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A.s noted in the overview to this set of papers, water qual-
ity continues to be a growing concern. Nutrients applied
as commercial fertilizer and manure enter surface and
ground water, leading to several forms of water quality
impairment. These impairments manifest themselves in a
number of ways. Excess phosphorus is responsible for
algae blooms, losses in water clarity, and even the presence
of toxic cyanobacteria in fresh water. Excess nitrogen is
believed to be the limiting factor in low-oxygen dead zones
in several dozen locations around the globe. In some
locales, nitrate concentrations reach levels that are toxic to
both humans and aquatic animals. In the United States,
local nitrate concentrations are largely uncontrolled. The
only widely applied standard affects water used for human
consumption. This is regulated by the Environmental Pro-
tection Agency via National Primary Drinking Water Reg-
ulations (EPA NPDWR). Similar requirements and guide-
lines exist in Canada and Europe.

Several technologies can remove nitrates directly from
water and are employed by municipal water works in order
to comply with drinking water standards during periods of
high nitrate concentrations in source water. These technol-
ogies are costly to operate, suggesting an opportunity for
cost savings via upland reductions of fertilizer application.
This article explores possible tradeoffs in the context of a
nutrient-application-right trading scheme. Simulations of
both water quality and economic effects in a test water-
shed suggest that simple upland fertilizer reductions are
more costly than direct nitrate removal if the goal is com-
pliance with drinking water standards. Other water quality
goals merit consideration, but are difficult to model with-
out objective standards and given the current nitrate
removal technology.

Watershed Background

The area used for simulation is the Raccoon watershed,
located in the state of Iowa in the United States. The Rac-
coon River is the main stream for the watershed and drains
a large area containing an abundance of fertile soil. The
total area of the watershed is approximately 2.3 million
acres, 1.7 million of which are devoted to rotations of corn
and soybean production. Nitrogen and phosphorus fertil-
izer are applied at high levels on the corn crop and consti-
tute the primary nonpoint nutrient pollutant source in the
watershed. Figure 1 shows a land-use map of the water-
shed. The outlet of the watershed is near the capital city of
Des Moines, which along with other municipalities in the
area, uses the Raccoon River as a source of drinking water.
The Des Moines Water Works is the supplier of drinking
water and currently operates the world’s largest denitrifica-
tion facility.

In-stream nitrate levels frequently exceed the maxi-
mum allowed concentration of 10 milligrams per liter. In
these instances, source water is run through the denitrifi-
cation facility before being treated for use as drinking
water. The facility uses an ion exchange process which pro-
duces waste water with a high saline content in addition to
the nitrate removed. This waste water is currently dis-
charged downstream at no cost to the facility. Downstream
municipal water supplies are not adversely impacted by
this discharge, as they are able to meet their water needs
from deeper ground water aquifers. For purposes of
NPDWR compliance this is not an issue, and the dis-
charge is permitted by the EPA under the National Pollut-
ant Discharge Elimination System.

The nitrate removal facility was constructed in 1990 at
a cost of approximately $3 million. The scrubbers and
media were the primary components of this large sunk
cost, and would also be the bulk of the cost associated with
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Figure 1. Land use in the Raccoon watershed.

an expansion of the facility unless
another removal technology were
employed. Current processing vol-
ume does not appear to require
expansion in the near term, and there
has been no observed deterioration of
the scrubber components. Operating
costs of the facility are approximately
$300 per million gallons of water,
with a capacity of 10 million gallons
of water per day. In an average year,
the facility runs approximately 50
days.

Modeling Approach

While drinking water standards are
given high importance due to their
direct effects on human health, high
nitrate levels cause other problems.

However, control of ambient water
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pollution in this watershed is still
being developed, and there are no
existing regulations outside of drink-
ing water standards. Ameliorating
problems such as hypoxia and nitrate
toxicity for aquatic animals would
require both a lower threshold for
nitrates and complete removal of the
nitrate from the watershed. Meeting
the latter requirement with the tech-
nology currently used for drinking
water purposes is inappropriate as it
reintroduces the nitrate to the envi-
ronment. The analysis here proceeds
in the framework of existing regula-
tions and the technology currently in
place, but it is important to note that
there are other impacts that merit
consideration: namely, the effects of
nitrate levels outside of drinking
water considerations. Upland fertil-

2nd Quarter 2007 - 22(2)

izer reductions prevent nitrates from
entering waterways in the first place,
and have positive effects beyond con-
tributing to drinking water standard
compliance.

The goal of the modeling frame-
work is to capture changes in water
quality generated by implementation
of policy, as well as the associated
economic effects. This requires the
coupling of an economic model with
a physical model. Nutrient applica-
tion levels predicted by the economic
model are used to supply land-use
inputs to the physical model. The
output from the physical model in
turn provides the water quality mea-
sure of interest: nitrate concentra-
tion over time. A hydrologic model is
used to link the effects of upland fer-
tilizer reductions to direct nitrate
removal at the outlet. The watershed-
based Soil and Water Assessment
Tool (SWAT) simulates the effects of
watershed management on water
quality and water flow on a daily
time step. It is primarily used for
modeling nonpoint source contribu-
tions to nutrient and sediment loads
SWAT

implementation employed uses data

within a watershed. The

from the National Resources Inven-
tory (NRI) to populate the watershed
with spatially detailed information. A
point in the NRI effectively repre-
sents a farm. Site-specific nutrient
application data are generated by the
economic model. The economic
model predicts nitrogen fertilizer
application rates based on prices of
corn and fertilizer and a site-specific
soil characteristic. It also predicts
yield, and thus returns to fertilizer
application. Changes in nitrogen fer-
tilizer prices, for example, via a tax on
fertilizer or a cap on application, will
cause a loss in returns for the farmer.
This provides a measure of the cost
imposed by the policy. Data used to
construct the model comes from a
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Figure 2. Nitrate loads by monthly average.

farm operator survey, the Agricul-
tural Resource Management Survey,
historical prices, and from a detailed
soil grid.

Policy Simulations

Three scenarios are run through the
modeling system described above.
One is a baseline in which the eco-
nomic model leaves prices and nitro-
gen fertilizer applications unchanged,
and the water quality model predicts
the associated nitrate concentrations
at the watershed outlet. The other
two scenarios represent reductions in
fertilizer applications simulated by
the imposition of a nonpoint source
trading scheme. This scheme works
as follows: each farm is allocated fer-
tilizer application permits for the
total acreage it farms; for example, a
100-acre farm might receive 12,000
pounds worth of permits if the per-
mit level is 120 pounds per acre. A

farm has three choices in using its

permits. One is to apply exactly the
permitted amount. Another is to
apply less than permitted, and sell
the surplus permits to the third
group, those who purchase permits in
order to apply at greater levels than
initially permitted. Farmers make
their choice of total application
according to the model, taking into
account the prices they face, their soil
type, and the market price of a per-
mit, which is determined by the dis-
tribution of farmer types. The total
watershed application is reduced as
long as the total permit allocation is
smaller than the total amount origi-
nally applied. For purposes of simula-
tions, this is done at two levels of per-
mit allocations. From a baseline
average application rate of 135
per
restricts the per-acre permit alloca-

pounds acre, one scenario
tion to approximately 120 pounds
per acre and results in a simulated
6% reduction in annual load of

nitrate at the watershed outlet. The
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Sept  Oct

the

approximately 108 pounds per acre

other restricts allocation to
and results in an approximate 12%
reduction in annual nitrate load.
These reductions are the result of the
total mass of nitrogen being applied
in the watershed being reduced.
Imposing the permit restrictions
benefits those farmers who can sell
excess permits, but increases the costs
of those who must purchase addi-

the

amount of nitrogen application is

tional permits. Since total
being reduced, the net result is a loss
for farmers in the watershed as a
whole. Loss or gain from the policy
scenarios can be measured for indi-
vidual farms and then aggregated to
the watershed level to gauge the cost
of the policy. Under the small reduc-
tions, the total farm watershed loss is
approximately $161,000, and under
the larger reductions, losses are
approximately $700,000.

To compare the water quality

changes resulting from the imple-
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mentation of these policies to opera-
tion of the nitrate removal facility,
the water-quality model is run on a
daily time step and the nitrate con-
centration for each day recorded. The
trigger concentration for the nitrate
removal facility to run is 9mg/L (the
legal limit is 10mg/L). Under the
baseline scenario, that level was
exceeded 56 days of the year. The
small and large reduction scenarios
reduced the number of run-days to
51 and 48. Figure 2 shows a sum-
mary of nitrate loads by monthly
average. Saving days of operation for
the nitrate removal facility implies
cost savings and illustrates the short-
ening in the number of run-days
required to maintain a safe level of
nitrate. The energy, labor, and raw
material costs of one run-day are
approximately $3,000. The lifetime
of the media used in the removal pro-
cess is currently uncertain, making it
difficult to calculate the true cost of
operation. The original media is still
in use and shows no sign of deteriora-
tion after 14 years of use. As nitrate
loads and water demand grow, there
may be a need for expansion in the
future, involving significant capital
costs and raising the cost of a day of
operation. Such expansion may also
involve a change in nitrate removal
technology.

Trading  nitrogen permits
between point and nonpoint sources
can lower costs of reductions (Ran-
dall & Taylor, 2000). This is usually
considered in the context of a non-
point source generating excess per-
mits by purchasing upland reduc-
tions. In that type of trading
arrangement, a trading ratio is estab-
lished to equilibrate a pound of
upland reduction to a pound of point
source discharge. Conceptually, this
approach could work in reverse as
well: nonpoint sources could gener-

ate permits for themselves by paying
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for the removal system. While these
trading opportunities are attractive
possibilities, a quick look at the dif-
ference in costs in this case suggests
that it would be much more efficient
to simply run the nitrate removal
facility a few extra days rather than
implement any restrictions on farmer
application. Five run-days at $3,000
per day is $15,000, far less than the
$160,000 in losses that would be
incurred by farmers. Eight run-days
of the nitrate removal facility are like-
wise much less expensive than the
$700,000 in losses associated with
the stricter cap-and-trade policy.

While the upland fertilizer reduc-
tions examined here are more costly
than direct nitrate removal, this anal-
ysis does not take into account other
possibilities. There are also concerns
beyond drinking water standards,
such as hypoxia and low-level nitrate
toxicity (Camargo et al., 2005), that
have important impacts on ambient
water quality. Perhaps because drink-
ing water issues pose the most imme-
diate threat to human health, it is the
only form of existing pollution regu-
lation that impacts this watershed. As
new standards with broader impacts
in mind are developed, such as Total
Maximum Daily Loads, this analysis
can be revisited, possibly with differ-
ent conclusions. The upland reduc-
tions have an effect on the ambient
and downstream nitrate loads that
the removal process does not and
would be more effective at meeting
expanded standards. Even if under
more  comprehensive  standards
upland reductions become more cost
effective, there would be transaction
costs involved in any trading scheme
that would also need to be consid-
ered.

There are also combinations of
reduction strategies that could result
in superior reductions with similar

costs, even in the existing framework.
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Coupling reductions with buffer
strips, grassed waterways, changes in
tillage, and application timing all can
contribute to reductions in nutrient
loads to a watershed. In addition, a
more complete comparison would
require information on possible dete-
rioration of the nitrate removal
media and the associated replacement
costs, though these are at present

uncertain.
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