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Abstract Scaling up for alternative energy such as solar,

wind, and biofuel raises a number of environmental issues,

notably changes in land use and adverse effects on wildlife.

Airports offer one of the few land uses where reductions in

wildlife abundance and habitat quality are necessary and

socially acceptable, due to risk of wildlife collisions with

aircraft. There are several uncertainties and limitations to

establishing alternative energy production at airports, such

as ensuring these facilities do not create wildlife attractants

or other hazards. However, with careful planning, locating

alternative energy projects at airports could help mitigate

many of the challenges currently facing policy makers,

developers, and conservationists.
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Rapidly increasing global energy needs and domestic policy

objectives promoting energy independence demand innova-

tive renewable energy solutions. Accelerated development of

energy sources including solar and wind has generated

numerous conservation concerns, especially when locating

new facilities (Cho 2010; Kintisch 2010). Additionally,

increased biofuel production has exacerbated land clearing in

many areas worldwide (Fargione and others 2008, 2010;

Groom and others 2008; Somerville and others 2010). Land

conversion of natural communities to biofuel production,

solar panel arrays, and wind-power installations, as well as

direct mortality of birds and bats from wind turbines (Curry

2009; Kintisch 2010), often necessitate mitigation to mini-

mize adverse environmental impacts (Fargione and others

2008; Curry 2009).

Ostensibly, ideal locations for alternative energy produc-

tion would contain large expanses of idle land, harbor rela-

tively little wildlife (i.e., vertebrates), be mostly unsuitable

for conservation initiatives, and not compete with human

food production. Campbell and others (2008) advocated the

use of degraded and abandoned agricultural land for bioen-

ergy production, demonstrating that such areas could produce

a meaningful proportion of global energy demand. Here, we

highlight the potential for alternative energy production at

airports, another common and extensive form of land use

worldwide that is unsuitable for many other purposes.

Airports offer one of the few land holdings where reduc-

tions in wildlife abundance and habitat quality are necessary

and socially acceptable, and where regulations discourage

traditional commodity production (International Civil Avia-

tion Organization 2002; Federal Aviation Administration

2007). Specifically, wildlife use of lands in and adjacent to

airports often presents unacceptable risks to human safety

(Blackwell and others 2009; Marra and others 2009). Annual

economic losses from wildlife collisions with civil aircraft

are conservatively estimated to exceed US$1.2 billion

worldwide (Allan 2002) and US$600 million in the U.S.

alone (Dolbeer and others 2009). Further, from 1912 through
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2008, 108 civil aircraft were destroyed due to bird strikes, and

54 bird strikes to civil aircraft resulted in 276 human deaths

(Thorpe 2010). To minimize wildlife-aviation collision risk,

most civil airports in the U.S. that receive regular passenger

traffic maintain programs to reduce wildlife use and habitat

suitability on airports (Dolbeer and others 2009).

There are 44,010 airports in the world and 15,079 in the

U.S. (Central Intelligence Agency [CIA] 2010), and many

of these manage substantial areas of land for safety, noise

abatement, and security purposes. To evaluate the potential

for such areas to support development of alternative

energy, we estimated the amount of grasslands—an index

of idle land—within airports in the contiguous U.S.

included in the National Plan of Integrated Airport Systems

(n = 2915; Appendix). These airport properties contain an

estimated 3306 km2 of grasslands, an area larger than the

U.S. state of Rhode Island (Table 1). When considering the

3-km separation distance between the air operations areas

for certificated airports and land uses (e.g., putrescible

waste disposal operations, waste water treatment plants,

public parks) designated as potentially attracting species

recognized as hazardous to aviation (Dolbeer and others

2000, 2009; Federal Aviation Administration 2007), esti-

mated grassland area increases about three-fold. Because

airports tend to be located in rural areas on the fringes of

urban development, much of the land within the separa-

tions distances might be suitable for alternative energy

production.

Potential suitability of alternative energy practices var-

ies markedly across the contiguous U.S. (Fig. 1). However,

most airports appear regionally suitable for development of

at least one major renewable energy source. Reflecting

recent initiatives to increase environmental stewardship at

airports (McAllister 2009), the U.S. Federal Aviation

Administration is currently researching issues related to

the establishment of solar and wind facilities at airports

(Infanger 2010), and recently published detailed guidance

for installation of solar facilities (Federal Aviation

Administration 2010a).

Several airports have already implemented solar, and to

a much lesser extent, wind technology to offset energy

demands of these facilities (Baskas 2009; Infanger 2010;

Sinha 2010; Federal Aviation Administration 2010a). For

example, at Fresno Yosemite International Airport, Cali-

fornia, U.S., the city of Fresno constructed a 2.4 MW

photovoltaic array in 2008 (Federal Aviation Administra-

tion 2010a). Despite occupying only about 6.5 ha (\1% of

total airport property), the facility produces enough energy

to meet about 60% of the airport’s annual energy demand,

Table 1 Estimated grassland area at airports in the contiguous U.S.

See Appendix for methods

Airport

classification

n Mean airport

property area

(ha)

Percent of

airport property

in grassland

Total

grassland

area (km2)

Certificated 521 761 39 1546

General

aviation

2394 147 50 1760

Total 2915 3306

Airport areas and number of airports were obtained from the U.S.

Federal Aviation Administration; http://www.faa.gov/airports/

airport_safety/airportdata_5010/

Region Solar (1012) Wind (109) Biomass (109)

Central

Eastern

Great Lakes

New England

Northwest

Southern

Southwest

Western Pacific

0 325 0 250 0 12

Fig. 1 Alternative energy potential for Federal Aviation Adminis-

tration (FAA) management regions in the contiguous U.S. Values

represent the average BTU/km2 potentially produced by three energy

sources: solar, wind, and an herbaceous perennial—switchgrass

(Panicum virgatum L.). Regions with open circles for biomass lack

empirical data. We provide a coarse index of the potential suitability

of each FAA management region for solar, wind, and switchgrass

biofuel energy. Our goal was to illustrate that most regions have

potential to produce at least one type of alternative energy; we

recognize other factors (e.g., site-specific conditions, access to

processing technology, etc.) will influence the economic feasibility

of alternative energy production on airports. We estimated solar and

wind energy potential using national datasets from the National

Renewable Energy Laboratory (http://www.nrel.gov), operated by

the Alliance for Sustainable Energy, LLC, for the U.S. Department

of Energy. We used an online database housed at the Oak

Ridge National Laboratory (ORNL) (http://bioenergy.ornl.gov/main.

aspx#Perennial%20Grasses) to estimate average switchgrass produc-

tion rates. Conversion factors for energy content were based on

ORNL’s energy conversion reference list (http://bioenergy.ornl.

gov/papers/misc/energy_conv.html). For example, 900 Mg/km2 of

switchgrass containing 378 l ethanol/Mg yields 340,650 l/km2. We

used a GIS to compile data by FAA region; however, switchgrass

production data were lacking for the New England, Northwest, and

Western-Pacific regions. We excluded these regions from analysis

and assumed they have limited potential for switchgrass production

based on predicted estimates (Wullschleger and others 2010)
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and during winter produces surplus energy that is sold to

the energy grid provider (K. Meikle, Airports Planning

Manager, City of Fresno, pers. comm.). Airport projections

estimate the facility will provide [US$19 million in

energy cost savings over 20 years. Similarly, Meadows

Field in Bakersfield, California, U.S., leases a 744 kW

photovoltaic array from a private developer. The array,

which covers 2.4 ha (\0.5% of total airport property),

produces about 75% of the airport’s annual energy demand

(Federal Aviation Administration 2010a). Like the solar

array at Fresno, the facility at Meadows Field is connected

to the local energy grid. Thus, the airport is able to sell

energy to the grid provider during peak generation hours

when energy produced exceeds demand at the airport

(Federal Aviation Administration 2010a). At Denver

International Airport (DEN) in Colorado, U.S., one of the

nation’s busiest airports, two photovoltaic solar arrays (2.0

and 1.6 MW) have been commissioned since 2008 (Federal

Aviation Administration 2010a). Together, they occupy

*7.5 ha (\0.05% of total airport property) and produce

about 3% of DEN’s annual energy demand (E. Keegan,

Senior Engineer, DEN, pers. comm.). A third solar facility,

rated at 4.5 MW, is currently under construction at DEN.

Given the small size of these solar facilities relative to

available idle land at many airports, expanding this tech-

nology across grasslands could further meet energy needs

and in some cases create substantial surpluses to be sold

offsite. As demonstrated by extant facilities at Fresno and

Bakersfield, moving electricity to energy grids is simplified

because many airports are located adjacent to urban

centers.

Although there appears to be momentum for the estab-

lishment of wind and especially solar facilities at airports,

we are unaware of any biofuel production sites at U.S.

airports. Undoubtedly, the lack of biofuel agriculture

reflects, in part, Federal Aviation Administration regula-

tions discouraging the presence of ‘‘hazardous wildlife

attractants’’, including all types of agriculture, on and near

certificated U.S. airports (Federal Aviation Administration

2007; Blackwell and others 2009). However, in practice

many U.S. airports lease portions of their land for agri-

cultural production (Blackwell and others 2009; DeVault

and others 2009). These crops often include corn (Zea

mays) and wheat (Triticum spp.), which are known wildlife

attractants (Cerkal and others 2009). In fact, additional

guidelines to U.S. airports, though seemingly conflicting

with the aforementioned recommendations, provide mini-

mum distances from runways and aprons for on-airport

agricultural crops relative to size of aircraft serviced

(Federal Aviation Administration 1989). These minimum

distances would also apply to biofuel production. Also,

traditional turfgrass management commonly employed at

airports up to runway edges often attracts species

hazardous to aviation, including Canada geese (Branta

canadensis), ring-billed gulls (Larus delawarensis), and

European starlings (Sturnus vulgaris; Martin and others

2011). Clearly, a range of vegetation types already occur

on and adjacent to airports. The suitability of each vege-

tation type for use at airports should not be based on overall

wildlife species use, but on the relative hazards these

species pose to aircraft (DeVault and others 2011). A

vegetation type attracting greater wildlife abundance and

biodiversity may actually represent a lower hazard to air-

craft and be more suitable for use at airports. We are aware

of no studies that have quantified wildlife response to

various vegetation types and associated risks to aviation.

Existing grasslands at airports potentially could be

managed for biofuel production (Blackwell and others

2009) if converted to appropriate cellulosic feedstocks.

Switchgrass, for instance, can yield 8.7–12.9 Mg/ha

depending on ecotype (Wullschleger and others 2010).

More specifically, using Indiana, U.S., as an example, an

airport with 205 ha of grassland (the median size of

grasslands at certificated airports in the U.S.; see below)

could produce 2977 Mg ha-1 annually (Casler 2005), and

if converted to fuel would produce 1.13 9 106 l of ethanol.

Low-input, diverse, native warm-season grass mixtures

may produce even higher ethanol yields with greater

greenhouse gas benefits (Tilman and others 2006). The

economic profitability of these systems will vary markedly,

but will be contingent primarily on yield, establishment

and maintenance costs, opportunity costs of land (i.e., land

rental or revenue from other commodities), and processing

costs (Jain and others 2010). Unlike typical agriculture

production scenarios, opportunity costs for the airport set-

ting will be much less given the current non-revenue pro-

ducing land use typical of many airport grasslands.

Although use of grasslands managed for biofuel pro-

duction by species hazardous to aviation could affect

safety, candidate crops for biofuel production range

widely, from monocultures of exotic plants [e.g., miscan-

thus (Miscanthus giganteus)] to diverse native warm-sea-

son grass mixtures (Tilman and others 2009; Somerville

and others 2010). Consequently, species composition of

wildlife communities varies widely across different biofuel

crops (Fargione and others 2009; Meehan and others 2010;

Robertson and others 2010). Field research likely could

identify productive biofuel crops that, from a wildlife

perspective, are compatible with safe airport operations

(Blackwell and others 2009; DeVault and others 2011;

Martin and others 2011).

Tilman and others (2006) estimated that biomass from

low-input high-diversity mixtures of native grassland

perennials converted to gasoline and diesel synfuels would

yield 51% more usable energy/ha from degraded infertile

land than grain production for ethanol from fertile soils.
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The authors based their calculations, in part, on assump-

tions regarding costs associated with production from lands

on a 240-ha U.S. family farm, an area less than the average

area of grassland present on certificated U.S. airports

(Table 1). We recognize the amount of grassland available

on individual airports is, alone, far less than the area nec-

essary to sustain a biofuel energy plant (Kocoloski and

others 2011); however, airports could be integrated into an

overall regional production and transportation strategy for

biofuel production. For example, we compared the median

grassland area at certificated airports in the U.S. (205 ha) to

the median farm size from each U.S. state and found that

only 10% of states had median farm sizes larger than air-

port grasslands (U.S. Department of Agriculture 2009).

This suggests that airport grasslands, in size alone, could

contribute to the land base needed to supply energy plants.

In areas where production of cellulosic biofuel stock is

currently unprofitable, many such crops (e.g., switchgrass

and other native grass perennials) potentially could be

produced for livestock forage with minimal changes to

harvest regimens (Sarath and others 2008) until biofuel

production facilities are more widespread. Regardless,

mowing at airports is expensive (*US$10/ha for each

mowing; Washburn and Seamans 2007), and even mar-

ginally profitable crops could be economically preferable

to current turfgrass management.

Factors other than wildlife use also should be considered

before wide-scale development of alternative energy

sources at airports. We note, for example, that minimum-

distance categories to on-airport agricultural crops are

components of guidelines that address pilot line-of-sight

within the air operations area, and measures to ensure

obstruction-free movement of aircraft on aprons, taxiways,

and runways, as well as access for emergency response

(see Federal Aviation Administration 1989). Thus, some

grassland areas on airports, such as those immediately

adjacent to air-operations areas, likely will not be suitable

for conversion to biofuel or other alternative energy pro-

duction because of conflicts with established safety regu-

lations (see also Blackwell and others 2009 for a more

detailed discussion of land use and safety regulations at

airports).

Further, wind turbine height in relation to aircraft

movements (Federal Aviation Administration 2000) and

turbine effects on radar (Kintisch 2010) pose safety con-

cerns. Although the heights of most modern wind turbines

will preclude their placement near air operations areas,

establishment of wind turbines at some larger airports

might be feasible (e.g., DEN, although an outlier in size

among U.S. airports, covers 13,540 ha). Also, though wind

turbines can interfere with both airborne and ground-based

radar, the U.S. Federal Aviation Administration is currently

researching potential solutions, including development of

turbines that are undetectable by radar, and use of small

radar sensors placed at turbines that provide localized

coverage and transmit data to primary radar systems

(Infanger 2010; Kintisch 2010).

Regarding solar technology, there was early concern

that reflection (i.e., glare) from solar arrays could be

problematic for pilots. However, because photovoltaic

panels (which are thought to be more suitable for airport

use than concentrated solar power; Federal Aviation

Administration 2010a) are designed to absorb rather than

reflect energy, such concerns have largely proven unfoun-

ded (Federal Aviation Administration 2010a; Infanger

2010). Also, placement of these arrays on U.S. airports is in

adherence to established guidelines for structures within

the air operations areas (Federal Aviation Administration

1989), which consider potential effects on pilot line-of-

sight and obstruction hazards. Some airports have avoided

siting problems by using existing rooftops for solar

installations (Federal Aviation Administration 2010a).

Furthermore, although existing solar facilities at airports do

not appear to serve as attractants to wildlife species rec-

ognized as hazardous to aviation (Dolbeer and others 2000,

2009), no formal studies have been completed (Federal

Aviation Administration 2010a), though this research is

now underway (TLD, ‘‘unpublished data’’). Such infor-

mation will be useful as more airports consider construc-

tion of solar facilities in coming years.

Grassland management at airports typically involves

periodic mowing for safety and security reasons at an

economic and environmental cost. Further, the dynamics of

wildlife (particularly bird) use of airport grasslands relative

to mowing regimens is speculative at best (Blackwell and

others 2009). With thoughtful planning regarding the

uncertainties and limitations associated with the estab-

lishment of alternative energy production at airports dis-

cussed above, converting airport grasslands to these land

uses could maintain existing benefits and provide increased

revenue, reductions of hazardous wildlife, and more envi-

ronmentally-sound alternative energy. There is no single

answer for meeting global energy demands or addressing

environmental consequences of energy development

(Turner 1999; Curry 2009; Cho 2010; Kintisch 2010). To

bring us one step closer to a solution, we should explore

alternative-energy practices and land-use patterns at air-

ports to identify useful options and develop effective and

integrated energy, wildlife, and air-safety policies.
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Appendix: Methods Used to Estimate Grassland Area

at Airports in the Contiguous U.S.

Although there are 15,079 airports in the U.S. (5,174 with

paved runways) (Central Intelligence Agency [CIA] 2010),

we limited our estimates of grassland area to the 2,915

airports in the contiguous U.S. considered significant to

national air transportation and thus included in the National

Plan of Integrated Airport Systems (NPIAS). In general

there are two types of airports included in NPIAS: ‘‘cer-

tificated’’ airports are those approved by the U.S. Federal

Aviation Administration (FAA) for regularly scheduled

([9 seats) or unscheduled ([30 seats) passenger traffic; the

remaining, smaller airports are categorized as ‘general

aviation’ (GA) airports (Blackwell and others 2009).

Because certificated and GA airports differ substantially in

size, landcover composition, and types of wildlife hazards

(Dolbeer and others 2008; Federal Aviation Administration

2010b), we generated separate estimates of grassland area

within airport properties for each. Also, for certificated

airports we estimated grassland area within 3 km of air

operations areas (AOA; runways and taxiways). Sixty-six

percent of wildlife strikes that cause substantial damage to

aircraft occur within 3 km of the AOA (Dolbeer 2006;

Blackwell and others 2009), and the FAA discourages

placement of wildlife attractants within that distance at

airports servicing turbine-powered aircraft (Federal Avia-

tion Administration 2007).

For certificated airports, we used a Geographic Infor-

mation System (GIS) to estimate the extent of grasslands at

a sample of 49 airports. We randomly selected 10% of

certificated airports located within each of eight Omernik

Level I ecological regions (Omernik 1987) in the contig-

uous U.S. Two ecological regions were excluded because

of their small size (0.28 and 0.55% of the contiguous U.S.)

and scarcity of certificated airports. We used the GIS to

extract grassland polygons from 2007–2009 true-color

digital orthoimagery with 1-m resolution obtained from the

National Agriculture Imagery Program (NAIP). We

defined grassland as any land occupied by native or exotic

grasses, including hayfields and rangeland but excluding

row crops. For our extraction protocol, we used all three

available spectral bands, a resample factor of two, a

Manhattan 7 input representation, a minimum object size

of 25 pixels, and included instances of rotated features.

We assessed the accuracy of our grassland extractions

by placing 100 random points on each of four airport

classification maps, split evenly between grassland and

non-grassland cover types, and then determined whether

points were classified correctly. Overall accuracy was 85%

(339 of 400 points were classified correctly). The kappa

coefficient, a measure of agreement between the extraction

classification and the reference data, was 0.7, indicating

substantial agreement (Landis and Koch 1977). The pro-

ducer’s accuracy (probability of a reference point being

correctly classified) was 90 and 81% for grassland and non-

grassland cover types, respectively; the user’s accuracy

(probability that a point classified in the extraction repre-

sents the correct landcover type) was 78 and 92% for

grassland and non-grassland cover types, respectively.

Finally, we processed 2003 true-color digital orthoimagery

(spatial resolution of 1 m; also from NAIP) for 10 small

airports (nine GA and one small certificated airport) in

Indiana, U.S. using our extraction protocol, and compared

our results with landcover classifications made by manual

digitization and on-site ground truthing (DeVault and

others 2009). A Wilcoxon signed rank test (Statistix 2008)

indicated no difference (P = 0.103) between the two

landcover classification methods for grasslands, suggesting

our extraction protocol was accurate. GIS analyses were

conducted using ArcMap ver. 9.3 (Environmental Systems

Research Institute, Redlands, California, U.S.), Feature

Analyst for ArcGIS ver. 4.2, and Hawth’s Analysis Tools

ver. 3.27.

Across our sample of certificated airports, we calculated

a mean of 39 ± 16% (SD) grassland cover within each

airport property (Table 1), and a mean of 16 ± 9% within

3 km of the AOA. Totaled across all certificated airports in

the contiguous U.S., we estimated about 1,546 km2 of

grassland within airport properties, and an additional

4,460 km2 within 3 km of the AOA.

To estimate the amount of grassland area at GA airports,

we examined GIS landcover classifications conducted by

DeVault and others (2009) for small airports in Indiana,

U.S. DeVault and others (2009) reported that about 56% of

the land cover within airport properties was composed of

grassland. Using a conservative estimate of 50% grassland

area, we estimated approximately 1,760 km2 of grassland

on GA airport properties in the contiguous U.S. (Table 1).

In total, we estimated there are approximately 3,306 km2

of grassland within airport properties in the contiguous

U.S. Considering that there are about 12,000 small airports

in the U.S. not included in NPIAS and thus not included in

our calculations, plus military airfields, our estimate of

grassland area is likely very conservative.
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