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Abstract: This study combines empirical predictive and economics models to estimate the cost of
remediation for domestic wells exceeding suggested treatment thresholds for nitrates. A multiple
logistic regression model predicted the probability of well contamination by nitrate, and a life cycle
costing methodology was used to estimate costs of nitrate contamination in groundwater in two
areas of Nebraska. In south-central Nebraska, 37% of wells were estimated to be at risk of exceeding
a threshold of 7.5 mg/L as N, and 17% were at risk of exceeding 10 mg/L as N, the legal limit
for human consumption in the United States. In an area in northeastern Nebraska, 82% of wells
were at risk of exceeding the 10 mg/L as N legal threshold. Reverse osmosis Point-of-Use (POU)
treatment was the option with the lowest costs for a household (3–4 individuals), with an average of
$4–$164 total regional cost per household per year depending on the threshold for treatment. Ion
exchange and distillation were the next most cost-effective options. At the community level (~10,000
individuals), a reverse osmosis Point-of-Entry (POE) treatment system was the most expensive option
for a community due to high initial costs and ongoing operation and maintenance costs, whereas
the biological denitrification system was least expensive due to economies of scale. This study
demonstrates integrated modeling methods to assess water treatment costs over time associated with
groundwater nitrate contamination, including quantification of at-risk wells, and identifies suitable
options for treatment systems for rural households and communities based on their cost.

Keywords: agriculture; groundwater; water quality; multiple logistic regression; life cycle
analysis; Nebraska

1. Introduction

Increasing commodity prices and crop demands for biofuel production have prompted the
expansion of cropland in the United States, especially in the Midwest [1,2]. Nitrogen is one of the main
fertilizers used in farming, and nitrate-N is the most widely detected contaminant in groundwater
systems due to its ease of leaching from fertilized soil into groundwater [3–5]. Agrochemicals and
nitrogen fertilizers, particularly nitrate-N, may become mobile following application to farm fields, and
eventually contaminate groundwater [3,6–8]. Groundwater is a significant source for both irrigation and
drinking water throughout the world, though impairment from nitrate-N contamination increasingly
interferes with use as drinking water [9,10].

Consumption of excessive nitrate-N from drinking water can cause health problems, primarily
for infants. Its effects are called “blue baby syndrome” or methemoglobinemia, which is caused
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by the inability of the blood to deliver enough oxygen to the infant’s body, as described by the
World Health Organization (WHO) [11]. Nitrate intake even at levels below the 10 mg/L NO3-N
maximum contaminant level (MCL) has also been associated with birth defects [12,13], increased
cancer risks [14–16], and pregnancy complications [17,18].

Nebraska is located in an agriculturally intensive mid-western region of the U.S., and is among
the top five states in crop production with a production ratio of roughly 2:1 corn to soybeans
(Figure 1; [2,19]). According to the Nebraska Groundwater Quality Monitoring report [3–5], water in
many of Nebraska’s wells is higher than the maximum contaminant level (MCL) for nitrate of 10 mg
nitrate-Nitrogen/liter (NO3-N mg/L, or ppm) set by the U.S. Environmental Protection Agency (EPA)
under the U.S. Congressional Safe Drinking Water Act of 1974 [20].
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Figure 1. A map showing the location of the state of Nebraska within the continental United States,
modified from USDA crop frequency maps for 2008–2017 [21]. Locations with corn grown in at least
one year are shaded yellow, and locations with soy in at least five years are overlain in green. Virtually
all soy in Nebraska is grown in rotation with corn.

Despite the importance of providing safe groundwater for domestic drinking water use, knowledge
of the extent of nitrate contamination remains incomplete due to the cost of testing and limited temporal
and spatial applicability of any given measurement. In this paper, we demonstrate a novel application
of multiple logistic regression models together with life cycle analysis to estimate risk and cost of
nitrate contamination in two locations in the state of Nebraska.

The objectives of this study are: (1) estimate the number of wells in a given area that are at risk of
exceeding nitrate thresholds and (2) calculate cost of treatment at these thresholds, at a household
and community level. Although this study was carried out in Nebraska, our methodology is broadly
applicable to any agricultural region with sufficient groundwater nitrate data.

2. Materials and Methods

Figure 2 presents an overview of the methodology followed in this study. Once data was compiled,
covariates were selected for a multiple logistic regression model based on their availability for the
entire study period and region, and conceptual relationship with groundwater nitrate contamination.
After cross-validating this model [22], we used the resulting dataset of at-risk wells to estimate
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the cost of remediation using Life Cycle Costing (LCC) [23]. These steps are elaborated upon in
Sections 2.2 and 2.4.
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2.1. Study Area

We implemented our methods in two case study areas (Figure 3). Gosper, Phelps, and Kearney
Counties collectively make up the 3935 km2 (1519 mi2) Tri-Basin Natural Resources District, which
lies directly to the south of the Great Bend of the Platte River in south-central Nebraska. The Bazile
Groundwater Management Area (1958 km2; 756 mi2) comprises parts of Lower Elkhorn, Upper Elkhorn,
Lewis & Clark, and Lower Niobrara Natural Resources Districts in the northeastern part of the state.
These areas (Figure 3) will be referred to hereafter as the Tri-Basin and Bazile areas, respectively. Soil in
the Tri-Basin area is predominantly loam, and the area has a long history of intensive production [2].
The Bazile area is similarly flat, but its soils are much sandier [24]. Both study areas are threatened
with high groundwater nitrate contamination in wells. Therefore, in Nebraska, there are 11 active
community public water supply systems or water treatment plants for treating water because of high
levels of nitrate. The location of these active water treatment plants is considered on the areas of
highest nitrate problems and these 11 active community public water supply systems are used for
serving the size of 10,000–50,000 populations in the state [3–5,7,24,25].

The study areas share a humid continental climate. Annual precipitation in the years 2009–2015
ranged between 314 mm and 780 mm with an average of 590 mm. The annual maximum temperature
ranged between 16–20 ◦C with an average of 17 ◦C and the annual minimum temperature ranged
from 2–4 ◦C with an average of 3◦C during the same period [26]. High variability in weather, within
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and between years, leads to large interannual variability in recharge, and makes it more difficult for
farmers to plan far ahead in nitrogen management.Water 2020, 12, 428 4 of 15 
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Figure 3. The location of study areas with wells without groundwater nitrate concentration data, whose
concentrations are estimated in this study using multiple logistic regression based on nearby wells
with nitrate data. The map of Nebraska shows active domestic wells that lack chemical data.

The Tri-Basin area has a total population of nearly 18,000. The largest population center, the city
of Holdrege in Phelps County, had a population of 5555 in 2016 [27]. A total of 613 domestic wells
were registered in this area at the time of this study [28]; unregistered wells are not considered in this
study, since there is no public dataset for these wells, though it is possible that unregistered wells
represent a large proportion of all domestic wells. Groundwater in this area is drawn from the High
Plains Aquifer [29].

In the Bazile area, public water supplies serve more than 5000 people, but these systems are split
among nine communities that ranged in population from 91 to 1157 individuals as of 2016. It is difficult
to estimate a total rural population, because the relevant census tracts fall partially outside the Bazile
area. A total of 279 registered domestic wells for rural residents was located in the Bazile area during
the study period [28]. This area is on the edge of the High Plains Aquifer [29].

2.2. Data Collection and Analysis

2.2.1. Well Datasets

24,441 nitrate concentration measurements from 10,033 wells (Figure S1), distributed across
Nebraska for the time period from 2009 to 2015, were obtained from the Quality-Assessed Agrichemical
Contaminant Database (http://dnrdata.dnr.ne.gov/clearinghouse). This database is a joint effort between
Nebraska’s Natural Resources Districts (NRDs), Nebraska Department of Environmental Quality
(NDEQ), and the University of Nebraska, to collect and maintain data in a format that can be used by
stakeholders and the public. We evaluated the influence of surface nitrogen loading associated with
intensive cropland in the region using a multiple logistic regression model, and predicted excessive
groundwater nitrate concentration in 613 and 279 registered domestic wells, which have not yet
been done with a groundwater well testing in the Tri-Basin and Bazile areas, respectively (Figure 3).
Characteristics of wells with nitrate measurements were used to predict nitrate concentrations for
wells with no nitrate measurements available.

http://dnrdata.dnr.ne.gov/clearinghouse
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2.2.2. Soil Characteristics and Weather Data

We assembled soil characteristics from the USDA Natural Resources Conservation Service (NRCS)
and Soil Survey Geography (SSURGO) databases (websoilsurvey.sc.egov.usda.gov). Nitrate is highly
soluble and may be leached by irrigation or rain infiltration. Monthly precipitation data was collected
from the PRISM Climate Group (www.prism.oregonstate.edu/), at a 4 km grid scale.

2.2.3. Surface Nitrate Loading

Surface nitrate loads were estimated for a 500 m radius around each well, which is approximately
the scale of an agricultural field. A total of 10,033 wells were analyzed for the two areas, including 936
domestic and 9097 irrigation wells. An estimate of surface nitrate load for each land use type was
obtained from a literature review [30], used to rank relative loading risks based on crop type. The
surface nitrate load is an estimate of the average amount of nitrate (kg/ha/yr) that may escape into the
environment, through runoff, deep percolation, or other export mechanisms. The relative difference in
nitrate loading among the crops grown determines the response in the regression models.

2.3. Multiple Logistic Regression Model to Identify Contamination Risk

Ten independent regression variables (Table 1) including soil characteristics, well attributes,
weather data and surface nitrate loads based on surrounding land-use types (Table S1) were evaluated
using multiple regression models to identify the most influential independent factors associated with
groundwater nitrate contamination for the measured wells. A multiple regression model relates several
covariates to the response variable (in this case, nitrates), and a logistic model provides a “yes or no”
answer to whether a well is likely to be contaminated to a given nitrate concentration. The well data
with known nitrate concentrations were used as a dependent variable to construct the models.

Table 1. Covariates used in fitting the nitrate contamination model.

Factors Max. Min. Mean SD Source

Sum of the surface nitrate-N load (kg
nitrate-N/ha) 2009–2015 1222.8 8.64 446.65 298.63 Various; see Table S1

Well depth (m) 372.77 3.35 62.71 30.99 NDEQ
Average percent sand in 0–150 cm (%) 97.44 2.6 38.17 33.28 NRCS SSURGO
Average percent clay in 0–150 cm (%) 53.47 1.80 20.43 10.54 NRCS SSURGO

Average percent organic matter in 0–150 cm (%) 4.10 0.27 0.93 0.52 NRCS SSURGO
Average field water capacity at 33 kPa in 0–150

cm (cm3/cm3) based on soil data 0.41 0.06 0.24 0.08 NRCS SSURGO

Hydraulic conductivity (cm/day) 379.45 0.21 38.57 59.61 NRCS SSURGO
Vadose zone thickness (m) 105.73 1.57 19.94 13.10 NDNR

Saturated thickness of the aquifer (m) 123.88 5.66 40.52 20.12 NDEQ (well depth); NDNR (depth to water)
Annual average precipitation during Apr-Oct

(mm/yr) from 2009 to 2015 177.56 14.13 81.56 22.26 PRISM Climate Group

Abbreviations: SD—Standard deviation; NDEQ—Nebraska Department of Environmental Quality (http://dnrdata.
dnr.ne.gov/clearinghouse); NRCS SSURGO—USDA Natural Resources Conservation Service and Soil Survey
Geography; database (https://websoilsurvey.sc.egov.usda.gov/App/HomePage.htm); NDNR—Nebraska Department
of Natural Resources (https://dnr.nebraska.gov/data/groundwater-data); PRISM—Parameter elevation Regression
on Independent Slopes Model Climate Group (http://www.prism.oregonstate.edu/).

The calculation of surface nitrate-N load was considered on surrounding land-use types within a
500 m radius for each well based on a literature review of nitrate transport and attenuation factors
(Supplemental materials, Table S1). The sum of the surface nitrate-N load around each well was
estimated from data of land cover for 7 years during 2009–2015 as shown in Table 1. The field water
capacity at 33 kPa in the soil depth of 0–150 cm was selected as an independent variable in this study
because this variable is as the plant-available water capacity and significant for growing a plant.

We evaluated the models for each case of 7.5 and 10 mg NO3-N/L and two study areas using
lack of fit, a statistical test to evaluate the predictive ability of the multiple logistic regression model.
The lack of fit p-value is a value between 0.0 and 1.0, with a low value indicating that there is little
to be gained by introducing additional variables to the model. If the p-value is closer to zero, it also
indicates better agreement between the predicted and observed data. Receiver Operating Characteristic

websoilsurvey.sc.egov.usda.gov
www.prism.oregonstate.edu/
http://dnrdata.dnr.ne.gov/clearinghouse)
http://dnrdata.dnr.ne.gov/clearinghouse)
https://websoilsurvey.sc.egov.usda.gov/App/HomePage.htm)
https://dnr.nebraska.gov/data/groundwater-data)
http://www.prism.oregonstate.edu/
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(ROC) curves [31] were another tool used to evaluate each model. The accuracy of the model can be
represented as the tradeoff between specificity, or the rate of false positives, and sensitivity, which is the
rate of true positives. Accuracy is measured by the area under the ROC curve (AUC), where an area of
1.0 represents a perfect model and an area of 0.5 represents zero predictability in the response variable.

After finding the best-fit models for the prediction of groundwater nitrate contamination,
we applied the models to unmeasured domestic wells to predict the probability of exceeding a
nitrate threshold of 7.5 and 10 mg NO3-N/L (ppm). Thresholds of 7.5 and 10 mg NO3-N/L were based
on nitrate prioritization standards set by other NRDs. A concentration of 7.5 or 9 mg NO3-N/L is the
threshold for Phase II of groundwater quality protection for the Central Platte and Tri-Basin Natural
Resources District, respectively [24,32,33], indicating concern, and 10 mg NO3-N/L is the maximum
nitrate level of drinking water set by the EPA. The Central Platte standard was adopted for the lower
threshold in this study in order to provide more contrast between the lower- and higher-threshold
models, and to account for concentrations below the legal limit that may impact human health.

In the multiple regression model, the output is the probability of being in a nitrate contamination
category as shown in the following equation [34–36]:

P =
e(b0+b1x1+b2x2+...)

1 + e(b0+b1x1+b2x2+...)
(1)

where P is the probability of exceeding a given threshold, e is Euler’s number (e = 2.7183), b0 is a
constant and b1x1 or b2x2 is the vector of slope coefficients and explanatory variables. In order to
transform the probability function so that a linear function can be fitted to the explanatory variables, a
logit transformation is applied.

The basic logit function [34–36] is as the following:

ln
( P

1− P

)
= b0 + b1x1 + b2x2+... (2)

The transformed logit is linearly associated with the model parameters, and standard linear
regression tools can be used to estimate values for b0, b1x1, and b2x2. Explanatory variables are fit to
the logit function and then converted back into probability units.

To estimate how many registered domestic wells may have been impacted by groundwater
nitrate contamination, we considered intensive cropping systems for the seven years from 2009 to
2015. Although seven years is likely insufficient time for a pulse of nitrate to travel from the land
surface to the water table, current land use serves as a useful proxy for previous decades, as the land in
farms is determined primarily by suitability of the soil relative to other nearby locations, and thus has
remained fairly stable. Model goodness-of-fit indicates that current practices are associated with well
contamination, which supports this assumption. Other influential factors, such as soil properties, are
static for a given location.

2.4. Treatment Cost Analysis for Contamination Thresholds

We applied the Life Cycle Costing (LCC) methodology to assess treatment costs of predicted
well contamination for supplying portable water at the residential and community scales. Life cycle
analysis is a widely used technique for estimating the costs and other factors associated with the total
lifespan of an asset, accounting for initial investments, operation and maintenance, and disposal. The
basic formula of LCC is presented as follows [23]:

LCC = C + PVrecurring − PVresidual−value (3)

where LCC is the life cycle cost, C is initial costs or capital costs, PVrecurring is the present value of all
annually recurring costs (replacement, repair, and maintenance, etc.), and PVresidual-value is the present
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value of the residual or salvage value at the end of the study life. In this study, salvage value was
considered to be $0 because treatment devices are generally not reusable.

To estimate the present value of treatment options, we used the formula of the present value (PV)
of an ordinary annuity [37]:

PV = PMT ×


1−

[
1

(1+r)n

]
r

 (4)

where PV is the present value of the annuity to be paid in the future, PMT is the amount of each
annuity payment, r is the percent rate of discount, and n is the number of years over which payments
are to be made.

At the residential and community levels, water treatment devices can be classed into two categories:
Point-of-Use (POU) and Point-of-Entry (POE) systems [38]. A POU treatment device is installed at a
single water tap, to treat water used primarily for drinking and cooking. A POE treatment device is
installed at the water entry point for a house or building, or at a community water supply hub.

Treatment technologies for POU and POE systems include ion exchange, reverse osmosis, biological
denitrification and distillation [39]. The initial costs and operation and maintenance (O&M) costs of
each treatment device were obtained from a literature review [30,38,40]. Note that boiling water before
drinking is not an effective method to remove nitrates. In addition to cost analysis for treatment devices
at the residential scale, we considered the costs of alternatives to treatment, including the construction
of a new well and purchasing bottled water. The cost of health care resulting from exposure is outside
the scope of this work.

3. Results and Discussion

3.1. Predicted Nitrate Well Contamination

The best predictors of groundwater nitrate contamination at the 7.5 mg NO3-N/L threshold in
Nebraska’s wells were nitrate surface load; well depth; percent sand and clay; and soil field capacity.
At the 10 mg NO3-N/L threshold, the best predictors were nitrate surface load, well depth, and percent
sand (Table 2). The lower-threshold (7.5 mg NO3-N/L) model has a larger number of significant
predictors, which are needed to distinguish among the wells with a lower concentration of nitrates.
Fewer predictors are necessary for the wells with a higher concentration of nitrates (>10 mg NO3-N/L),
because the pertinent factors for these wells are more homogenous and distinct compared to the
low-concentration wells.

Well contamination was sensitive to estimates of surface nitrate load, i.e., amount of potential
nitrate not consumed by plants. Surface nitrate loading depends directly on land use management
but were assumed to be constant for each crop type in this study, since within-season management
data was not available. Nitrate surface load was calculated for each year based on literature values of
nitrogen export coefficients [30] for the land use for that year.

The accuracy of the models was evaluated using Receiver Operating Characteristic (ROC) curves.
Areas under the ROC curve for the 7.5 mg NO3-N/L and 10 mg NO3-N/L threshold models are 0.75
and 0.74, respectively. These results are more than 0.5 (Figure 4), representing good model power
for predicting groundwater nitrate contamination despite the unavailability of field-specific nitrogen
application or management data.

In Table 3 and Figures 5 and 6, the model suggested that out of 613 domestic wells in the Tri-Basin
area, 226 domestic wells with no nitrate measurements were found likely to exceed a 7.5 mg NO3-N/L
threshold during this time period, and 106 domestic wells were likely to exceed a 10 mg NO3-N/L
threshold. Out of 279 domestic wells in the Bazile area, 237 were found likely to exceed a 7.5 mg
NO3-N/L threshold and 229 domestic wells were at risk of exceeding a 10 mg NO3-N/L threshold.
Note that in the Bazile area, only eight wells were predicted to lie between the thresholds of 7.5 and 10
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mg NO3-N/L, meaning that almost all wells were predicted to be either uncontaminated or to exceed
federal drinking water standards.

Table 2. Significant predictors for the 7.5 mg NO3-N/L and 10 mg NO3-N/L threshold evaluated by
logistic regression models.

Analysis Estimate Standard Error
Effect Likelihood Ratio Tests

Logistic Regression χ2 Prob > χ2

Response variables > 7.5 mg NO3-N/L

Total surface load around well
2009–2015 (kg nitrate-N/ha) 6.9 × 10−4 9.01 × 10−5 7.65 1.94 × 10−14 < 0.001

Well depth (m) −0.005 0.0031 −16.41 2 × 10−16 < 0.001
Average percent sand in 0–150 cm (%) 0.009 0.0011 8.47 2 × 10−16 < 0.001
Average percent clay in 0–150 cm (%) −0.015 0.0038 −3.95 7.8 × 10−5 < 0.001
Average field capacity of soil water

content in 0–150 cm (cm3/cm3) −5.728 1.535 −3.73 1.9 × 10−4 < 0.001

Average hydraulic conductivity in
0–150 cm (cm/day) 0.002 0.0007 2.69 7.2 × 10−4 < 0.001

Response variables > 10 mg NO3-N/L

Total surface load around well
2009–2015 (kg nitrate-N/ha) 4.9 × 10−4 0.0002 2.80 5.1 × 10−4 < 0.001

Well depth (m) −0.006 0.0006 −8.85 2 × 10−16 < 0.001
Average percent sand in 0–150 cm (%) 0.013 0.0023 5.57 2.6 × 10−8 < 0.001

Water 2020, 12, 428 8 of 15 

 

Total surface load around well 2009–
2015 (kg nitrate-N/ha) 

4.9 × 10−4 0.0002 2.80 5.1 × 10−4 < 0.001 

Well depth (m) −0.006 0.0006 −8.85 2 × 10−16 < 0.001 
Average percent sand in 0–150 cm (%) 0.013 0.0023 5.57 2.6 × 10−8 < 0.001 

Well contamination was sensitive to estimates of surface nitrate load, i.e., amount of potential 
nitrate not consumed by plants. Surface nitrate loading depends directly on land use management 
but were assumed to be constant for each crop type in this study, since within-season management 
data was not available. Nitrate surface load was calculated for each year based on literature values 
of nitrogen export coefficients [30] for the land use for that year. 

The accuracy of the models was evaluated using Receiver Operating Characteristic (ROC) 
curves. Areas under the ROC curve for the 7.5 mg NO3-N/L and 10 mg NO3-N/L threshold models 
are 0.75 and 0.74, respectively. These results are more than 0.5 (Figure 4), representing good model 
power for predicting groundwater nitrate contamination despite the unavailability of field-specific 
nitrogen application or management data. 

 
Figure 4. ROC curves indicating the ratio of true positives to false positives for the 7.5 mg NO3-N/L 
(left) and 10 mg NO3-N/L models (right). Deflection to the upper left indicates model predictive 
power. 

In Table 3 and Figures 5 and 6, the model suggested that out of 613 domestic wells in the Tri-
Basin area, 226 domestic wells with no nitrate measurements were found likely to exceed a 7.5 mg 
NO3-N/L threshold during this time period, and 106 domestic wells were likely to exceed a 10 mg 
NO3-N/L threshold. Out of 279 domestic wells in the Bazile area, 237 were found likely to exceed a 
7.5 mg NO3-N/L threshold and 229 domestic wells were at risk of exceeding a 10 mg NO3-N/L 
threshold. Note that in the Bazile area, only eight wells were predicted to lie between the thresholds 
of 7.5 and 10 mg NO3-N/L, meaning that almost all wells were predicted to be either uncontaminated 
or to exceed federal drinking water standards.  

Table 3. Estimated number of wells exceeding 7.5 mg NO3-N/L and 10 mg NO3-N/L threshold under 
intensive cropping systems from 2009 to 2015. 

Nitrate Concentration Number of Domestic Wells Percent of Domestic Wells 
(1) Tri-Basin area 

>7.5 mg NO3-N/L 226 37% 
>10 mg NO3-N/L 106 17% 

(2) Bazile area 
>7.5 mg NO3-N/L 237 85% 
>10 mg NO3-N/L 229 82% 

Figure 4. ROC curves indicating the ratio of true positives to false positives for the 7.5 mg NO3-N/L
(left) and 10 mg NO3-N/L models (right). Deflection to the upper left indicates model predictive power.

Table 3. Estimated number of wells exceeding 7.5 mg NO3-N/L and 10 mg NO3-N/L threshold under
intensive cropping systems from 2009 to 2015.

Nitrate Concentration Number of Domestic Wells Percent of Domestic Wells

(1) Tri-Basin area
>7.5 mg NO3-N/L 226 37%
>10 mg NO3-N/L 106 17%

(2) Bazile area
>7.5 mg NO3-N/L 237 85%
>10 mg NO3-N/L 229 82%
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Figure 6. Wells predicted to surpass the 7.5 and 10 mg NO3-N/L thresholds under intensive cropping
systems from 2009 to 2015 in the Bazile Groundwater Management Area. Only predicted wells are
shown; other wells with nitrate data were used as inputs to develop the model.

3.2. Costs of Well Contamination

The treatment costs of predicted well contamination were estimated based on a life cycle cost
assessment approach, which includes both capital and O&M. Capital costs refer to the upfront
investment required for the implementation and installation of the treatment system, and O&M costs
refer to the annual costs for operating and maintaining the system.

We estimated costs per household and per community for the options available for nitrate
treatment. Treatment cost information was obtained from the literature [41–43]; however, we recognize
that the cost of treatment can vary greatly depending on suppliers and changing economic conditions.
Table 4 summarizes the estimated costs per household of the Point-of-Use (POU) treatment and the
estimated costs per community system of the Point-of-Entry (POE) treatment including initial costs,
annualized operation and maintenance costs, present value costs, and life cycle costs. Table 5 and
Figure 7 present costs associated with the number of wells predicted to be at risk of contamination due
to intensively farmed cropland. All households were assumed to be taking action to treat water from
wells contaminated by nitrate, although in practice some individuals would likely choose to continue
using the contaminated water for bathing, cooking, and/or drinking even after they were aware of its
nitrate concentrations.

For both study areas, comparisons of the LCC per household for the POU treatment systems
(reverse osmosis, distillation, and ion exchange) as well as options to avoid treatment (new well and
bottled water) suggest that reverse osmosis is the option with the lowest total costs for households with
a contaminated domestic well. Ion exchange and distillation were the next most cost-effective options
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over a 20-year period. For the options of avoidance behavior, purchasing bottled water was more
expensive over the long term than building a new well for a household. Cost for a new well accounted
for the need to drill into a deeper part of the aquifer to avoid nitrate contamination, increasing the
capital costs.

Table 4. Estimated cost per household (hh) of Point-of-Use (POU) treatment (above) and per community
system (cs) of Point-of-Entry (POE) treatment (below) for nitrate removal.

Household Options (hh) Initial Costs Range 1 ($/hh)
Annual O&M Costs
Range 1 ($/hh)

Present Value Costs
(PVrecurring) 2 ($/hh)

Life Cycle
Costs (LCC) ($/hh)

Reverse osmosis 330–1430 110–330 (+ electricity) 1371–4113 1701–5543
Distillation 275–1650 440–550 (+ electricity) 5484–6855 5759–8505
Ion exchange 660–2425 270–470 3365–5858 4025–8283
New well 7200–16,000 - - 7200–16,000
Bottled water 3 - 603–1904 7506–23,717 7506–23,717

Community System
Options (cs) 4 Initial Costs Range 5 ($/cs)

Annual O&M Costs
Range 5 ($/cs)

Present Value Costs
(PVrecurring) 6 ($/cs)

Life Cycle Costs
(LCC) ($/cs)

Reverse osmosis 8,253,000 2,873,293 35,807,582 44,060,582
Ion exchange 360,000 710,880 8,859,136 9,219,136
Biological denitrification 3,200,140 240,787 3,000,738 6,200,878

1 Costs have been adjusted to 2010 dollars [30,38,40]. 2 Present value costs (PVrecurring) are assumed for annualized
O&M costs at 5% discount rate over 20 years [38]. 3 Bottled water costs are assumed for two gallons daily per person
at $0.25-0.79 per gallon. A household includes 3.3 persons [38]. 4 A community system was assumed to provide
water for up to 10,000 individuals. 5 Costs were obtained from [42]. 6 Life cycle costs are assumed for annualized
O&M costs at 5% discount rate over 20 years [38].

Table 5. Costs associated with the number of wells predicted to be at risk of nitrate contamination. All
households in the study areas were assumed to be acting independently on well contamination by
nitrate, rather than continuing to use contaminated water or joining a community water supply system.

Household Options (hh)

Estimated Life Cycle Costs
Per Well 1 ($)

7.5 mg N threshold costs ($)
(226 Wells in TBNRD)
(237 Wells in BGMA)

10 mg N threshold Costs ($)
(106 Wells in TBNRD)
(229 Wells in BGMA)

Min. Max. Mean Min. Max. Mean Min. Max. Mean

(1) Tri-Basin (TBNRD)

Reverse osmosis 1701 5543 3622 384,426 1,252,718 818,572 180,306 587,558 383,932
Distillation 5759 8505 7132 1,301,534 1,922,130 1,611,832 610,454 901,530 755,992

Ion exchange 4025 8283 6154 909,650 1,871,958 1,390,804 426,650 877,998 652,324
New well 7200 16,000 11,600 1,627,200 3,616,000 2,621600 763,200 1,696,000 1,229,600

Bottled water 7506 23,717 15,612 1,696,356 5,360,042 3,528,199 795,636 2,514,002 1,654,819

(2) The Bazile Groundwater Management Area (BGMA)

Reverse osmosis 1701 5,543 3622 403,137 1,313,691 858,414 389,529 1,269,347 829,438
Distillation 5759 8,505 7132 1,364,883 2,015,685 1,690,284 1,318,811 1,947,645 1,633,228

Ion exchange 4025 8,283 6154 953,925 1,963,071 1,458,498 921,725 1,896,807 1,409,266
New well 7200 16,000 11,600 1,706,400 3,792,000 2,749,200 1,648,800 3,664,000 2,656,400

Bottled water 7506 23,717 15,612 1,778,922 5,620,929 3,699,926 1,718,874 5,431,193 3,575,034

1 based on the life cycle cost estimates for 20 years (Table 4).

In contrast, the cost to a community for a POE treatment system indicated that the reverse osmosis
treatment was the most expensive option because of high initial costs and operation and maintenance
costs; other options become more economical at scale. Ion exchange and biological denitrification were
the lowest-cost treatment options at a community level.

In the Tri-Basin and Bazile areas, 5339 households (17,618 individuals) and 1532 households
(5053 individuals), respectively, have a similar number of wells exceeding a 7.5 mg NO3-N/L threshold
and therefore face similar total costs between $400,000 and $5,500,000 for full POU nitrate treatment
over the course of 20 years if this is used as a treatment threshold. However, because many more wells
in the Bazile area are predicted to surpass a 10 mg NO3-N/L treatment threshold (Table 5; Figure 7),
households in the Bazile area would pay about two times as much as households in the Tri-Basin area
for full POU nitrate treatment over the course of 20 years if this is used as the threshold for treatment
(~$180,000–$2,500,000 in the Tri-Basin and ~$400,000–$5,400,000 in the Bazile area). While it is cheaper
to defer treatment to wells over the 10 mg NO3-N/L legal drinking water threshold, this exposes
consumers to the possible health impacts of nitrate that may occur below the legal limit.
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In some cases, households choose to avoid nitrate treatment by seeking other sources of water.
Constructing a new well or buying bottled water to replace 100% of drinking water needs will be
approximately ten times more expensive in the long term than using reverse osmosis treatment based
on estimates of costs associated with the number of contaminated wells.Water 2020, 12, 428 11 of 15 
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4. Conclusions

Corn and soybeans make up the predominant land cover of eastern Nebraska. Both of these crops
have high fertilizer requirements that often lead to leaching of nitrates into groundwater. The questions
of how many of Nebraska’s domestic wells are likely to be contaminated with excessive nitrate, and the
costs to society to deal with groundwater nitrate contamination in Nebraska’s wells, were evaluated
using an integrated multiple logistic regression model and Life Cycle Costing (LCC).

Using a multiple logistic regression model, we estimated the number of domestic wells at a risk of
exceeding two thresholds for nitrate contamination, 7.5 mg NO3-N/L or 10 mg NO3-N/L, from 2009
to 2015. In the Tri-Basin area, we identified 226 (37%) of wells that were likely in excess of 7.5 mg
NO3-N/L, and 106 (17%) of domestic wells which were likely in excess of 10 mg NO3-N/L, the US
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federal drinking water standard. In the Bazile area, 229 (82%) of all domestic wells were predicted to
be at risk of exceeding the 10 mg NO3-N/L threshold, and an additional eight wells were predicted
to be between 7.5 and 10 mg NO3-N/L. The greatest predictive factor in the logistic model was the
estimated surface nitrate load, i.e., the predominance of corn and soy fields around the well.

In the estimation of the life cycle costs, the reverse osmosis for the Point-of-Use (POU) treatment
system was the option with the lowest costs for a household (between 3 and 4 persons). For full
remediation, each area would incur an estimated cost of $400,000–$5,000,000 over a 20-year time period
for a 7.5 mg NO3-N/L treatment threshold. The total cost of nitrate remediation at a 7.5 mg NO3-N/L
threshold was approximately two times higher than the total cost for a 10 mg NO3-N/L threshold
in the Tri-Basin NRD, but very similar for either a 7.5 or 10 mg NO3-N/L threshold in the Bazile
area, due to the larger number of wells in the Tri-Basin area which were predicted to have between
7.5 and 10 mg NO3-N/L. Soils play a significant role in the risk and severity of groundwater nitrate
contamination. Cost of treatment was $4–$47 per total number of households per year in the Tri-Basin
area and $13–$164 per total number of households per year in the Bazile area; this represents the cost of
nitrate treatment over the whole population, rather than assuming that these costs would be covered
entirely by those households with contaminated water sources. In practice, this would likely depend
on the type of remediation strategy; for example, the cost of bottled water is far more likely to be borne
entirely by households with contaminated water, whereas a Point-of-Entry (POE) system may be more
likely to be subsidized. Also, in practice, households are likely to select treatment options based on
initial system costs rather than the total cost over time, and thus be more likely to use bottled water
even though this is the most expensive option over a 20-year timespan.

In the case of a 10 mg NO3-N/L treatment threshold, the Bazile area may pay two times more
than in the Tri-Basin area for POU nitrate treatment over the course of 20 years due to the greater
number of wells likely to exceed the legal limit for nitrates ($180,000–$2,500,000 in the Tri-Basin and
$400,000–$5,400,000 in the Bazile area). This comes to $2–$24 per total number of households per year
in the Tri-Basin area and $13–$508 per total number of households per year in the Bazile area. Ion
exchange and distillation were the second least expensive options for nitrate treatment. Nontreatment
options include building a new well or purchasing bottled water, both of which are more expensive in
the long run than using treatments. Reverse osmosis treatment was the most expensive option for the
POE treatment system due to high initial costs and operation and maintenance costs of this system. Ion
exchange and biological denitrification were most likely suitable options with lower treatment costs
for a community. These costs do not take into account any unregistered wells, of which there may be a
large number; it is not known whether unregistered wells are also less likely to undergo treatment.
These high costs may discourage some households and communities from pursuing treatment or
avoidance options, leading to possible health impacts due to nitrate exposure.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/2/428/s1,
Figure S1: The location of wells with groundwater nitrate concentration data from the Nebraska Department of
Natural Resources, Table S1: Nitrate export loads on surface based on land use.
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