but also, as alrcady mentioned, the increased
cost of distributing the lowcer analysis products would
offsct most of the environmentally related production
cost advantages, as described in Table 12.

Insome countrics, the current viability of existing or
proposed SSP, NPK, and dircct application phosphate
rock production units is questionable because the more
concentrated DAP and TSP products offer economic
advantages cven though they are imported. Givenadop-
tion of increased environmental compliance costs for
the more concentrated phosphoric acid-based products,
the viability of production units that do not depend
upon phosphoric acid will be improved. Under certain
conditions, such plants will be more cost effective in
supplying local markets when compared with DAP or
'tSP. This would provide increased opportunitics for
exploiting indigenous phosphate resources for serving
sclected local markets.

6.3.1.5 Limited Availability of Foreign Ex-
change—Compliance with many of the proposed envi-
ronmental standards will require large investments at
the production facilities and thus increase the cost of
phosphate fertilizer at all levels. In many cascs, the
forcign exchange required to finance the nccessary
investments and/or fertilizer raw material and finished
product imports is expected to be lacking. This con-
straint will be especially critical in those resource-poor
countrics thatdepend heavily upon imported raw mate-
rials and finished phosphate fertilizers.

6.3.1.6 Marginal Competitive Status Within the
Phospkate Fertilizer Industry—The gencrally de-
pressed state of the phosphate fertilizer industry, with
its overcapacity, high capital investment, low rcturns,
and intensc competition among the major phosphaic-
surplus countrics, is not conducive to increascs in
investments and production costs rclated to environ-
mental compliance. This is not to say that the industry
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is ignoring its social responsibilities; however, it does
acknowledge that commercial realitics dictate thatlcast-
cost approaches be taken and, thus, the valuc of many
of the proposed environmental initiatives continue to
be questioned.

Multilateral enforcement of agreed-upon compli-
ance standards would tend to equalize the increased
cost of production among producers. These increased
costs would be reflected in increased product prices.
This, in turn, would provide the economic incentives
required for compliance. Such an approach would, of
course, disproportionately increasc the burden on the
developing country farmer who often can ill afford an
increased cost of inputs.

6.3.1.7 Disturbance of Commercial Equilibrium—
As described in Chapter 4, the phosphate fertilizer
industry is highly integrated at all levels of raw- and
intermediate-material supply, production, and market-
ing. Itis cspecially important to recognize also the role
played by fertilizer raw materials, intcrmediates, and
products as a means for payment in international trade
for food and other nonfertilizer commoditics.

Although very dynamic in the short term, the com-
mercial sector constantly secks to achieve some sort of
“equilibrium” based on local and international supply/
demand-driven cccnomic forces.

The difficulty of introducing a major change in the
global phosphate fertilizer product mix and its associ-
ated raw- and intermediate- material requircments con-
stitutcs a major constraint to change. Change is also
perhaps more difficult to obtain in the phosphate sector
than in the nitrogen and potassium (potash) scctors
because phosphate products have more product distinc-
tionrelativeto theirsolubility and perceived agronomic
cffectiveness. The optimum phosphate product mix is
alsocloscly tied to the costand availability ofammonia,
sulfur, and encrgy.

The reliance of the majority of the developing coun-
trics on imported phosphate raw materials and/or fin-
ished products to sustain domestic food production
requires an uninterrupted supply of phosphate materi-
als on the international market. Only under conditions
where all major international suppliers mcet similar
competitive standards can the current levels of supply
be maintained or increased.

6.3.1.8 Lack of Significant Farm-Level Cost
Differences—Even though the indicated incremental
cost of environmental compliance is the highest for
DAP and TSP, the farm-level delivered cost of P,Oq
derived from these products is still very competitive
with SSP and compound NPKs. The favorable factory-



gate costadvantage of thosc products less dependent on
wet-process phosphoric acid—forexample, some NPKs
and, of course, SSP, which is totaily independent of
phosphoric acid—is croded as the less concentrated
products arc moved through the distsibution system.
The farm-level cost differential between low- and
high-analysis phosphate fertilizers will decline as the
incremental cost of environmental compliance is added
to the high-analysis phosphoric acid-based products.
This will increase the break-cven distribution distance
from any given source of supply for the lower analysis
products. Many devcloping countries still adhere to
uniform delivered pricing policics for fertilizers regard-
less of distance from supply. While helping to ensure
widespread use of fertilizer and improvement of soil
fertility, this uniformity in pricing distorts the recal
farm-gate cost and inhibits the marketing of low-
analysis products in markets located close to the source
of supply. The natural market areas for Inw-analysis
products such as SSP and some NPKs will be increased
if pricing policies reflect the true cost of distribution.

6.3.1.9 Restrictive Fertilizer Product Legisla-
tion—National and local legislation relative to fertil-
izer product specifications, including product type,
nutricntsources, solubility, and particle-size character-
istics, constituter, a major constraint to changing the
current fertilizer product mix in many locations. Legis-
lationdesigried to encourage or protectlocal or regional
productionand marketing initiatives can resultin prod-
uct mixes that may actually be detrimental to mecting
the agronomic needs of the cropinaddition to havingan
adverse impact on the environment at the level of
production and usc.

To encourage, where cconomically appropriate,
changes in product mix towards less soluble phosphate
forms (less dependency upon phosphoric acid), there is
a nced to amend fertilizer legislation in many countries
so thatall agionomically suitable sources of phosphate
can be used by farmers without penalty. Many develop-
ing countries providing production or end-user subsi-
dics for phosphate fertilizers restrict eligibility for such
subsidies by specifying the producttype, nutrient source,
and water-soluble P,O5 content. Unless such restric-
tions are removed, the use of less water-soluble prod-
ucts, even though they may be agronomically effective
and less costly, will be constrained.

6.3.1.10 Difficulty in Changing Farmers’ Prac-
tices—Inaddition to the cost-related constraints affer-
ing manufacturing and distribution, farm-level fertil-
izer usc practices must also be considered. In most
developing countrics, cffective farm-level extension
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programs arc wocfully lacking. Thus, when consider-
ing a change from onc fertilizer product type or use
practicc to another, itis most important to cvaluate the
results of such change in the context of farm-level
benefit/cost criteria under actual farming conditions.
Becausc reliable benefit/cost data are often lacking, itis
difficultto developa convincing case for using any type
of fertilizer let alone changing or tailoring the product
type to reflecta more environmentally optimum mix of
products.

An environmentally sustainable phosphate industry
canorlybeachicved atanadditional cost. This cost will
undoubtedly be initiaily borne by the farmer, but it will
ultimately be transferred to the consumer of agricul-
tural products if fertilizer use and crop production arc to
be maintained or increased. In developed cconomics
this does not pose a major problem; however, in the
developing countries, characterized by resource-poor
farmers and large and poor urban populations, consid-
crable problems arisc. In those developing countrics
where farm prices have been kept below international
parity prices, thereis a need for progressive increases in
farm prices to achicve parity in order to provide suffi-
cicnt benefit/cost ratio incentives for farmers and thus
cnsure and promotc the use of the more costly, but more
cnvironmentally benign, tertilizers. Unless developing
countrics with low-cost food policics increase crop
prices to maintain farmer benefits, food crop produc-
tion will decline, adding to the problem of food sccurity.

Partial resolution for the problem of increased phos-
phate fertilizer costs at the farra level lics in improving
phosphate fertilizer use efficizncy. Itis therefore essen-
tial that a high priority be given to programs that wiil
assist developing countries in improving use cfficiency
of phosphate fertitizers through improved application
methods and the use of 1. tegrated nutrient management
systcms.

7. SUMMARY OF THE ISSUES

The foregoing analysis of the global phosphate fertil-
izer sector suggests the need to resolve the following
issues with respect to addressing the environmental
pressures on the one hand and maintaining agricultural
productivity on the oth-r.

® Phosphatc fertilizer is essential to crop production.
The removal of phosphate from the soil in the form
of harvested crops, which are marketed elsewhere,
minimizes the level of phosphate recycling thatcan
be accomplished by the return of crop residucs and
animal manure. Thus, the supply of phosphate


http:6.3.1.10

fertilizers in an environmentally sustainable man-
ner must be assured.

The current phosphate fertilizer product mix, in
which about 70% cf the total P,Oy is derived from
wet-process phosphoricacid, is the mostcost effec-
tive at the farm level. From an agronomic point of
view, these highly water-soluble phosphate fertil-
izers arc not required for most crop production;
howcever, because they arc so concentrated they
continue to provide the most cost effective source

of P,Os at the farm level even if the current costof e

phosphoric acid is increased by as much as 50% to
cover the estimated added cost of complying with
the most rigorous cnvironmental regulatory sce-
narios described in this paper.

Products that arc less dependent upon wet-process
phosphoric acid (nitrophosphate-based NPKs and
SSP, for cxample) have a more favorable cost per
unit of P,Oy at the factory gate. However, because
of their iower nutricnt concentration and, in some
cases, their unfavorable companion nutrient con-
tent (forexample, nitrate nitrogen for flooded rice),
they become less competitive with the ammonium
phosphatc and TSP products in the overall market-
ing system.

In some cascs, products that require little or no
phosphoric acid, for example, direct appiication
phosphate rock, PAPR, and SSP, have an cnviron-
mental and economic advantage. When this occurs
and the agronomic nceds are met, then the feasibil-
ity of producing, or even importing, such products
for iocal consumption is enhanced.

The global phosphate fertilizer production industry
is faced with an increasing level of environmental
concerns that are gradually being formulated into
legislation at local and national levels. A convinc-
ingscicntific rationale for somc of the environmen-
tal concerns and legislative initiatives issometimes
lacking or overlooked in the putlic debate. At
present there is no clear definition of what consti-
tutes “environmental acceptability” or “environ-
mental sustainability” in the phosphate fertilizer
production scctor. There is an urgent need for a
morc clear definition of both terms as they are
applied to the production sector.

Wet-process phosphoric acid currently accounts
for about 70% of world P,0O5 consumption in the
form of DAP/MAP, TSP, and NPKs. The cost-
cffective production of wet-process phosphoric

acid by certain producers will be threatened if the
cosi of treatment and disposal of process wastes,
primarily phoxphogypsum and contaminated pro-
cess walcr, is unilaterally escalated as a result of
certain environmental-compliance legislation cur-
rently under study. This suggests the need for
scicntifically based, multilateral compliance legis-
lation that is applicd uniformly. This approach,
however, runs theriskof deterringcconomic growth,
especially in resource-poor developing countrics.

Unilateral legislation and enforcement of environ-
mental initiatives at the national and local levels
will restrict competition in national and intcrna-
tional markets. This will result in windfall profits
for noncompliant producers and an increase in the
farm-level price of phosphate fertilizers without
achieving the global objective of environmental
sustainability.

Despite the lack of total agreement on the scientific
rationale, it is quitc apparent that the phosphate
fertilizer producers will face increased costs as they
strive to comply with a number of new environ-
mental legislative initiatives that are likely to be
impleinented in the ncar term on a widespread
basis. These incrcased costs of production will
resultinasignificantincrease in the farm-level cost
of fertilizer. While the impact of increased costs
can bc more casily borne in the developed coun-
trics, it could be a major constraint 1o productivity
in many of the resource-poor countries of the world
where fertilizeruse is already small and the need for
increasedlocal food production is paramount. Thus,
mecthods need to be formulated to help finance the
increased costs attributed to achieving grcater en-
vironmental sustainability in the phospate fertil-
izer production scctor without adversel /7 affecting
international trade and economic development.

A more quantitative analysis is needed to deter-
minc ¢he impact that an increase in the cost of
phosphate fertilizers at the factory gate and the farm
gate would have upon the farm-level benefit/cost
ratio and, therefore, phesphate fertilizer demand
and crop production.

Ackicvement of cnvironmental sustainability in
the phosphate fertilizer production sector, as de-
fincd by public opinion more so than scientific
criteria, will rew. ire the widespread deployment of
the practical and intellectual resources of the global
industrial and agricultural communitics.
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APPENDIX A

Regional Production, Consumption, and
Trade Data for Sulfur, Phosphate Concentrate,
Wet-Process Phosphoric Acid, and Finished Phosphate Products
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Table A~1. Production and Trade of Sulfur in All Forms (1988)a

Export Recipient (Region/Country)
Former Sub-
Origin Domestic Western Eastern Soviet North Central South North Saharan South Hest South East
(Rezion/Country) Production Consumption Exports Europe Europe Union_ Amorica America America Africa Africa Africa Asia Asia Asia China Oceania
--------------------------------- (thousand t sulfur) - - - = - = = = = = - - - - - = o o o000 memm o s - -

Western Europe 8,360 6,848 1,532 1,229 6 224 30 21
Eastern Europe 6,405 2,488 3,917 1,032 978 748 430 601 36 95
Former Soviet
Union 11,081 10,771 310 10 265 35
North America 17,744 9,102 8,642 749 915 538 1,069 2,529 154 501 259 204 1,049 20 656
Central America 2,366 634 1,732 74 1,077 18 496 6 61
South America 825 775 50 50
Rorth Africa 184 184 0
Sub-Saharan Africa 91 91 0
South Africa 813 813 0
West Asia 4,018 939 3,080 344 18 50 77 2 827 62 328 1,309 53
South Asia 26 26 o]
East Asia 3,439 3,275 164 164
China 4,863 4,863 0
Oceania 286 286 0 - -
Subtotal 60,502 41,095 19,407 3,364 1,341 808 1,992 615 1,569 4,677 252 501 705 1,513 1,396 20 656
Comestic Deliveries 6,848 2,488 10,771 9,102 634 775 184 9 813 939 26 3,275 4,863 286
Total Supply (60.50 million t) 10,212 3,829 11,579 11,094 1,249 2,344 4,861 343 1,314 1,644 1,539 4,671 4,883 942
Regional Dependency on Imports (%) 33 35 7 18 49 67 96 74 38 43 a8 30 o} 70

a. Deliveries (domestic consumption plus exports) may not match domestic production due to changes in inventories.

Source: Derived from published statistical data and IFDC data file.



Table A-2. Production and Trade of Phosphate Rock Concentrate §19882u

Export Recipient (Region/Country)
Former Sub-
Origin Domestic Western Eastern Soviet North Central South North Saharan South West South East
(Region/Country) Production Consumption Exports Europe Europe Union America America America Africa Africa Africa Asia Asia Asia China Oceania
--------------------------------- (thousand t PZOS)- it A L L B I

Western Europe 253 206 47 47
Eastern Eurcpe
Former Soviet

Union 12,010 11,004 992 360 630 2

North America 14,327 12,672 2,853 1,043 173 375 187 2 123 812 138
Central America 201 193

South america 1,718 1,599

North Africa 10,394 5,361 5,213 2,601 1,186 245 363 62 60 12¢ 325 85 160
Sub-Saharan Africa 2,132 247 1,710 636 184 310 17 1 47 164 303 49
South Africa 1,102 836 480 480

West Asia 4,057 1,184 3,135 899 871 7 11 295 452 541 15 44
South Asia 213 208

East Asia 293 293

China 4,050 4,150

Oceania 594 2 593 _ . _ 38 555
Subtotal 51,344 37,955 15,023 6,066 3,044 7 930 552 92 0 1 0 402 865 2,019 100 946
Domestic Deliveries 206 0 11,004 12,672 193 1,599 5,361 247 836 1,184 208 293 4,150 2
Total Supply (52.98 million t) 6,272 3,044 11,011 13,602 745 1,691 5,361 248 836 1,586 1,073 2,312 4,250 948
Regional Dependency on Imports (X) 97 100 0 7 74 5 0 0 0 25 81 87 2 100

a. Deliveries (domestic consumption plus exports) may not match domestic production due to changes in inventories.

Source: Derived from U.S. Bureau of Mines and IFDC statistical data.



Table A-3. Production and Trade of Wet-Process Phosphoric Acid (1988)‘l

Export Recipient (Region/Country)
Former Sub-
Origin Domestic Western Eastern Soviet North Central outh North Saharan South West South East
(Region/Country) Production Consumption Exports Europe Europe Union America Americs America Africa Africa Africa Asia Asia Asia China Oceania
--------------------------------- (thousand * P205)- I el L I R

Western Europe 3,116 2,343 773 501 71 147 2 3 g 21 17
Eastern Europe 1,316 1,316
Former Soviet

Union 4,990 4,990
North America 10,507 8,632 875 2 639 66 120 30 17
Central America 474 474
South America 763 763
North Africa 3,898 1,668 2,230 436 &4 117 31 222 1,232 122 28
Sub-Saharan Africa 189 41 148 148
South Africa 576 323 253 73 81 99
West Asia 1,018 924 95 76 19
South Asia 376 376
East Asia 1,261 1,207 54 18 36
China 59 50
Oceania 108 108
Subtotal 28,643 24,215 4,428 1,088 115 786 2 0 267 0 3 0 349 1,539 205 0 45
Domestic Deliveries 2,343 1,316 4,990 9,632 474 763 1,668 41 323 824 376 1,207 50 108
Total Supply (28.64 million t) 3,431 1,431 5,776 9,634 474 1,030 1,668 72 323 1,273 1,915 1,412 50 153
Total Consumption (27.98 million t) 3,434 1,430 5,220 9,539 474 1,031 1,668 72 323 1,267 1,901 1,412 50 153
Nonfertilizer Use (1.80 million t) 640 48 200 546 15 160 0 0 13 17 31 200 15 14
Fertilizer Use (26.08 million t) 2,794 1,382 5,020 8,993 459 871 1,668 72 310 1,25¢ 1,870 1,212 35 138
Phosphoric Acid Expressed as I of b

Total Regional Fertilizer PZO5 Production 64.2 48.9 54.4 89.9 113.1 57.8 85.4 66.7 80.7 85.0 76.2 56.2 1.0 13.6
Regional Dependency on Phosphoric Acid Imports () 31.7 8.0 13.6 0.0 0.0 25.9 0.0 43.1 0.0 27.4 80.4 14.5 0.0 29.4

Regional Dependancy on Inter-Regional
Fhosphoric Acid Imports (Y) 17.1 8.0 13.6 0.0 0.0 25.9 0.0 43.1 0.0 25.9 80.4 12.0 0.0 29.4

a. Deliveries (domestic consumption plus exports) may not match domestic production due to changes iu inventories.
b, Value in excess of 1001 due to variations in reporting data.

Source: Derived from British Sulphur Corporation Ltd. and other published statistical data.



Table A-4. Production_and Trade of Ammonium Phosphates (DAP/MAP) (1988)a
Export Recipient (Region/Country)
Former Sub-
Origin Domestic Western Eastern Soviet North Central South North Saharan South Hest South East
(Region/Country) Production Consumption Exports Europe Europe Union America America America Africa Africa Africa Asia Asia Asia China Oceania
---------------------------------- (thousand t P,O.) = - ~ -~ - - - - - = = v« - - - o - C . o - .o o -T2
25

Western Europe 38 38 112 9 8 21 26 48
Eastern Europe 210 177 33 33
Former Soviet

Union 3,365 3,365 0 0
North America 8,680 5,570 3,110 277 26 225 82 311 3o 425 533 269 845 87
Central America 186 167 19 18
South America 364 347 17 17
North Africa 909 149 760 445 85 6 12 17 47 135 13
Sub-Saharan Africa 63 45. 18 18
South Africa a5 19 76 58 18
Hest Asia 458 0 458 107 32 2% 4 40 129 98 24
South Asia 1,445 1,445 0
East Asia 323 112 211 30 51 130
China 0 0 0
Oceania 99 99 0 — _
Subtotal 16,235 11,533 4,814 914 176 0 257 111 328 12 108 0 649 657 392 1,110 100
Domestic Deliveries 38 177 3,365 5,570 167 347 149 45 19 0 1,445 112 0 99
Total Supply (14.64 million t) 952 353 3,365 5,827b 278 675 161 153 19 649 2,102 504 1,110 199
Total Consumption (11.57 million t) 584 258 3,272 3,424 237 601 61 111 28 634 2,085 364 1,110 222
DAP/MAP Expressed as I of Total Regional P205

Production 0.9 0.0 36.4 86.8 45.8 24,1 46.5 58.3 24,7 31.1 58.9 15.0 0.0 9.7
DAP/MAP Expressed as I of Total Regional P205

Consumption 11.4 9.6 38.2 78.6 39.4 28.3 13.8 32.4 8.8 44.5 61.0 15,9 22.5 18.9

a. Deliveries (domestic consumption plus exports) may not match domestic production due to changes in inventories.
b. Assumed to include increased stocks destined for export.

c. DAP/MAP account for 39.1I of world total PZOS

Source:

production and 30.6% of total P_O

205 consumption.

Derived from published British Sulphur Corporation Ltd., FAO statistical data, and IFDC data file.



Table A-5. Production and Trade of Triple Superphosphate (TSP) (1988)°

Export Recipient (Region/Country)
Former Sub-
Origin Domestic Western Zastern Soviet North Central South North Saharan South West South East
(Region/Country) Production Consumption Exports Europe Europe Union America America America Africa Africa Africa Asia Asia Asia China Oceania
---------------------------------- (thousand ¢t PO )- = ~ = = = = = = = = = = = = = = = = & 0 0 0 & = o o & - - e - -

25

Western Europe 469 293 176 101 10 12 11 23 19
Eastern Europe 430 354 76 76
Former Soviet

Union 840 840 0
Rorth America 886 431 455 7 68 10 157 153 31 29
Central America 100 100 0
South America 402 395 7 7
North Africa 850 155 695 236 65 79 48 5 11 1 9 81 77 78 5
Sub-Saharan Africa 28 24 4 3 1
South Africa 0 0 0
West Asia 720 220 500 a5 1179 134 5 7 4 10 123 13
South Asia 66 66 0
East Asia 582 570 12 12
China 80 80 0
Oceania 54 sS4 0 I S
Subtotal 5,507 3,582 1,925 435 191 289 116 20 194 5 31 0 227 262 43 78 34
Domestic Deliveries 293 354 840 431 100 395 155 _24 _0 220 66 570 80 54
Total Supply (5.48 million t) 728 545 1,129 547 120 £89 160 55 0 447 328 613 158 88
Total Consumption (4.87 million t) 603 477 840 545 116 592 143 14 0 332 279 612 158 68
TSP Expreaseg as I of Total Regional P205

Production 10.8 0.0 9.1 8.9 24.6 26.7 43.5 25.9 0.0 48.9 2.7 27.0 2.2 5.3
TSP expressedbas I of Total Regional }5'205

Consumption 11.7 17.8 9.8 12.5 19.3 27.9 32.4 4.1 0.0 23.3 8.2 26.7 3.2 5.8

a. Deliveries (domestic consumption plus exports) may not match domestic production due to changes in inventories.

b. TSP accounts for 13.31 of total world PZO5 production and 12.9%1 of total PZOS consumption.

Source: Derived from published FAO statistical data and IFDC data file.



Table A-6. Production and Trade of Single Superphosphate (SSP) (1988)u

Export Recipient (Region/Country)
Former Sub-
Origin Domestic Western Eastern Soviet Noxth Central South North Saharan South West South East
(Region/Country) Production Consumption Exports Europe Europe Union America America /Americy Africa Africa Africa Asia Asia Asia China Oceania
---------------------------------- (Lhousmdthos)----------*--------*-------------

Western Europe 442 424 18 18
Eastern Europe 1,008 999 9 9
Former Soviet
Union 1,035 937 98 36 53 9
North America 72 68 4 4
Central America 53 53 0
South America 423 423 0
North Africa 168 168 0
Sub-Saharan Africa 15 15 0
South Africa 40 40 0
West Asia 20 11 9 2 7
South Asia 496 496 0
East Asia 310 310 0
China 2,220 2,220 0
Oceania 781 770 11 - . 11
Subtotal 7,083 6,934 149 18 45 0 4 53 8 0 2 0 7 0 0 0 11
Domestic Deliveries 424 999 937 68 53 423 168 _1s _40 11 496 310 2,220 770
Total Supply (7.08 million t) 442 1,044 937 72 106 432 168 17 40 18 496 310 2,220 781
Total Consumption (6.44 million t) 333 879 700 70b 105 427 168 5 40 4 545 236 2,220 777
SSP Ex‘presseg as I of Total Regional on5
Production 10.2 0.0 11.2 0.7 13.1 28.1 8.6 13.9 10.4 1.4 20.2 14.4 61.5 76.2
SSP expressedcus I of Total Regional PZOS
Consumption 6.5 32.7 8.2 1.6 17.5 20.1 38.0 1.5 12.6 0.3 15.9 10.3 44.9 66.1

a. Deliveries (domestic consumption plus exports) may not match domestic production due to changes in inventories.
b. The majority of this consumption is used to produce granular NPKs.
c. SSP accounts for 171 of total world P205 production and consumption.

Source: Derived from published FAD statistical data and IFDC data file.
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Table A-7. Production and Trade of NPK Fertilizers (IQBB)a'b

Export Recipient (Region/Country)
Former Sub-
Orizin Domestic Western Eastern Soviet North Central South North Saharan South West South East
(Region/Country) Production Consumption Exports Europe Europe Union America America America Africa Africa Africa Asia Asia Asia China Oceania
---------------------------------- (thousand t PO )~ - - - - - - - « = - - - - - o o ... T .T_- - - <o <2

275

Western Europe 2,953 1,380 1,573 1,00¢ 35 115 167 127 46 70 4
Eastern Europe 735 310 425 233 70 122
Former Soviet

Union 1,855 1,810 45 45
North America 288 264 24 24
Central America 65 61 4 4
South America 199 199 0
North Africa 27 27 0
Sub-Saharan Africa 2 0 3 3
South Africa 224 224 0
Wast Asia 262 208 54 47 4 3
South Asia 411 411 [
Eest Asia 798 629 169 55 114 0
China 307 307 0
Oceania 91 91 0 - I
Subtotal 8,217 5,921 2,297 1,289 115 0 0 63 115 4 170 0 252 101 184 0 4
Domestic Deliveries 1,380 310 1,810 264 61 199 27 _0 224 208 411 629 307 91
Total Supply (8.22 million t) 2,669 425 1,810 264 124 314 31 170 224 460 512 813 307 95
Total Consumption (10.88 million t) 3,313 665 1,632 264° 133 383 71 213 224 455 465 904 334 80
NPKs Expressgd as I of Total Regional PZOS

Production 67.8 0.0 20.1 2.9 16.0 13.2 1.4 1.9 58.3 17.8 16.8 37.0 8.5 8.9
NPKs Expresseg as I of Total Regional PZOS

Consumption 64.6 24.8 19.1 6.1 22.1 18.0 16.1 62.1 70.7 32.0 13.6 39.5 6.8 6.8
a. Deliveries (domestic consumption plus exports) may not match domestic production due to changes in inventories.
b. Does not include physically mixed (bulk blended) products.
c. This value does not include P 05 derived from SSP which is shown separately in Table A-6.
d. NPKs are reported to account %or about 20X of total world PZOS production and about 292 of total PZOS consumption. Large difference is due to method of reporting
P_G. raw material sources used to produce NPKs.

275
Source: Derived from published FAO statistical data and IFDC data file.



Table A-8. Production and Trade of Other Phosphate Fertilizers (OPF) (196!8)"b

Export Recipient (Region/Country)
Former Sub-
Origin Domestic Western Eastern Soviet North Central South North Saharan South West South East
(Regiorn/Country) Production Consumption Exports Europe Europe Union  America America America Africa Africa Africa Asia Asia Asia China Oceania
------------------------------- (t.housandt?zos)---------------------------‘-'-"'

Western Europe 204 202 2 2
Eastarn Europe 440 440 0
Former Soviet
Union 1,300 1,169 131 8 22 101
North America 37 37 0
Central America 0 0 0
South America 50 50 0
North Africa 0 0 0
Sub-Saharan Africa 0 0 0
South Africa 25 25 0
West Asia 0 0 0
South Asia 0 0 0
East Asia 132 132 0
China 700 700 0
Oceania 0 0 0 —_— —_—
Subtotal 2,888 2,755 133 10 0 0 22 0 0 0 0 0 0 0 0 101 0
Domestic Deliveries 202 440 1,189 3z o 50 0 0 _25 0 0 132 700 0
Total Supply (4.66 million t) 212 440 1,169 59 0 50 0 0 25 0 0 132 801 0
Total Consumption (2.50 million t) 120 408 902 41 10 383 0 0 25 0 0 132 818 0
OFPFs Expressgd as % of Total Regional on5
Production 4.7 0.0 14.1 0.4 0.0 3.3 0.0 0.0 6.5 0,0 0.C 6.1 19.4 0.0
OFFs Expresseg as X of Tctal Regional P205
Consumption 2.3 15.2 10.5 0.9 1.7 18.0 0.0 0.0 7.9 0.0 0.0 5.8 16.6 0.0

a. Deliveries (domestic consumption plus exports) may not match domestic production due to changes in inventories.
b. OPFs include thermophosphates, fluid fertilizers, bone meal, and miscellaneous other products.
¢. OFFs reported to account for 7.0% of total world P205 production and 6.6X of total PZO5 consumption.

Source: Derived from published FAO statistical data and IFDC data file.



Table A-8. Production and Trade of Direct Application Phosphate Rock (DAPR) (1988)%
b
Export Recipient (Region/Country)
Former Sub-
Origin Domestic Western Eastern Soviet North Central South North Saharan South West South East
(Region/Country) Production Consumption Exports Europe Europe Union  America America America Africa Africa Africa Asia Asia Asia China Oceania
---------------------------------- (thousand ¢ P,0.)= = = = = = = = = = = = = = = = 0 o o 0 0 00w - - - - -
2’5

Western Europe S0 90 0
Eastern Europe 0 0 0
Former Soviet

Union 795 785 0
North America 0 0 31 31
Central America 0 0 0
South America 66 57 g
North Africa 0 0 0
Sub-Saharan Africa 0 0 0
South Africa 0 0 0
West Asia 12 0 12
South Asia 36 36 0
East Asia 11 11 0
China 300 300 0
Oceania 0 0 0
Subtotal 1,310 1,289 52 4 0 0 0 0 0 0 0 0 0 0 0 0 31
Domestic Deliveries 90 0 785 0 0 57 0 0 0 0 36 11 300 0
Total Supply (1.33 million t) 94 0 795 0 0 57 o 0 0 0 36 11 300 a1
Total Consumption (1.33 million t) 28 0 805 0 0 84 0 0 0 12 43 40 300 30
DAPR Expressed as X of Total Regional PZO5

Production 2.1 0.0 8.6 0.0 0.0 4.4 0.0 0.0 0.0 0.8 1.5 0.5 8.3 0.0
DAPR Expresseg as X of Total Regional PZOS

Consumption 0.5 0.0 9.4 0.0 0.0 4.0 0.0 0.0 0.0 0.8 1.3 1.7 6.1 2.6
a. Deliveries (domestic consumption plus exports) may not match domestic production due to changes in inventories.

b. Data on export deliveries not fully reported.
c. DAFR accounts for 3.2X of total world PZOS production and 3.5 of total PZO5 consumption.

Source: Durived from published FAO statistical data and IFDC data file.
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Regional Classification of Countries

Norh America Western Europe Esstern Europe USS.R.b Alrica Latin America Asia Occania
Ca.. s a Austria Abanis USSR, Sub-Saharan Africa South Africa Central America West Asia Australia
United States Belgium-Lux Bulgaria Angola Republic of Bahamas Afghanistan  New Zcaland
Denmark Crechosiovakia Benin South Africa Barbados Bahrain Papus New Guinea
Finland Hungary Botswana Belize Cyprus Samoa
Frunce Poland Burkinas Faso North Africa Bermuda Iran Fiji
Germany DR Romania Burundi Algeris Costa Rica Iraq
Germany FR Yugoslavia Cameroon Egypt Cuba Isracl
Greece Central African Libya Dominica Jordan
Iceland Republic Morocco Dominican Kuwait
Ireland Chad Tunisia Republic Lebanon
Ttaly Congo El Salvador Oman
Malta Cote d'Ivoire Guadeloupe Qatar
Netherlands Ethiopia Guatemala Saudi Arsbis
Norway Gabon Haiti Syria
Poriugal Gambia Honduras Turkey
Spain Ghana Jamaica United Arab
Sweden Guinea Bissau Martinique Emirates
Switzerland Guinea Mexico Yemen Arab R
United Kingdom Kenya Nicaragua Yemen Dem
Lesotho Panama South Asia
Loeria St. Chris, ete. Bangladesh
Madagascar Saint Lucia Bhutan
Malawi St Vincent India
Mali Trinidad, etc. Nepal
Mauritania Virgin Islands Pakistan
Mauritius South America Sri Lanka
Mozambique Argentina East Asia
Niger Bolivia Cambodia
Nigeria Brazil China
Rwanda Chile Indonesia
Senegal Colombia Japan
Scychelles Ecuador Laos
Sierra Leone French Guiana Malaysia
Somalia Guyana Mongolia
Sudan Paraguay Myanmar
Swaziland Peru Korea, DPR
Tanzania Suriname Korea, Republic
Togo Uruguay Philippines
Uganda Venezuela Singapore
Zaire Taiwan
Zambia Thailand
Zimbabwe Viet Nam

Developed Countries ~ 1ncludes North America, Western Europe, Eastern Europe, USS.R., Jspan, Isracl, South Africa, Australia, and New Zealand,
Developing Countries - Includes Latin America, Asia (except Japan and Isracl), Africa (except South Africa), and Oceania (except Australia and New Zealand),

a. Includes Puerto Rico.
a. Refers to the former Soviet Union.
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