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In areas of the country where the U.S. Department of Energy has classified the available wind re-

sources as Class 3 or greater, the use of wind turbines to provide power to relatively small remedia-

tion systems such as groundwater circulation wells may be technically and economically feasible.

Groundwater circulation wells are a good candidate technology to couple with renewable energy,

because the remediation system removes contamination from the subject aquifer with no net loss of

the groundwater resource, while the wind turbine does not create potentially harmful air emissions.

Wind data collected in the vicinity of the former Nebraska Ordnance Plant Superfund site were used

to select a wind turbine system to provide a portion of the energy necessary to power a groundwa-

ter circulation well located in an area of high trichloroethylene groundwater contamination. Because

utility power was already installed at the remediation system, a 10 kW grid inter-tie wind turbine sys-

tem supplements the utility system without requiring batteries for energy storage. The historical data

from the site indicate that the quantity of energy purchased correlates poorly with the quantity of

groundwater treated. Preliminary data from the wind turbine system indicate that the wind turbine

provides more energy than the remediation system treatment components and the well submersible

pump require on a monthly average. The preliminary results indicate that the coupling of wind tur-

bines and groundwater circulation wells may be an attractive alternative in terms of the system op-

eration time, cost savings, and contaminant mass removal. © 2004 Wiley Periodicals, Inc.

INTRODUCTION

The general trend in groundwater remediation is to focus on resource-conservative
methods, which treat contamination without reducing the quantity of groundwater
available for use. Resource conservative technologies include:

• permeable reactive barriers (PRBs), which treat groundwater in situ, using zero-
valent iron or other treatment media;

• biologically active zone enhancement, which involves the periodic introduction of
an electron donor substance or other amendment to stimulate bacterial activity in
the subject aquifer;

• phytoremediation, which relies on plant uptake and biotreatment of relatively
shallow groundwater;

• monitored natural attenuation, which does not require supplemental treatment;
• some pump-and-treat systems, which involve the reinjection or recharge of

treated groundwater to the subject aquifer; and
• other systems that do not significantly modify the preremediation water balance.

© 2004 Wiley Periodicals, Inc.
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One of the major challenges associated with the in situ PRB and biodegradation
technologies is that significant monitoring of intermediate and final degradation
products is required to manage any increase in human health-risk levels associated
with the generation of toxic daughter products. Another challenge is that the effec-
tiveness of these technologies requires a good understanding of the groundwater flow
regime so that the treatment materials may be placed in the appropriate locations.
These challenges are often outweighed by the typically low operation and mainte-
nance (O&M) costs of the technologies. For example, a well-designed and con-
structed PRB may not require any maintenance outside of routine groundwater mon-
itoring for several years after construction. However, accessibility may hamper the
implementation of PRBs at some sites. Unlike active systems, such as pump-and-
treat, which can be “offset” to accommodate land use and still be effective to some
degree, PRBs require relatively precise placement.

The use of pump-and-treat systems with reinjection options may address some of
the challenges associated with the in situ systems. For example, the treatment compo-
nent of such a system may be engineered to effectively treat contamination without
the generation of any toxic byproducts in the treated water. Furthermore, the design
of pump-and-treat systems may be somewhat more robust relative to PRBs and other
in situ systems, because the contaminated water is actively moved to the extraction
well through pumping. However, the operation costs of pump-and-treat systems may
be significant due to both costs directly related to treatment and the cost of conveying
groundwater from the aquifer to the treatment unit, from the treatment unit to the
reinjection location, and back into the aquifer.The Underground Injection Control
(UIC) regulations may require that the groundwater undergo treatment for the pro-
ject contaminants of concern and any other unacceptable chemicals prior to reinjec-
tion. Additionally, wells require periodic maintenance and eventual replacement in
order to maintain design production levels.

The combination of a groundwater circulation well (GCW) with a renewable en-
ergy source may present a combination of benefits that will be attractive at sites where:

• the aquifer will support a GCW system and
• sufficient renewable energy resources are available.

The GCW/wind turbine system may be especially attractive at sites where the cost of
installing and/or the purchasing of utility power are high.

A GCW is a quasi-in situ treatment technology that uses a single well with hydraulic
isolated multiple-screened sections to extract and recharge groundwater.The systems in-
clude a component to treat the groundwater prior to recharge. A GCW variant includes
the use of pairs of multiple screen wells to set up horizontal circulation wells instead of
the vertical circulation cells associated with single GCW systems.Typically, the systems
are exempt from UIC regulation, or a UIC waiver may be obtained, because the intent
of the system is to improve the groundwater quality at the GCW location.The treat-
ment component may be designed for virtually any contaminant, while PRBs and
biodegradation systems may be limited to specific contaminants. For example, Elmore
and Graff (2002) describe the application of best-available technology design applied to
a GCW located in an area of trichloroethylene (TCE) contamination and a GCW system
located in an area of contamination by the explosive compound hexhydro-1,3,5-trinitro-
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1,3,5-triazine, known as RDX. Groundwater monitoring and modeling may also be used
to characterize the area of the aquifer treated by a GCW as described in Elmore and
DeAngelis (2004) and Elmore and Hellman (2001).

The operation and maintenance costs for a GCW should be lower compared to a
comparable pump-and-treat system with remote reinjection simply because energy is
not required to transfer groundwater from the extraction wells to the treatment facili-
ties to the recharge wells. GCWs still require periodic well rehabilitation, as with any
well, and the overall O&M cost of a GCW system should be expected to be higher rela-
tive to a well-designed and -constructed PRB system. However, the use of a renewable
energy source has the potential to significantly reduce the annual O&M cost of a GCW
system while potentially reducing air emissions associated with the generation of fossil
fuel–based power. Gipe (1995) summarizes emissions offset associated with the use of
renewable energy in the place of fossil fuel energy.That summary gives a range of aver-
age emissions for power generation in the United States as 0.07 to 4 g/kWh of nitrogen
oxides and 487 to 940 g/kWh for carbon dioxide.

PROJECT BACKGROUND

The former Nebraska Ordnance Plant (NOP) occupied more than 17,000 acres in
east-central Nebraska near the village of Mead in Saunders County.The facility pro-
duced ordnance from 1942 to 1956 during World War II and the Korean Conflict.The
plant was used for munitions storage and ammonium nitrate production.The preva-
lent explosive compound released into the environment is RDX. In 1959 and 1964,
the facility was used to construct and maintain Atlas missiles.TCE was used as a de-
greaser during the missile construction. Spent TCE was released to the ground and
entered the unconfined groundwater aquifer, which is used regionally for water sup-
ply.The former NOP site was included on the National Priorities List under the
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA,
or Superfund) on August 30, 1990. Since then, investigations have identified two RDX
groundwater contamination plumes and two TCE plumes (United States Environ-
mental Protection Agency [US EPA], 1990). In April 1997, a pump-and-treat ground-
water remedy was selected for the site. Currently, 11 groundwater extraction wells
have been constructed along the leading edge of the plumes.The purpose of these
wells is to use hydraulic containment to prevent contamination from migrating to un-
contaminated areas.The combined design flow from these wells is 2,650 gallons per
minute (gpm).The groundwater Record of Decision included focused remediation
with the hydraulic containment to balance the objective of decreasing remediation
time with the needs of the local community to use groundwater for agricultural irri-
gation, domestic, and other uses.The community interest in groundwater conserva-
tion, as described by Elmore and Graff (2001), led to the pilot-testing of two GCW
systems, beginning in May 2000.

One of the pilot GCWs, known as GCW-1, was installed in an area where there
were TCE concentrations in the groundwater on the order of 5,000 µg/L or greater
and there are no other contaminants present.The former NOP site cleanup goal for
TCE is 5 µg/L.The GCW-1 pilot study results are described in Elmore and Graff
(2002). GCW-1 was left in service after the completion of the pilot study, and it cur-
rently remains in service.
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SYSTEM DESIGN AND CONSTRUCTION

In 2003, work was initiated to demonstrate the use of wind power using GCW-1 at the
former NOP site. Specific project objectives include:

• characterization of the reduction in the consumption of utility power by compar-
ing the quantity of wind power consumed during the demonstration to the his-
torical energy consumption and

• characterization of the mass quantity of TCE removed from groundwater during
the demonstration period.

The University of Missouri–Rolla (UMR) Geological Engineering Capstone Design
class performed the system design during the fall 2003 semester.

The U.S. Department of Energy (DOE) categorizes wind resources using wind
power classes ranging from Class 1 to Class 7 (Elliott et al., 1986). Each class repre-
sents a range of mean wind power density (in units of W/m2) or equivalent mean
wind speed at a specified height(s) above ground. Areas designated Class 3 or greater
are suitable for most wind turbine applications, whereas Class 2 areas are deemed
marginal by Elliott et. al. (1986). The study site location shown in Exhibit 1 was clas-
sified as a Class 3 area by Elliott et al. (1986). The Class 3 wind power density range
is 150 to 200 W/m2 at a height of 10 m, and the range of mean wind speeds is 5.1 to
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5.6 m/s (or 11.5 to 12.5 mph). The Class 3 wind power designation for the study
site indicated that the site was an appropriate candidate for a wind turbine installa-
tion. In fact, the Lincoln (Nebraska) Electric System operates two 750 kW wind tur-
bines approximately 30 miles from the study site as a part of the utility’s Renewable
Energy Program.

The GCW system consists of the following primary electrical machinery:

• a 1.5 hp submersible well pump used to extract water from the aquifer to the air
stripper;

• a 5 hp blower used to circulate air through the stripper; and 
• a 1 hp centrifugal pump used to return treated water from the stripper sump to

the well.

Additional equipment includes an electrical control panel and small chemical
feed pump to add a buffering agent to the groundwater after treatment. The electri-
cal loads created by this equipment are assumed to be negligible relative to the
equipment listed above, which has an aggregate power rating of 7.5 hp or 5.6 kW. In
addition to the treatment-related electrical equipment, GCW-1 includes additional
equipment for climate control. The original purpose of GCW-1 was to serve as a
pilot system to generate data to be used for the design of additional systems at the
site. The pilot system included a thermostat-controlled ventilation fan to provide
cooling of the building that housed the air stripper blower, the control panel, and the
chemical feed system. An electric radiant heater was subsequently added to the vault
containing the air stripper and the centrifugal pump, and a second heater was in-
stalled in the GCW-1 building.

The GCW was designed to operate continuously, and neglecting the heating and
cooling energy demands, the maximum monthly demand for the treatment system was
estimated to be the product of 6 kW (7 hp) and 720 hr/month, or approximately 4,000
kWh/month.This estimate does not include any energy costs associated with heating
and cooling. During the period of June 2000 through December 2000, a total of 19,032
kWh of electricity were purchased from the local utility resulting in an average monthly
consumption of 2,718 kWh/month. Based on the maximum monthly demand estimated
for the treatment system calculated above, the seven-month maximum demand was esti-
mated as 30,000 kWh. Assuming that all other electrical demands are negligible, it was
estimated that the system operated approximately 60 percent of the time based on the
quantity of electricity consumed. During this same period, 12,120,000 gallons of water
were treated by the system. Assuming that the system operated at an average flowrate of
50 gpm, the system was in operation approximately 80 percent of the time, based on
the quantity of water treated.The GWC-1 flowmeter readings were manually recorded
between 48.9 and 50.1 gpm (Elmore & Graff, 2002); thus, the operation time estimate
of 80 percent appears to be reliable.The practice of using motor power ratings and util-
ity power consumption records to estimate operation time appears to be less reliable.

The Nebraska Power Association conducted a four-year study to identify potential
locations for wind energy development from 1995 to 1999 as described by Global
Energy Concepts, Inc. (GEC; 1999).The study consisted of the monitoring of eight sta-
tions across Nebraska including a station at Wahoo, Nebraska, that is approximately 11
miles from the former NOP site. Over the four-year monitoring period associated with
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the GEC (1999) study, the following data were collected using a 40 m anemometer at
the Wahoo station:

• average wind speed—6.4 m/s
• wind shear exponent—0.27
• turbulence intensity—0.17 to 0.21

Seasonal data showed that the highest wind speeds occurred during the fall and
winter, with the lowest winds in July and August. The diurnal wind pattern indicated
that the wind speeds decreased slightly in the early morning and evening hours.

Several wind turbine performance models are available on the Internet, including a
spreadsheet model at www.bergey.com/Technical/ExcelS.xls.The models use a modi-
fied version of the Weibull probability density function to estimate the probability f that
a given wind speed x will occur given the average turbine hub wind speed u and a
Weibull shape factor K according to the following equation:

f(x) = � � �
k–1

exp�–� �
K

� [1]

The total energy output for a wind turbine is found by calculating discrete probabil-
ities of wind speed across a range of values, such as 1 to 20 m/s.The product of those
probabilities and discrete values from the specific wind turbine power curve are
summed to estimate the energy output.The wind shear exponent is used to correct for
height differences between the anemometer and the wind turbine.The spreadsheet at
the Web site given above was used to estimate the total average annual energy output of
a Bergey Windpower Company Excel S 10kW wind turbine using the Wahoo data with
the following results:

• 15,600 kWh for a 30.48 m (100 ft) tower
• 18,100 kWh for a 40 m (130 ft) tower

GEC (1999) estimated energy production using the wind speed distribution at the
Wahoo monitoring site and the power curve for a 750 kW wind turbine on a 40 m
tower as 6,134 MWh per year. Assuming that the power curve is proportional according
to the wind turbine ratings, the corresponding annual value for a 10 kW system would
be 20,500 kWh, which is about 12 percent more than the value estimated above using
the modified Weibull model.

Exhibit 2 summarizes the energy supply-and-demand estimates calculated during
the system design. A 10 kW wind turbine would supply approximately 50 percent of the
energy needs of the GCW system. Exhibit 2 also provides estimates of the cost savings
associated with using the 10 kW wind turbine system.The wind turbine could be oper-
ated in two manners:

• Independent of any other power source—In this configuration, the GCW system
would only operate using the energy generated by the wind turbine system.This
configuration would probably require intermittent operation of the GCW sys-

0.89x
�

u
0.89 � x
�

u

0.89 � K
�

u
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tem.The potential present value energy cost savings would be between $29,000
and $43,000 for 20 years at a 5 percent interest rate.

• Inter-tied with an existing utility energy supply—This would operate the system
when there were insufficient wind resources.The potential present value energy
cost savings would be between $14,000 and $18,000 for 20 years at a 5 percent
interest rate.

The cost of an independent 10 kW wind turbine system is approximately $45,000,
including installation.This cost appears to be very competitive given the power savings
estimated above.The wind turbine costs may be more competitive for rural sites where
the installation of utility lines to a GCW may range from $5,000 to $10,000.

The cost analysis appears less attractive for the grid inter-tie system, considering the
wind turbine system estimated installed cost of $35,000.

The wind turbine project at the former NOP site was originally scoped for an in-
stallation independent of utility energy connections at a GCW system designed to be
energy-efficient. However, administrative delays in constructing new GCW systems re-
sulted in the installation of a Bergey Windpower Company 10 kW Excel S Gridtek 10
system on a 100-foot guyed lattice tower for connection to GCW-1.The system is a
grid inter-tie system, which means that energy is supplied by the local utility company
as well as the wind turbine system. In the event that the wind turbine generates more
energy than required by the GCW, the excess energy is transmitted back to the utility
grid.Typically, the GCW is operated using a combination of utility and wind turbine
energy, but the system is operated only by utility power during periods of low wind. In
the event that there is an outage of utility power, the wind turbine system is automati-
cally taken off-line as required by utility company regulations.Therefore, the wind tur-
bine is a supplement to the utility system as opposed to being a replacement during
blackout conditions.
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The wind turbine tower was erected in December 2003, and the system was put into
service in January 2004 (Exhibit 3). Exhibit 4 provides details of the electronic monitoring
system used to collect power generation and power consumption data. It is important to
note that the centrifugal pump, which returns water from the air stripper sump to the
recharge screen in the well, is not monitored. It is also assumed that the period of operation
of this pump is equal to the period of operation of the submersible pump and the air strip-
per blower, and that the power demand is equivalent to the motor rating, which is 1 hp.

Water samples are collected before and after the air stripper on a monthly basis to
estimate the mass of TCE removed from the groundwater.

HISTORICAL PERFORMANCE

Utility billing records were reviewed to develop Exhibit 5, which shows the quantity of
energy purchased for the GCW. Operational records provided the treated groundwater
data. Exhibit 6 summarizes the monthly energy purchases. Inspection of the data sug-
gests that the quantity of energy purchased is not closely correlated to the quantity of
water treated by the system. For example, the second highest quantity of energy was
purchased in February 2003 when the treatment system was inoperable.Therefore, elec-
trical demands such as system heating and cooling apparently contribute to significant
energy costs. Exhibit 7 shows the energy purchased versus the water treated.The best-
fit line through the origin shows a relatively poor correlation between energy purchase
and water treated with an R2 value of 0.29.

Exhibit 8 shows the energy cost for the system.The unit cost for energy ranged
from $0.06/kWh to $0.08/kWh, and service charges were not included in the costs
shown on the exhibit. Again, there is poor correlation between energy costs and the
quantity of groundwater treated.

Exhibit 9 presents the history of the system flowrate and percentage of system
operation time. During the first two years, the system operated 65 to 100 percent of
the time on a monthly basis. Operational records indicate that a common reason for
system shutdown was related to irregular power supply events associated with the en-
ergy purchased from the local utility. Other causes of shutdowns included declining
well yields, recharge pump failures, system imbalances, and other events.The system
operated at approximately 50 gpm for two years before there was an indication that
well efficiency was declining. In November 2002, the system was temporarily taken
out of service so that the rehabilitation of the well-extraction screen could be evalu-
ated.The system was put back on line in December 2003 after the rehabilitation of
both the extraction and recharge screens, but the original yield could not be restored,
and the yield began to decline almost immediately.

Exhibit 10 summarizes the estimated mass of TCE removed by the GCW system.
Inspection of the graph shows that there is a wide range of removal rates from less than
2 mg/kWh to almost 16 mg/kWh.This wide range of removal rates is the result of
varying influent concentrations entering the GCW and the widely variable energy con-
sumption rates.

The overall conclusion drawn from the historical data is that there is little correla-
tion between the quantity of energy purchased and the mass of contaminant removed
from the aquifer. Furthermore, the GCW was designed to operate continuously, and the
data indicate that the system typically operates between 65 and 100 percent of the time.
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WIND TURBINE PERFORMANCE

Data regarding power generation by the wind turbine system and power consumption by
the GCW treatment components have been collected continuously since January 21,
2004. Exhibit 11 shows the energy generated and energy consumed in March 2004.The
energy curves for the other months are relatively similar. Exhibit 12 summarizes the en-
ergy data as well as the contaminant mass removal data for the time period beginning
with the initiation of wind turbine service.
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The average monthly energy production can be estimated from the annual value es-
timated from the modified Weibull model value of 1,300 kWh (Exhibit 2).This is al-
most double the average monthly value presented in Exhibit 12 for the first four
months of wind turbine operation. Although the actual production is significantly lower
than the design estimate, the estimated energy consumption is much less than that esti-
mated in Exhibit 2. In terms of the overall energy balance, the preliminary results indi-
cate that the wind turbine energy production exceeds the treatment system demand.

The Exhibit 12 summary indicates that the system is removing approximately 21 mg
of TCE per kWh of energy generated by the wind turbine. Examination of the flowrate
data presented in Exhibit 9 shows that the average flowrate of the system has been de-
clining since October 2003.Therefore, if the mass of TCE is proportional to the
flowrate, the current operational status of the system at flowrates less than 50 gpm de-
presses the rate of TCE mass removal per unit of energy generated by the wind turbine.

Exhibit 11 shows that energy production is a highly variable, random event, while
the energy consumption is relatively constant. Although the treatment system opera-
tional period is a random variable because it cannot be predicted a priori, the magni-
tude of the treatment power demand is relatively constant at 4.7 kW.The Exhibit 12
energy balance indicates that the wind turbine generates more energy than that re-
quired by the treatment system during the preliminary months of the project.
However, timing of the energy delivery does not match the energy demand. For the
grid inter-tie system, other electrical processes for the GCW system either use the ex-
cess energy or, if the supply exceeds the total GCW demand, the excess enters the util-
ity grid. Net metering refers to the practice of giving utility customers who deliver
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generated power in excess of demand to the utility compensation for that power.This
practice makes the grid inter-tie systems more economically attractive. Unfortunately,
net metering is not practiced in Nebraska. Given an estimated price of $0.07/kWh,
the average monthly value of the wind-generated energy is $57/month. In theory, this
should represent a cost savings for the system. However, a reduction in energy con-
sumption is not obvious from an inspection of the data presented in Exhibit 5. In fact,
more than 6,500 kWh of electricity were purchased during February 2003, which is
the maximum monthly use given the available data.The wind turbine system con-
tributed an additional 770 kWh during the same period.

The GCW continues to remove contaminant mass from the aquifer without remov-
ing water from the aquifer. Estimated monthly mass removal quantities of 10 kg are not
unusual, and almost 21 mg of TCE are being removed with each kWh of energy gener-
ated by the wind turbine system.
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CONCLUSIONS AND RECOMMENDATIONS

To the best of our knowledge, this is the first application of a wind turbine to power a
groundwater remediation system.The system was well received by the public, and ef-
forts are underway to provide an outreach program with local schoolchildren.The wind
turbine has no known negative impact on wildlife, the environment, or land use.The
historical data collected for the system indicate that there is a poor correlation between
the quantity of energy purchased and the quantity of water treated at the GCW system.
The subject GCW system was constructed as a prototype for the collection of data to be
used during the design of subsequent systems.This subject system may be relatively inef-
ficient in terms of energy used to heat and cool the treatment system components.
Although the wind system generates sufficient energy to satisfy the needs of the treat-
ment system, including the submersible well pump, the wind energy supply falls far
short of matching the quantity of energy purchased for the system. It is concluded that
the cost efficiency of future systems would greatly benefit if one of the bases of design
was energy efficiency. Furthermore, the preliminary results indicate that it may be possi-
ble to operate the GCW system using solely wind power if the only energy demands
were those required for circulating and treating groundwater.

The data indicate that the GCW, which was designed for “continuous” operation, op-
erates, on average, approximately 75 percent of the time. It may be concluded that this
time period would be appropriate for the design of an off-grid renewable energy system.
That is, it would only be necessary to specify energy storage capabilities, which would re-
sult in system operation 75 percent of the time instead of 100 percent of the time.

The preliminary data collected from this study also encourage the development of a
remedial system that uses wind energy without storage. A significant quantity of ground-
water could be pumped if a variable frequency drive pump matched to the wind turbine
was employed at the study site or a site with similar or greater wind resources.
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