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Energy Innovation Reform Project is a non-partisan non-profit organization dedicated 
to promoting policies that advance innovation in energy technologies and practices to 
improve the affordability, reliability, safety, and security of American energy supplies 
and our energy economy. EIRP was founded in Washington, DC in 2013. Its work 
combines policy reports, scholarly research, and economic modeling with creative 
efforts to bridge partisan differences over energy policy.
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Executive Summary

Solar and wind power technologies have improved significantly in the last decade, and their market share 
has expanded rapidly. Driven by both economics and policy, these trends are expected to continue, if not 
accelerate. While the economic and greenhouse gas emissions implications of these technologies have 
been much discussed, their land use impacts have received relatively little national attention. 

This report seeks to contribute to public understanding of the land use issues related to solar 
and wind power in the United States. Toward that end, it reviews over 100 academic studies and 
U.S. government reports that address land use impacts of solar and wind power and presents key 
findings in an accessible format. The report draws upon research published during the 10-year period 
from 2009 to 2019.

Five central findings emerge from this literature review:

1. There is no consensus on definitions and assumptions used in solar and wind land use 
analyses. Quantitative analyses are hampered by challenges in collecting real-world data, as 
well as the absence of common definitions of terms and metrics. Assumptions about key factors 
such as projected electricity demand and technological performance vary widely, driving 
divergent conclusions.

2. The potential space impacts of solar and wind facilities depend on many factors and can vary 
widely. Geography, technology, and policy influence the nature and extent of the space impacts 
of solar and wind projects. Some locations have more favorable resources; some projects 
employ more land-intensive technologies. Conservation considerations, as well as the nature of 
public or private ownership, can also influence land use impacts.

3. Solar and wind are likely to affect significantly more land than other electricity sources. Fossil 
fuels and nuclear generation are vastly more power-dense than renewables; natural gas, for 
example, is roughly 80 times more power dense than solar power and 200 times as dense as 
wind. Even taking fuel extraction and life-cycle considerations into account does not change 
this fundamental picture.

4. Solar and wind facilities are associated with significant quality impacts. Despite their 
environmental appeal, renewable development—particularly wind power—does impact 
environmental quality in a variety of ways, including landscape fragmentation, bird and bat 
deaths, temperature changes, visibility and noise, and other environmental damage.

5. Developing a 100% renewable energy system would be challenging from a land use policy 
perspective. The land use impacts of renewable energies will depend greatly on the scale of 
our ambitions for the role that these resources play in the energy system. A power system 
that relies exclusively on wind, water, and solar generation will necessarily have much greater 
land use impacts than one that also uses more power-dense fuels; electrifying other sectors 
of the economy would increase demand, requiring a still-larger system. Studies suggest that 
there may be enough land to physically accommodate an all-renewable energy system—but 
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the scale of the physical footprint could be daunting: according to one study, an all-solar 
energy system in the European Union (EU) would require 45% of the combined land area of 
the 27 EU countries. The same study found that an all-solar energy system in the United States 
would require over five times the total land area currently occupied by all settlements and 
infrastructure in America (Capellan-Perez, de Castro, and Arto 2017).

This report and its findings are not intended to encourage or discourage decisions to pursue new 
solar or wind generation projects. Rather, the goal is to provide clear research-based information to 
policymakers and citizens who must balance competing interests, values, and rights in making the best 
electricity choices for their communities. 

This is particularly important in that land use debates surrounding electricity generation—among other 
forms of development—can cause political friction between urban and rural areas. Urban areas typically 
have higher electricity demand in smaller geographic regions that are less amenable to utility-scale solar 
and wind projects. Though some urban residents may perceive rural land as available for development, 
rural residents may have different perspectives and priorities for the land that surrounds them. 

This report seeks to facilitate informed and civil debate on these important energy policy questions 
among all those interested in developing solar and wind power.
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1. Purpose, Scope, and Methods

The dramatic expansion in America’s solar and wind power generation over the last decade, in part a 
consequence of sharp decreases in costs of new solar and wind projects, has won increasing attention 
from experts, activists, officials, media, and consumers. Advocates, politicians, and others have 
proposed considerable further growth in renewable energy generation, primarily as a means to reduce 
the power sector’s greenhouse gas emissions, especially carbon dioxide emissions from coal-fired 
power plants. The role that solar and wind energy could play in reducing emissions has become a topic 
of extensive public discussion, but less attention has been paid to other impacts of these technologies. 
Notably, solar and wind generation have a significant impact on land use—a topic that is often central to 
state and local policy and political debates surrounding solar and wind project development.

In America’s federal system, land use decisions typically reside at the state level, the local level, or both, 
in accordance with state constitutions. As is the case with many other types of development, conflicting 
interests and values surrounding land use decisions for solar and wind facilities can create divisions within 
and between local governments, or between local and state governments. Informed and civil debate is 
the best means to address these controversies and to develop effective policies that stand over time.

In an effort to contribute to public debate on the continuing expansion of solar and wind generation 
in the United States, this report assesses academic and U.S. government research on the land use 
impacts of utility-scale solar and wind power projects and distills their findings in an accessible format. 
As land use is its principal focus, the report concentrates on onshore rather than offshore projects. Its 
underlying intent is to provide clear research-based information that may be helpful to state and local 
policymakers, stakeholders, citizens, and others interested in renewable energy policy.

This report is not an academic-style literature review. Rather, it aims to make academic findings 
accessible to a broad, nonacademic audience without a background in solar and wind energy, power 
markets, or mathematical modeling and other sophisticated quantitative research methods. It does not 
identify every academic study of wind and solar land use; instead, it presents broad conclusions from 
representative academic works after a thorough (though not exhaustive) review of journal articles and 
U.S. government reports addressing the land use impacts of wind and solar energy. The report draws 
upon review of over 100 academic studies produced during the last 10 years (2009–2019) as well 
as Department of Energy (DOE) reports. The reports were identified using Google Scholar and other 
academic search tools. Two external scholars reviewed this report—and offered valuable comments—
prior to publication. The author alone is responsible for the report’s contents, including any errors.

This report does not advise state or local policymakers whether to support or oppose solar and 
wind energy projects in their jurisdictions or elsewhere. Such decisions should naturally result from 
consideration of each jurisdiction’s circumstances and each project’s prospects for contributing to the 
energy, environmental, economic, social, and other goals established through that jurisdiction’s political 
processes. Rather than offering advice, this report presents broad conclusions from academic research, 
explains key concepts and areas of uncertainty, and outlines real-world tradeoffs in order to help elected 
and career officials, citizens, and others engaged in energy and electricity policy make informed decisions.
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This report begins with a brief review of key terms and concepts that appear throughout the text 
(section 2). Following this is an overview of America’s electricity sector, which describes the way the 
United States generates electricity and the growing role of solar power, wind power, and natural gas–
fired generation (section 3). The next section describes some of the policies and proposals that have 
supported expanding solar and wind generation and that could substantially increase their contribution 
to U.S. electricity supplies in the future (section 4). The longest section of the report then presents 
five broad findings from academic and government research related to the land use impacts of solar 
and wind power (section 5). Citations in the text are to the References; the full list of studies reviewed 
follows in the Appendix. 
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2. Key Terms and Concepts

This report divides land use impacts into three broad categories: space impacts, time impacts, and  
quality impacts.1   

Space impacts refer to the land area that a given project directly occupies, including the land 
used for solar panels and wind turbine towers as well as access roads, service buildings, and other 
infrastructure. This land is also described as cleared or disturbed. Total footprint includes the space 
impacts as well as the land area between individual rows of solar panels or wind turbines that 
constitute a specific solar or wind facility. 

Time impacts refer to the time period during which space impacts endure. They can be permanent, 
meaning that the space impacts last for the lifetime of the facility (and possibly longer), or temporary, 
meaning that the space impacts occur only during a portion of the facility’s lifetime—often during the 
construction and decommissioning phases—beyond which the land can be used for other purposes or 
restored to its original condition or purpose. Unless otherwise stated, the space and quality impacts in 
this report are permanent. 

Quality impacts refer to effects on natural or environmental systems (e.g., wildlife facing landscape 
fragmentation due to new access roads or other infrastructure, birds killed by wind turbines) and/or 
on human health or enjoyment of the land (e.g., landscape views, persistent noise). Academic sources 
often refer to these quality impacts as indirect impacts. 

Land use efficiency describes the power per unit of land area (often measured in watts per square 
meter [W/m2]) and is equivalent to power density; a higher value reflects a greater ability to generate 
power over a given area and therefore a smaller land requirement to generate a fixed rate of electricity. 
Conversely, land use intensity describes the land required per unit of power (often measured in square 
meters per megawatt [m2/MW] of installed capacity or square meters per megawatt-hour [m2/MWh] of 
electric generation). Here, a higher value reflects lower power production in a given area and therefore 
larger land area to generate a fixed amount of electricity. A technology with high land use efficiency 
(and thus high power density) has low land use intensity.

The land use efficiency (or intensity) of a given technology is a function of its capacity basis and 
generation basis. Capacity basis describes the nominal (nameplate) generating capacity of the 
electricity source at a point in time and indicates the maximum electricity generation possible from 
the facility if continually influenced by optimum conditions (e.g., summer sun at noon for a solar 
facility, constant fast winds for a wind facility). Generation basis describes what the facility actually 
generates over a defined period of time. The ratio of the generation basis to the capacity basis is the 

1 This categorization of impacts draws heavily upon Paul Denholm et al. (2009).  
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capacity factor; in addition to being influenced by the consistency and intensity of sun and wind,2 the 
capacity factor for solar panels and wind turbines will vary based on spacing, maintenance, technical 
characteristics, and other conditions that increase or decrease their operating efficiency.3 

Levelized cost of electricity, or LCOE, is a statistic used to compare the costs of various types of 
electricity generation by dividing a power plant’s lifetime costs by its lifetime electricity production. 
While LCOE can be a useful yardstick, it measures costs without valuing other generation attributes, 
such as the firm (consistent) power provided by nuclear and fossil fuel–fired plants, the relative 
flexibility of natural gas generation, or the zero-emission power provided by solar, wind, hydroelectric, 
and nuclear installations.4 LCOE likewise does not include externalized costs, such as the costs 
of greenhouse gas emissions or other environmental or health impacts or the costs, of inherently 
intermittent solar and wind power for the overall electricity system.

2 Wind turbines require a certain threshold wind speed to begin generating electricity and will shut off at high speeds, making consistency 
especially important. The Department of Energy states that turbine controllers will start the equipment at wind speeds of 8 to 16 mph and 
shut it off at 55 mph. See Department of Energy, “The Inside of a Wind Turbine,” https://www.energy.gov/eere/wind/inside-wind-turbine. 

3 According to the Energy Information Administration, in 2019 the average capacity factors of U.S. solar and wind power facilities were 
24.5% and 34.8%, respectively. For comparison, the respective averages for nuclear, natural gas, coal, and hydropower were 93.5%, 
56.8%, 47.5%, and 39.1%. See DOE (2020b).  

4 While generating solar, wind, hydroelectric, or nuclear power does not produce meaningful greenhouse gas emissions, building solar 
panels, wind turbines, hydroelectric dams, and nuclear reactors currently does produce emissions and is likely to do so for quite some 
time. These life-cycle emissions have been a topic of extensive study.

https://www.energy.gov/eere/wind/inside-wind-turbine
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3. America’s Evolving Electricity Sector:  
An Overview

America’s utility-scale solar-powered electricity generation increased nearly 74 times between 2008 
and 2018, a remarkable figure.5 Utility-scale wind generation increased by only five times during that 
period, but it began from a much higher starting point than solar power; thus this fivefold increase 
pushed wind turbines past hydroelectric dams and made wind America’s leading source of renewable 
generation in 2019 (EIA 2020d). Nevertheless, wind and solar still comprised only 7.3% and 1.8%, 
respectively, of U.S. utility-scale electricity generation in 2019, contributing to a total of 17.5% for all 
renewables (including hydroelectric power, biomass, and geothermal power) (EIA 2020b). Natural gas 
provided 38.4% of generation, coal 23.5%, and nuclear 19.7%, with various additional sources producing 
the minimal remainder (EIA 2020b).

Falling costs to build solar and wind generation have 
been the principal driver of their growing use. The 
investment firm Lazard (2019) reports that the levelized 
costs of crystalline solar photovoltaic (PV) and wind 
energy fell 89% and 70% respectively between 2009 
and 2019. This means that if a solar PV project built in 
2009 had a cost of $100 million over its lifetime, the same 
project would have a lifetime cost of just $11 million 10 
years later—a truly remarkable improvement. 

While Lazard (2019, 3) noted that federal tax credits 
remain an “important component” of LCOE calculations 
for renewable energy in the United States today,6 the 
manufacturing efficiency increases that pushed costs 
downward have led developers in southern Europe 
(where sunshine is plentiful) to begin building solar 
facilities in some locations without subsidies or tax credits 
(Chediak and Eckhouse 2019).7 

In the United States, the substantial declines in the LCOE of solar PV and wind generation have made 
building utility-scale facilities for these two technologies increasingly attractive to investors, who are not 
responsible for their intermittency-related external costs. Wind power has been especially appealing, 
as LCOE values (including tax credits) can reach as little as $11 per MWh—increasingly competitive 

5 Energy Information Administration, “Table 3.1.A. Net Generation by Energy Source: Total (All Sectors), 2008–2018,” https://www.eia.gov/
electricity/annual/html/epa_03_01_a.html.

6 See Lazard (2019, 7) for solar and wind LCOE decreases relative to other electricity generation and Lazard (2019, 3) for the impact of the 
Investment Tax Credit (for solar power) and the Production Tax Credit (for wind power) on LCOE calculations. 

7 Spain, Italy, and Portugal are cited as leaders in unsubsidized solar projects.  

The Chehalis Generation Facility, a natural gas power plant near 
Chehalis, Washington. Natural gas provided almost two-fifths of 
America’s electricity in 2019.
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with existing power plants on an LCOE basis (Lazard 2019, 6).8 These declines in LCOE are important 
because they can encourage power plant developers to shut down other facilities before the end of 
their anticipated lives and replace them with wind or solar projects. 

In fact, in 2019, U.S. operators retired almost 14,000 MW in coal-fired generation capacity while 
simultaneously building 9,100 MW in new wind capacity, 5,300 MW in new solar PV capacity, and 8,300 
MW in new natural gas–fired capacity (EIA 2020c).9 Some of these coal-fired plants had likely reached 
the end of their useful lives. 

Like coal plants, nuclear plants are 
facing considerable financial stress 
from relatively inexpensive solar, wind, 
and natural gas. Costly regulatory 
requirements and higher fixed operating 
and maintenance expenses add to nuclear 
power’s financial woes (Knickmeyer 2019). 
Between 2013 and 2020, 10 nuclear 
reactors closed prematurely, and another 
5 are slated to shut down early between 
2020 and 2025. In total, the 15 reactors 
avoided 57.9 million metric tons of carbon 
dioxide emissions per year, over 3% of 
total U.S. greenhouse gas emissions from 
the power sector in 2018 and more than 
Bolivia’s total greenhouse gas emissions 
from all sources (Desai and McCallum 2020).10 

Relatively low project cost is not the only reason that solar, wind, and natural gas electric generation 
are growing simultaneously. Solar and wind power inherently depend on sunshine and wind speed and 
cannot generate the continuous (“firm”) electric power that fossil fuel–fired power stations and nuclear 
plants deliver. As a result, building additional solar and/or wind generation requires simultaneously 
developing “peaker” natural gas power plants11 or some other means to provide electricity when 
renewable resources are unavailable. Replacing a given quantity of firm capacity will thus require a 
larger amount of intermittent solar or wind capacity complemented with this peaker power.

By 2013, the combination of increasing domestic natural gas production12 and relatively low prices13 
made natural gas turbines the preferred source of peaking power (EIA 2013). But according to 
projections in a 2018 study by GTM Research and Wood Mackenzie, decreases in the cost of utility-

8 According to Lazard’s (2019) analysis, prior to the COVID-19 pandemic the LCOE of new subsidized onshore wind (including Production 
Tax Credits) ranged between $11/MWh and $45/MWh, compared to $26–41/MWh for existing coal plants and $27–31/MWh for existing 
nuclear plants. The LCOE of unsubsidized onshore wind varied from $28/MWh to $54/MWh.

9 EIA (2020c) reported that “access to abundant natural gas supply from the Marcellus and Utica shale plays in Pennsylvania and Ohio” 
drove the increases in gas-fired generating capacity.

10 The nuclear plants avoided 57.9 million metric tons of carbon dioxide emissions; the electricity sector produced 27% of America’s 
6,677 metric tons of carbon dioxide equivalent emissions in 2018. For power sector emissions, see Environmental Protection Agency, 
“Inventory of U.S Greenhouse Gas Emissions and Sinks,” https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-
and-sinks. For emissions by country, including Bolivia, see Ge and Friedrich (2020).  

11 Peaker power plants derive their name from their role in producing power at times of peak demand; their principal characteristic is 
the ability to adjust output up (or down) rapidly in order to follow changes in demand. This makes peaker power plants well-suited to 
balancing the variable supply from solar and wind facilities. 

12 Energy Information Administration, “U.S. Natural Gas Gross Withdrawals,” https://www.eia.gov/dnav/ng/hist/n9010us2A.htm.  

13 Energy Information Administration, “U.S. Natural Gas Electric Power Price,” https://www.eia.gov/dnav/ng/hist/n3045us3a.htm. 

New York’s Indian Point Unit 2 nuclear power plant closed on April 30, 2020.

Ph
ot

o 
cr

ed
it:

 T
on

y 
Fi

sh
er

 (F
lic

kr
)

https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks
https://www.eia.gov/dnav/ng/hist/n9010us2A.htm
https://www.eia.gov/dnav/ng/hist/n3045us3a.htm


9Energy Innovation Reform Project  |  October 2020

LAND USE REQUIREMENTS OF SOLAR AND WIND POWER GENERATION

scale battery storage could mean that batteries directly compete with natural gas–fired peaker plants 
by 2022.14 Still, current battery storage technologies are suitable only in meeting intra-day variations in 
electricity supply and demand (EESI 2019), as opposed to the weekly, monthly, and seasonal variations 
that occur in systems with high percentages of solar and wind generation. This longer-term variability 
in supply and demand calls for either additional firm generation, new long-term electricity storage 
technologies, or overbuilding solar or wind capacity sufficient to ensure that even low generation 
periods can meet electricity demand. 

In August 2020, rolling blackouts in California provoked debate about the integration of variable solar and 
wind power into the state’s broader electricity system (Kahn and Bermel 2020). At this writing, California’s 
electricity regulators are investigating the blackouts to produce a public report (Kramer 2020).

14 The unnamed study is cited in Newberry (2018). 
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4. Policies and Proposals to Promote Solar and 
Wind Generation

Federal and state policies are important drivers of expanding solar and wind generation in the United 
States and in turn force generation- and transmission-related land use decisions at the state and local 
level. Looking ahead, proposals to accelerate solar and wind power deployment will increase the scope 
and urgency of land use policy in communities across the United States. In this context, it is useful to 
review policies and proposals that promote these two renewable technologies.

Solar and wind power began to gain political momentum in the 1970s. Physicist Amory Lovins 
produced one of the most forceful early calls for heavy reliance on solar and wind energy, the 1976 
Foreign Affairs article “Energy Strategy: The Road Not Taken?” Writing in the wake of the 1973 OPEC 
oil embargo, which dramatically increased U.S. energy prices, Lovins urged a turn away from what he 
termed a “hard” energy strategy based on “hard” technologies (such as coal, oil and gas, and nuclear 
fission). Instead, he recommended a “soft” approach based on “flexible, resilient, sustainable and 
benign” technologies. (Lovins, 77) Lovins argued that the “soft” technologies would “rely on renewable 
energy flows that are always there whether we use them or not, such as sun and wind and vegetation.” 
According to Lovins, an evangelist for the small and simple, this approach would ensure that “energy 
supply is an aggregate of very many individually modest contributions” and that these resources are 
“relatively low-technology—which does not mean unsophisticated, but rather, easy to understand and 
use without esoteric skills” (Lovins, 78). 

Lovins aimed less to reduce greenhouse gas emissions than to minimize broader human impacts on the 
global environment by reshaping human society. Nevertheless, efforts to promote solar and wind power 
accelerated following the 1992 United Nations Framework Convention on Climate Change (UNFCCC), 
a global agreement that acknowledged the problem of increasing temperatures and called upon its 
signatories to achieve “stabilization of greenhouse gas concentrations in the atmosphere at a level 
that would prevent dangerous anthropogenic interference in the climate system” (UN 1992, article 2). 
President George H. W. Bush signed the UNFCCC at the Earth Summit in Rio de Janeiro; the U.S. Senate 
ratified it in October 1992.

Promoting solar and wind power as emissions-free energy has since become a core objective of many 
environmental advocacy groups seeking to combat climate change. For example, the Sierra Club’s 
“Ready for 100” campaign calls for “affordable, community-based, and 100% clean, renewable sources 
of energy” and notes that “solar panels and wind turbines were some of the few climate solutions that 
a majority of people—regardless of geography or political affiliation—could get behind.”15 The advocacy 
organization 350.org similarly backs policies that “quickly transition to 100% renewable energy” and 
“increase the share of solar, wind and hydro energy dramatically.”16 

15 Sierra Club, “What Is Ready for 100?” https://www.sierraclub.org/ready-for-100/about-our-program. 

16 350.org, “Climate Science Basics,” https://350.org/science/. 

https://www.sierraclub.org/ready-for-100/about-our-program
https://350.org/science/
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A body of academic research has provided a foundation for policy proposals seeking to transform the 
U.S. electricity sector, and the entire U.S. energy system, to one powered largely or even solely by 
wind, water, and solar energy (WWS). This research has at times provoked debate no less intense than 
the political disputes surrounding U.S. energy and environmental policy. 

Among the academic works pressing for a transition to a WWS-only energy system, the research of 
Stanford University professor Mark Z. Jacobson and multiple collaborators is perhaps the best known, 
due both to its influence and the controversy it has generated. Jacobson’s foundational work on this 
topic, with Professor Mark A. Delucchi of the University of California–Davis, was an ambitious two-part 
2011 article, “Providing All Global Energy with Wind, Water, and Solar Power” (Jacobson and Delucchi 
2011; Delucchi and Jacobson 2011). Because solar and wind power are variable, this approach relies 
significantly on hydroelectric power to balance their availability, a topic Jacobson and colleagues 
explored in further detail in a U.S.-focused paper (Jacobson et al. 2015). That work prompted a critique 
cosigned by 21 scholars who alleged “significant shortcomings” in Jacobson’s study: they asserted that 
it “used invalid modeling tools, contained modeling errors, and made implausible and inadequately 
supported assumptions” (Clack et al. 2017, 6722). 

Notwithstanding the work of those who advocate for WWS-only energy systems, few academic 
researchers argue that the United States can reliably and affordably replace its current electric power 
generation fleet exclusively with solar and wind power. A 2018 review of 40 studies of pathways to 
“deep decarbonization” (defined as an 80–100% reduction in carbon dioxide emissions) found that 
the most affordable pathways “include a substantial share of firm low-carbon generation in their 
lowest cost resource portfolio” in addition to variable solar and wind (Jenkins, Luke, and Thernstrom 
2018, 2508). The review points out that this firm low-carbon generation requires resources in 
addition to geothermal energy and existing hydropower, since those two resources are “severely 
constrained in most models due to available sites suitable for expansion.” 

While neither the federal government nor any state governments have committed to electricity systems 
based solely on wind, water, and solar power, deployment of solar and wind generation has been 
significantly assisted by legislation, regulation, and policies at both levels. In America, three main 
efforts are among the most visible: federally funded research to develop and improve solar and wind 
power technologies and to assess their role and impacts (supported overwhelmingly through the DOE), 
federal tax credits to support solar and wind projects (primarily through the Investment Tax Credit for 
solar projects and the Production Tax Credit for wind), and widespread state and local programs to 
encourage solar and wind energy. A variety of proposed federal policies would further expand solar 
and wind power.

Federal research on solar and wind power
At the federal level, DOE’s Office of Science and Office of Energy Efficiency and Renewable Energy 
(EERE) are responsible for basic and applied research, respectively.17 The EERE also oversees the 
National Renewable Energy Laboratory (NREL) in Golden, Colorado, though other national laboratories 
also conduct research on solar and wind power. In addition to its scientific research, NREL publishes 
technical studies concerning solar and wind energy, including reports that compare their land use 
requirements to nuclear- and fossil fuel–generated electricity. These include NREL’s 2009 study Land-

17 The Office of Science describes itself as “the nation’s largest supporter of basic research in the physical sciences, the steward of 10 of 
the Nation’s national laboratories, and the lead federal agency supporting fundamental research for energy production and security.” 
Department of Energy, “About the Office of Science,” https://www.energy.gov/science/about-office-science. The mission of the Office 
of Energy Efficiency and Renewable Energy is “to create and sustain American leadership in the transition to a global clean energy 
economy.” Department of Energy, “About the Office of Energy Efficiency and Renewable Energy,” https://www.energy.gov/eere/about-
office-energy-efficiency-and-renewable-energy. 

https://www.energy.gov/science/about-office-science
https://www.energy.gov/eere/about-office-energy-efficiency-and-renewable-energy
https://www.energy.gov/eere/about-office-energy-efficiency-and-renewable-energy
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Use Requirements of Modern Wind Power Plants in the United States (Denholm et al. 2009) and its 
2013 report Land-Use Requirements for Solar Power Plants in the United States (Ong et al. 2013). The 
U.S. Congress appropriated $7 billion to the Office of Science and $2.8 billion to EERE for the 2020 
fiscal year; these amounts include all programmatic and management expenses for these offices, not 
only those related to solar and wind energy.18

Federal policies promoting solar and wind power
The federal government promotes solar and wind power in a variety of ways, most visibly through tax 
credits that encourage their development. The U.S. Congress Joint Committee on Taxation projects 
that the solar Investment Tax Credit will cost a total of $20.8 billion during 2019–2023, while the wind 
Production Tax Credit will cost a total of $17.9 billion (Joint Committee on Taxation 2019). Although the 
solar Investment Tax Credit for individuals will expire at the end of 2021, commercial entities currently 
enjoy a permanent 10% tax credit on their investments.19  

The Production Tax Credit provides between 1 cent and 1.9 cents per kilowatt-hour to wind power 
generators for 10 years, with the amount based on the date when construction began, and is currently 
slated to expire at the end of 2020.20 The federal government also offers a wind Investment Tax Credit, 
which provides a credit of 12–18% for large turbines and 22–30% for small turbines (DOE 2020a). DOE 
suggests that the wind Investment Tax Credit is most appropriate for offshore wind (large turbines) and 
distributed generation (small turbines). This credit is likewise slated to expire at the end of 2020.21

State policies promoting solar and wind power
Regulatory standards requiring increasing shares of low or zero-emission electricity are a common 
instrument to spur development of solar and wind power. A large majority of America’s states, districts, 

18 Congress.gov, “H.R. 1865 – Further Consolidated Appropriations Act, 2020,” https://www.congress.gov/bill/116th-congress/house-
bill/1865/text?q=%7B%22search%22%3A%5B%22energy+department+appropriate%22%5D%7D&r=5&s=9. 

19 Solar Energies Industry Association, “Solar Investment Tax Credit (ITC),” https://www.seia.org/initiatives/solar-investment-tax-credit-itc. 

20 Construction must begin before December 31, 2020. See Department of Energy, “Production Tax Credit and Investment Tax Credit for 
Wind,” https://windexchange.energy.gov/projects/tax-credits#:~:text=The%20Production%20Tax%20Credit%20(PTC,generation%20
for%20utility%2Dscale%20wind. 

21 Construction must begin before December 31, 2020. Ibid.
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The National Renewable Energy Laboratory in Golden, Colorado.

https://www.congress.gov/bill/116th-congress/house-bill/1865/text?q=%7B%22search%22%3A%5B%22energy+department+appropriate%22%5D%7D&r=5&s=9
https://www.congress.gov/bill/116th-congress/house-bill/1865/text?q=%7B%22search%22%3A%5B%22energy+department+appropriate%22%5D%7D&r=5&s=9
https://www.seia.org/initiatives/solar-investment-tax-credit-itc
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and territories have thus far established clean and/or renewable energy standards in various forms; 
those jurisdictions include 37 U.S. states and the District of Columbia.22 Eight states—California, New 
York, Virginia, Hawaii, Maine, Nevada, New Mexico, and Washington—have committed to 100% clean 
energy goals.23 

Legislative and regulatory definitions of renewable and clean energy are complex and diverse; they 
necessarily respond to local circumstances, including available resources, costs, public preferences, 
and politics. 

In California, for example, the California Energy Commission has published a 112-page guidebook 
explaining eligibility under the state’s Renewables Portfolio Standard. It defines “renewable” as “a 
power source other than . . . nuclear energy” and not derived from “the operation of a hydropower 
facility greater than 30 megawatts or the combustion of fossil fuels, unless cogeneration technology 
. . . is employed in the production of such power”24 (California Energy Commission 2017, 85). Notably, 
some environmentalists have opposed classifying large hydropower projects as renewable; they fear 
that counting the projects toward the state’s renewables target would reduce pressure to build solar 
and wind facilities, and they have concerns about large dams’ environmental impacts (Roth 2019) and 
greenhouse gas emissions (Weiser 2016). Also significant is California’s inclusion of biomass, which 
some have dismissed as “renewable” but not “clean,” in that combustion of wood pellets or other 
biomass fuels can depend on fossil fuels (for producing fertilizers and planting/harvesting/transporting 
the biomass crops) while also producing significant 
greenhouse gas emissions.25

Federal policy proposals
At the federal level, the best-known proposal to expand 
solar and wind generation is the Green New Deal,26 
released formally in February 2019 by newly elected 
Rep. Alexandria Ocasio-Cortez (D-NY) and Sen. Edward 
Markey (D-MA) (Kurtzleben 2019). Though an earlier 
Green New Deal proposal from Jill Stein, the 2012 Green 
Party presidential candidate, explicitly sought to eliminate 
fossil fuels and nuclear power (Schroder 2019), the 2019 
Green New Deal resolution calls for “meeting 100 percent 
of the power demand in the United States through clean, 
renewable, and zero-emission energy sources.”27 As 
stated, this goal could in principle include nuclear energy 
and fossil fuel generation with carbon capture and other 
emissions controls. Still, after the resolution’s introduction, 
over 600 climate and environmental advocacy groups 

22 See Database of State Incentives for Renewables & Efficiency, https://programs.dsireusa.org/system/program?type=38&. See also Clean 
Air Task Force (2020). 

23 Sierra Club, “Check Out Where We Are Ready For 100%,” https://www.sierraclub.org/ready-for-100/map?show=committed. 

24 Cogeneration technology refers to combined heat and power plants, which simultaneously generate electricity and produce heat, with 
the heat typically used for industrial processes or district heating.

25 Progressive filmmaker Michael Moore’s documentary Planet of the Humans is a recent visible example of this criticism of biomass 
energy. See https://planetofthehumans.com/. 

26 H. Res. 109, “Recognizing the Duty of the Federal Government to Create a Green New Deal,” 
https://www.congress.gov/116/bills/hres109/BILLS-116hres109ih.pdf. 

27 H. Res. 109, “Recognizing the Duty of the Federal Government to Create a Green New Deal,” 7,  
https://www.congress.gov/116/bills/hres109/BILLS-116hres109ih.pdf.

Rep. Alexandra Ocasio-Cortez (center) and Sen. Edward Markey 
(right) present the Green New Deal.
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signaled their strong opposition to nuclear energy and fossil fuels (including with carbon capture) in 
an open letter (Meyer 2019). Shortly after the 2018 midterm election, Rep. Ocasio-Cortez declared her 
support for “100% renewable energy,”28 though the Green New Deal resolution took the more moderate 
position described here. 

While endorsing a technology-neutral approach, the Democratic Party’s 2020 Platform calls for 
installing 500 million solar panels and 60,000 wind turbines within five years (Demconvention.com 
2020, 51),29 which would require building hundreds of new large solar farms (Bryce 2020)30 and 
doubling the number of wind turbines in America.31

Due to their declining costs, solar and wind power appear likely to remain attractive in many parts of 
the United States and will be the focus of ongoing land use debates and decisions across the country. 
New federal and state policies could intensify solar and wind development and the land use questions 
surrounding such an expansion. With this in mind, this report next presents its findings from a review of 
academic literature and governments reports.

28 On Twitter, Rep. Ocasio-Cortez wrote that she supported reinstating a House of Representatives select committee to address climate 
change and supported activists calling for the committee to have a “mandate to draft a Green New Deal for 100% renewable energy.” @
AOC, November 13, 2018, 12:08 p.m., https://twitter.com/AOC/status/1062391746036948993. The activists had occupied House Speaker 
Nancy Pelosi’s office.

29 The 2020 Democratic Party Platform explicitly endorses using “all zero-carbon technologies, including hydroelectric power, geothermal, 
existing and advanced nuclear, and carbon capture and storage.”

30 Bryce notes that one of America’s largest solar projects has 1.7 million solar panels; installing 500 million solar panels would require 294 
facilities of this size.

31 U.S. Geological Survey (USGS), “How Many Turbines Are Contained in the U.S. Wind Turbine Database?”  https://www.usgs.gov/faqs/
how-many-turbines-are-contained-us-wind-turbine-database?qt-news_science_products=0#qt-news_science_products. The USGS Wind 
Turbine Database included 58,000 utility-scale wind turbines as of January 2019. According to USGS, America has added an average of 
3,000 utility-scale wind turbines per year since 2005; adding 60,000 in five years would require building 12,000 wind turbines per year, 
at four times the 15-year average rate. USGS, “How Many Wind Turbines.” 

https://twitter.com/AOC/status/1062391746036948993
https://www.usgs.gov/faqs/how-many-turbines-are-contained-us-wind-turbine-database?qt-news_science_products=0
https://www.usgs.gov/faqs/how-many-turbines-are-contained-us-wind-turbine-database?qt-news_science_products=0
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5. Impact of Solar and Wind Power on Land 
Use: Key Research Findings 

As described above, this report draws upon a careful review of over 100 academic studies and 
government reports published over a 10-year period. The studies vary in geographic scope from the 
global to the local-community level and consist mainly of national and subnational studies focused on 
the United States and Europe. The following principal conclusions emerged from that review:

1. There is no consensus on definitions and assumptions used in solar and wind land use 
analyses.

2. The potential space impacts of solar and wind facilities depend on many factors and can vary widely.

3. Solar and wind are likely to affect significantly more land than other electricity sources.

4. Solar and wind facilities are associated with significant quality impacts.

5. Developing a 100% renewable energy system would be challenging from a land use policy 
perspective.

The following sections report these conclusions in detail, with reference to many but not all of the 
reviewed studies. One underlying challenge across studies is that some data are public, while other 
data are private. For example, in a confidential interview, one researcher told us that scholars must 
typically sign nondisclosure agreements with utilities or other operators to obtain detailed generation 
statistics. As a result, modeling and other quantitative assessments often rely upon capacity figures that 
do not fully reflect real-world conditions.

Based on our research, no generation data from an operational solar or wind facility has ever been 
made publicly available at a finer temporal resolution than the one-month sums reported by the U.S. 
Energy Information Administration (EIA) or than the hourly but regional aggregates in California32 and 
Texas.33 Thus any calculations, modeling, and other quantitative assessments at the scale of a solar or 
wind facility are at best based on these monthly averages; while better than capacity-based estimates, 
this work does not fully reflect the intermittency of solar and wind generation.

Finding 1: There is no consensus on definitions and assumptions used in solar 
and wind land use analyses.
Complex quantitative analysis like that in many studies of land use in solar and wind projects requires 
precise definitions as well as many assumptions. In practice, researchers use varying definitions 

32 California ISO provides grid information for each generation source at five-minute intervals. See California ISO, “Managing Oversupply,” 
http://www.caiso.com/informed/Pages/ManagingOversupply.aspx, accessed September 20, 2020. 

33 Texas ERCOT provides grid information reports on solar and wind output. See ERCOT, “Generation,” http://www.ercot.com/gridinfo/
generation, accessed September 20, 2020.

http://www.caiso.com/informed/Pages/ManagingOversupply.aspx
http://www.ercot.com/gridinfo/generation
http://www.ercot.com/gridinfo/generation
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and assumptions that influence findings and at times limit comparisons among studies without 
common definitions and assumptions. The text below illustrates some of the important definitions and 
assumptions encountered during this project.

Varying definitions

Varying definitions frustrate direct comparisons between solar, wind, and other electricity sources. One 
of the most profound definitional issues is deciding whether land is “used” or not. Most obviously, wind 
turbines within a given facility are widely distributed across a large area and are often sited on land 
used for other purposes, such as agriculture. Defining the total footprint as used may overstate a wind 
project’s space impact, while using a narrower definition—such as the land occupied by wind turbine 
pads, access roads, and transmission lines—may understate or ignore quality impacts throughout the 
total footprint area. Some estimates suggest that 3–5% of the total footprint in wind projects is cleared 
land, which provides some perspective on the gap between space impact and total footprint for wind 
projects (McDonald et al. 2009).34 

In practice, there are many ways to define a wind project’s total footprint, including using the 
boundaries of the project site (the most expansive) or mathematically defined buffer areas around 
clusters of turbines (less expansive, but varying, based on the distribution of turbines at the project site 
and the mathematical method used) (Denholm et al. 2009).35

Regarding wind sites, a 2009 NREL study found that individual wind turbines accounted for only 10% 
of permanent space impacts, with access roads comprising nearly 80% and the balance used for 
substations, transmission, and other purposes (Denholm et al. 2009). Hence counting only wind turbine 
concrete pads would substantially underestimate the cleared land at a wind site. 

The dominance of access roads among wind facilities’ space impacts produces significant habitat 
fragmentation (described below in the discussion of quality impacts). Wind turbines may have other 
quality impacts throughout the total footprint area. Deciding how to define a wind project’s land use is 
thus complex and subjective. 

Even for solar, nuclear, and fossil fuel facilities, where researchers more comfortably rely on total footprint 
data, a project’s land area can include significant “undisturbed” land, such as land set aside for potential 
expansion or the buffers between the facility and inhabited areas. Nuclear and fossil fuel plants can 
incorporate lakes or reservoirs used for cooling that may remain available for other uses (Smil 2016). 

Another key question is whether to count land used outside the boundaries of a generating facility 
and, if so, whether to include only the land required for operating activities (for example, the land for 
transmission lines or access roads) or to assess land use for the full life cycle of a generating facility, 
including activities before and after its operational life. These life-cycle calculations could include land 
used for various purposes: 1) to extract and process fuels like coal, oil, natural gas, and uranium, 2) to 
extract and process the materials necessary to build generating plants, solar panels, wind turbines, 
and other equipment, 3) to manufacture this generating equipment, 4) to deliver fuels and materials to 
factories or generating plants, 5) to transmit electricity from the generating site to consumers, and 6) to 
dispose of waste. Academics have not developed widely accepted approaches to many of these issues.

34 McDonald et al. (2009) notes for comparison that roughly 5% of the total footprint is cleared for geothermal, natural gas, and oil wells at 
extraction sites. Fossil fuel power plants are more compact.

35 Denholm et al. (2009) illustrates three possible approaches to shaping the buffer areas.
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When considering land use at the state or local levels, it is important to recognize that many if not most 
life-cycle space impacts may take place in other jurisdictions, or (in the case of mines, factories, and 
roads built for other purposes) may have already occurred before decisions regarding construction of a 
new generation project. Thus a decision to pursue one or another type of electricity generation in a state 
or locality may not generate broader life-cycle space impacts within that jurisdiction other than those 
associated with transportation and transmission to and from a project site. In many situations, fuels and 
machinery will arrive from another jurisdiction and waste will go elsewhere (if not stored on-site, with no 
additional space impacts). For example, Bloomberg Green reports that just three landfills in the United 
States accept wind turbine blades, which are currently quite difficult to recycle or reuse (Martin 2020). 

Still, ignoring land use requirements in other jurisdictions is sometimes impossible. Transmission-related 
land use decisions made outside the state or locality that is considering a new generating facility can 
in some cases determine the project’s success or failure. State and local officials, stakeholders, and 
citizens are in the best position to assess which life-cycle land use considerations may be relevant in 
their jurisdictions.

Varied assumptions

A further challenge to understanding land use implications for solar and wind energy (as well 
as other forms of power generation) is that academic studies include varying assumptions, both 
quantitative and qualitative. 

Future electricity demand is a core assumption in most studies that forecast solar and wind generation 
and related land uses. The EIA produces widely used forecasts of electricity generation and renewable 
electricity generation in its Annual Energy Outlook.36 However, the EIA assumes only small additions 
to overall U.S. electricity demand in the coming decades (EIA 2020a), despite the possibility that 
use of electric vehicles and the electrification of buildings and industrial processes will significantly 
increase electricity demand.37 The Annual Energy Outlook is conservative in forecasting electric 
vehicle adoption and the electrification of other sectors of the economy, such as the industrial sector, 
where firms need heat as well as power and often build their own fossil-fuel combined heat and power 
plants. In contrast, academic studies modeling pathways to 100% WWS energy systems or other high-
renewable scenarios assume much higher electricity demand to meet these and other needs, and the 
land use consequences of those scenarios would necessarily be proportionately greater.

Many academic assessments of the land use requirements associated with solar and wind power rely 
upon installed capacity rather than actual generation; those based on real-world generation typically use 
historical generation to predict future generation. This approach can understate solar and wind potential 
if actual generation figures include older facilities that are less efficient than newer and potential future 
technologies. It can also overstate solar and wind potential if project developers select the best sites first 
and must then build facilities in decreasingly desirable locations as solar and wind expand (Shum 2017).

To understand the types of assumptions that can drive outcomes in academic research, consider 
the critiques of Mark Jacobson’s effort to demonstrate that the United States could cost-effectively 
transition to a 100% WWS energy system. According to Jacobson’s critics, such assumptions included 
“replacement of our current aviation system with yet-to-be developed hydrogen-powered planes”; 
“the availability of multiweek energy storage systems that are not yet proven at scale . . . at a capacity 
twice that of the entire United States’ generating and storage capacity today”; and “underground 

36 The 2020 edition is available at https://www.eia.gov/outlooks/aeo/. 

37 See NREL’s multi-part Electrification Futures Study (Jadun et al. 2017). 

https://www.eia.gov/outlooks/aeo/
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thermal energy storage (UTES) systems deployed in nearly every community to provide services for 
every home, business, office building, hospital, school, and factory in the United States” (Clack et al. 
2017, 6723). Jacobson’s study also assumed considerable expansions of hydroelectric capacity, the 
production and use of hydrogen, transmission expansion and a nationally integrated grid, and cost-free 
time shifting of electricity demand to respond to variable supplies (Clack et al. 2017). 

The point here is not to find fault in Jacobson’s work, but rather to show that scholarly assumptions vary 
widely and are often contested. Proposed energy systems based on differing assumptions often differ 
significantly in their land use requirements.

Finding 2: The potential space impacts of solar and wind facilities depend on 
many factors and can vary widely.
All solar and wind energy projects are not created equal; many factors shape the space impacts of real-
world solar and wind developments, including geography, technology, and policy. 

Geography

Geography is among the most influential forces that shape solar and wind projects. Geography 
determines the availability of the sunlight and moving air masses upon which project development 
decisions, and eventual power generation, depend. NREL provides extensive online resources and 
tools to evaluate solar irradiance (energy received from the sun) and wind speeds in the United 
States.38 In the contiguous United States, the highest solar irradiance is in the Southwest, while the 
lowest is in the states along the U.S. border with Canada. The fastest onshore wind speeds (at 100 m 
above ground level) are in a band extending north to south from North Dakota and Minnesota through 
Kansas and Oklahoma to west Texas. The lowest wind speeds are in the West, the Northeast, the Mid-
Atlantic, and the Southeast. Offshore wind speeds are highest off the Pacific coast of southern Oregon 
and northern California, off the Atlantic coast between Maine and New York City, and in Lake Superior 
near the center of Michigan’s Upper Peninsula. Solar or wind facilities in regions with less suitable 
sunlight or wind will have lower power densities and thus higher land use requirements than equivalent 
facilities in sunnier or windier locations.

Land ownership can also influence land use efficiency. In a study of 160 utility-scale solar energy 
projects in California, researchers found that installations on privately owned land had considerably 
higher capacity-based land use efficiency than those on public land: 36.8 W/m2 (plus or minus 2.7 W/
m2) compared to 25.4 W/m2 (plus or minus 3.5 W/m2) (Hernandez, Hoffacker, and Field 2014). They 
proposed three possible reasons for this difference: 1) private landowners have stronger economic 
incentives to minimize land use, 2) public projects could be older, using less efficient technologies, and 
3) the geography of public lands might require more space—e.g., if those lands are farther from existing 
transmission lines and need additional land for transmission.

Technology

Technology choices are also important in shaping the space impacts of solar and wind developments. 
Today, utility-scale solar power facilities typically use either solar PV systems, in which solar panels 
directly transform the sun’s energy into direct current electricity, or concentrating solar power (CSP) 

38 For example, see the Federal Energy Management Program Screening Map at https://www.nrel.gov/gis/solar.html, which provides 
detailed information on solar and wind resources as well as resources suitable for other forms of renewable energy, including 
hydroelectric, geothermal, wave power, and biomass.

https://www.nrel.gov/gis/solar.html


19Energy Innovation Reform Project  |  October 2020

LAND USE REQUIREMENTS OF SOLAR AND WIND POWER GENERATION

systems, in which large arrays of mirrors collect and concentrate the sun’s energy to produce heat to 
spin a turbine or carry out industrial processes. In either case, solar collectors that tilt and track the 
sun—constantly ensuring that the sun’s rays are perpendicular to the surface of the panel—gather more 
energy than fixed-tilt systems, which are angled based on latitude but do not track the sun. 

According to a 2013 NREL study of land use by solar power projects in the United States, fixed-tilt solar 
PV systems require an average of 13% less land than single-axis tracking systems on a capacity basis, 
but use an average of 15% more land based on actual generation output per unit land area (Ong et 
al. 2013). These differences reflect the fact that fixed-tilt solar PV systems can be more tightly packed 
than single-axis tracking systems, but they operate less efficiently because they do not track the sun’s 
movement across the sky; according to the NREL study, single-axis tracking can increase generation by 
12–25% compared to fixed-tilt systems. The NREL assessment also finds that CSP facilities are broadly 
comparable with large (over 20 MW capacity) utility-scale PV installations in their land use requirements.

With respect to wind power, height above ground is an important factor, although rotors, blades, 
controls, and the turbine’s drivetrain also contribute to efficiency and power output (DOE 2008). For 
example, in large portions of the United States, increasing the height of a wind turbine hub from 80 
m to 110 m above ground increases the annual average wind speed between 0.5 and 1.0 meters per 
second (m/s). Raising the hub from 80 m to 160 m increases the annual average wind speed between 
1.0 and 1.5 m/s (Lantz et al. 2019). 

Higher average wind speeds also allow for larger turbines that generate more electricity and operate 
more consistently, with a higher capacity factor, and potentially at lower cost (Lantz et al. 2019).39 Just 
as increasing solar irradiance on solar panels boosts their output and reduces their space impacts, 
increasing the speed of the wind driving a turbine increases a wind project’s land use efficiency and 
decreases its land use intensity.

In addition to the choice among specific solar or wind technologies, the choice between solar and 
wind also has important land use consequences. Most obvious is the difference in spacing between 
individual solar panels and wind turbines: solar panels are typically in densely packed rows, with 
necessary space for cleaning and other maintenance between them, while wind turbines must be 

39 Wind turbines generate electricity only when they operate above a threshold wind speed; higher average wind speeds can help to keep 
the wind above that threshold more frequently and regularly. 

A fixed-tilt solar array, with spacing between rows.
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much farther apart to avoid “turbine-to-turbine” and “turbine-to-atmosphere” interference (Miller and 
Keith 2018b). The side-to-side spacing between wind turbines is typically around four times the rotor 
diameter, and the front-to-back spacing is about 10 times the diameter (Trainor, McDonald, and Fargione 
2016). As a result, when solar and wind projects are compared based on their total footprint they are 
found to have very different average power densities: a 2018 study found the average power density 
of 1,047 solar power plants to be 5.7 W/m2, as opposed to an average of just 0.9 W/m2 for 430 wind 
projects (Miller and Keith 2018b).40

Policy

Policy is also important in determining space impacts of wind and solar facilities. For example: policy 
determines whether buffer areas around solar and wind installations are larger or smaller, and hence 
affects the overall land area needed for a given project. Perhaps most significantly, policies can 
increase or decrease the amount and quality of suitable land available for solar and wind development. 

In a major study assessing the intersection between conservation policy and clean energy policy in 
California and 10 other western states, The Nature Conservancy found that California’s land protections 
could affect the balance among solar, wind, and battery storage, and would likely increase the costs of 
California’s 100% zero-carbon policy (Wu et al. 2019, 2). The study noted that conservation-driven siting 
constraints would likely force wind power projects to develop sites with lower wind speeds (and thus 
lower land use efficiency) while simultaneously requiring additional battery storage. California could 
mitigate these impacts by importing zero-carbon electricity from one or more of the 10 western states 
included in the study, although this approach “requires significantly more transmission infrastructure 
and can have greater land use impacts under scenarios with lower levels of environmental protections” 
(Wu et al. 2019, 2).

Finding 3: Solar and wind are likely to affect significantly more land than other 
electricity sources.
Despite the challenges that data, definitions, and assumptions impose in making comparisons, 
academic research demonstrates persuasively that solar and wind generation affect more land than 
fossil fuel or nuclear generation. A 2018 study by two scholars at Leiden University looked at 54 peer-
reviewed studies and government reports assessing average power density of electricity generation in 
the United States (Zalk and Behrens 2018). The study found natural gas generation to have the highest 
average power density, followed closely by nuclear, oil, and coal and distantly by solar, geothermal, 
wind, hydro, and biomass. 

Figure 1 is adapted from this study to show the median power densities for each technology; see the 
original study (Zalk and Behrens 2018) for a more detailed chart that includes power density ranges for 
each technology and the number of studies upon which each median relies. Figure 1 presents values 
for fossil fuel and nuclear generation and renewable generation, with the caveat that wind values are 
derived from total footprint. Two charts are presented, rather than one, due to the considerable gap in 
power densities between the two groups of technologies.

40 The wind figure was corrected to the value cited above in Miller and Keith (2019).  
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Figure 1. Median Power Densities of Fossil-Fuel and Nuclear Generation & Renewable Electricity Generation (W/m2)

Source: Adapted from Zalk and Behrens 2018.
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Figure 1 illustrates that the median power density of natural gas generation is roughly 80 times that 
of solar generation and well over 200 times that of wind electricity. Hydroelectric dams tend to have 
low power densities because of the large areas flooded to create reservoirs. Biomass facilities tend 
to have low power densities because biomass fuels require growing crops on land; their power 
density is thus constrained by solar irradiance and reduced further by efficiency losses in converting 
crops to fuel to power.

Fossil fuel and nuclear generation facilities require mined or extracted fuels, unlike solar, wind, 
geothermal, and hydro. Nonetheless, even accounting for the land use impacts of mined or extracted 
fuels, researchers found that land use intensities of renewable generation are greater than those of 
fossil fuel and nuclear generation. 

In its Third National Climate Assessment, the U.S. Global Change Research Program41 reported 
projections of the land use intensity of several modes of electricity generation in 2030 (Melillo, 
Richmond, and Yohe 2014, 266). These projections, drawn from a study by Nature Conservancy 
scientist Robert McDonald and colleagues and using an Energy Information Administration model,42 are 
shown in figure 2. The estimates incorporate both the footprint of the power plant and land affected 
by energy extraction—that is, the land required for coal mines, oil and gas wells, and uranium mines, 
as well as the land needed for biomass crops. Figure 2 excludes the values for biodiesel and ethanol, 
as these are principally transportation fuels. The numbers reflect square kilometers per terawatt-hour 
(km2/TWh) per year; one terawatt-hour is 1,000 gigawatt-hours, 1 million megawatt-hours, or 1 billion 
kilowatt-hours.

41 The U.S. Global Change Research Program is a congressionally mandated collaboration among 13 federal agencies that “conduct or use 
research” on climate change. U.S. Global Change Research Program, “About USGCRP,” https://www.globalchange.gov/about. 

42 The report states that its chart is adapted from McDonald et al. (2009). In the original source, these figures are reported as midpoints 
between high and low estimates, with margins of error.

https://www.globalchange.gov/about
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Figure 2. Projected Land Use Intensity of Electricity Generation in 2030 (km2/TWh/year)

Source: Melillo, Richmond, and Yohe 2014, based on McDonald et al. 2009. 
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While this report is not concerned with biomass power, figure 2 illustrates the extreme land use 
requirements if America were to cultivate biomass for electricity on a large scale. The 4,178 TWh of 
electricity generated by U.S. utility-scale facilities in 201843 would require almost 2.3 million km2 of land 
from a total U.S. land area of 9.5 million km2 for a 100% biomass electricity system.44 

Setting biomass aside, figure 2 shows clearly the disparities in land use intensity between coal and 
nuclear power on the one hand, and solar PV and wind on the other, even when incorporating the 
land required to obtain fossil fuels and uranium. The figure also suggests that should the United States 
continue to replace coal-fired power and nuclear plants with natural gas, wind, and solar electricity, the 
space and quality impacts of our national electricity systems could increase substantially. 

Moreover, while these land use intensity statistics include land to extract fuels, they do not incorporate 
the land required to extract metals and minerals for construction of the generating facilities. Stanford’s 
Mark Jacobson and a colleague have estimated the number of plants or devices necessary for a 100% 
WWS energy system in the United States, based on projected total U.S. energy demand in 2030. 
Assuming that solar and wind provide 90% of that energy, hydropower provides 4%, and the remainder 
is from wave, tidal, and geothermal power, they estimate that the United States would require 
590,000 wind turbines (each with 5 MW capacity), 110,000 wave devices, 830 geothermal plants, 140 
hydroelectric plants (of which 70% are already in place), 7,600 tidal turbines, 265 million rooftop solar 
PV systems, 6,200 solar PV plants, and 7,600 solar CSP plants (Jacobson and Delucchi 2011).

For perspective on the resources necessary to construct the generation facilities proposed in the 
Jacobson study, tables 1 and 2 show the materials requirements (excluding fuel) for electricity-
generating technologies, as published in the Department of Energy’s 2015 Quadrennial Technology 
Review (DOE 2015, 390). Table 1 shows materials requirements for coal, natural gas combined cycle, 
and nuclear pressurized water reactors, while table 2 shows requirements for silicon solar PV, wind, 
and hydro, which DOE reports as including materials for upstream energy collection. Values are 
reported in tons per terawatt-hour and are based on generation rather than capacity.

43 Energy Information Administration, “Table 3.1.A. Net Generation by Energy Source: Total (All Sectors), 2008–018,” https://www.eia.gov/
electricity/annual/html/epa_03_01_a.html. 

44 For total U.S. land area, see Pole (2020). Land use of 2.27 million km2 results from multiplying 4,178 TWh/year by 543.4 km2/TWh/year.

https://www.eia.gov/electricity/annual/html/epa_03_01_a.html
https://www.eia.gov/electricity/annual/html/epa_03_01_a.html
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Table 1. Generator-only Materials Requirements: Fossil Fuel and Nuclear (tons/TWh)

Materials Coal Natural gas Nuclear
Aluminum 3 1 0

Cement 0 0 0

Concrete 870 400 760

Copper 1 0 0

Glass 0 0 0

Iron 1 1 4

Lead 0 0 0

Plastic 0 0 0

Silicon 0 0 0

Steel 310 170 310
Source: DOE 2015.

Table 2. Generator and Upstream Energy Collection Materials Requirements: Renewables (tons/TWh)

Materials Hydroelectric Wind Solar photovoltaic
Aluminum 0 35 680

Cement 0 0 3,700

Concrete 14,000 8,000 350

Copper 1 23 850

Glass 0 92 2,700

Iron 0 120 0

Lead 0 0 0

Plastic 0 190 210

Silicon 0 0 57

Steel 67 1,800 7,900
Source: DOE 2015.

Anyone comparing the two tables must be struck by the much greater materials requirements of 
renewables. Beyond the enormous quantities of concrete required to build hydroelectric dams, there are 
the substantial amounts of concrete and steel consumed in wind projects, and the cement, steel, and 
glass required for solar PV facilities—requirements that contribute to life-cycle space and quality impacts. 
The chemical process used to make cement, which is the main ingredient in concrete, produces about 
8% of global carbon dioxide emissions (Lehne and Preston 2018). Steel manufacturing is responsible for 
7% to 9% of carbon dioxide emissions from fossil fuels (World Steel Association 2020); over the 41 years 
from 1970 to 2011, fossil fuels produced about 78% of global carbon dioxide emissions.45 The container 
and flat glass industries together emit more carbon dioxide than Portugal (Springer and Hasanbeigi 2017), 
although their share of overall global emissions is a small fraction of a percent.46 

Research on power density, land use efficiency, and land use intensity demonstrates persuasively that 
the space and quality impacts of solar and wind power will typically affect more land than nuclear or 

45 Environmental Protection Agency, “Global Greenhouse Gas Emissions Data,” https://www.epa.gov/ghgemissions/global-greenhouse-gas-
emissions-data. 

46 World Bank, “CO2 Emissions (kt),” https://data.worldbank.org/indicator/EN.ATM.CO2E.KT. 

https://www.epa.gov/ghgemissions/global-greenhouse-gas-emissions-data
https://www.epa.gov/ghgemissions/global-greenhouse-gas-emissions-data
https://data.worldbank.org/indicator/EN.ATM.CO2E.KT
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fossil fuel projects, even when including fuel extraction. Moreover, solar and wind have significant life-
cycle land use impacts.

Finding 4: Solar and wind facilities are associated with significant quality 
impacts.
In addition to their space impacts, solar and wind generation each have demonstrable quality impacts. 
These can be especially significant for wind power, as widely spaced turbines impact quality in a wider 
area than densely packed solar PV panels. As in the case of fossil fuel and nuclear generation, these 
quality impacts also include environmental consequences that extend beyond site boundaries. Solar 
and wind power quality impacts may include the following:

•	 Landscape fragmentation

•	 Bird and bat deaths

•	 Temperature changes

•	 Visibility and noise

•	 Environmental damage, especially from mining and processing of rare earth elements

While many of these quality impacts can be mitigated, and some are modest in comparison with 
impacts from other energy or non-energy human activity, all merit attention in considering land use 
decisions for solar and wind projects.

Landscape fragmentation

Academic research finds that both solar and wind projects can contribute to landscape fragmentation, 
in which structures, roads, and other plant elements limit the area where wildlife can move freely; as 
noted earlier, roads can account for 80% of cleared land in wind power projects. Both a study of large-
scale solar power plants (Turney and Fthenakis 2011) and a  review of articles assessing biodiversity and 
ecosystem impacts of oil, natural gas, and wind energy (Jones, Pejchar, and Kiesecker 2015) find the 
fragmentation impacts of solar and wind similar to those of fossil energy.47 Scholars view habitat loss 
and fragmentation as “the leading threats to biological diversity,” though there are steps that project 
developers can take to mitigate damage (Hernandez et al. 2014, 770). 

Importantly, an NREL report on wind power land use makes clear that fragmentation can vary 
substantially based on siting; for example, wind turbines located in agricultural regions “should have 
significantly less impact” due to fragmentation “than turbines located in forested area” (Denholm et al. 
2009, 6–7). Likewise, biodiversity, biomass density, and cloud cover are more important considerations 
in forested areas compared to more open land uses, such as farmland, desert, or desert shrubland 
(Turney and Fthenakis 2011). 

Bird and bat deaths

Bird and bat deaths are a frequent topic in public debates on solar and especially wind power.48 
According to the U.S. Fish and Wildlife Service, wind turbines kill 140,000 to 500,000 birds per year, 

47 Turney and Fthenakis (2011) compare solar to “traditional power,” which presumably includes fossil fuels, while Jones, Pejchar, and 
Kiesecker  (2015) suggest that hydro and coal have fewer fragmentation impacts than wind, oil, and gas.

48 For example, see Hudson (2020). 



25Energy Innovation Reform Project  |  October 2020

LAND USE REQUIREMENTS OF SOLAR AND WIND POWER GENERATION

a number that could increase to 1.4 million per year with growth in the number of wind turbines.49 
However, the Fish and Wildlife Service also reports much higher levels of bird deaths due to other 
factors: collisions with building glass kill between 365 million and 988 million birds per year,50 collisions 
with vehicles kill 89 million to 340 million birds per year,51 and collisions with electric utility lines kill 
between 8 million and 57 million birds per year.52 

Some researchers have expressed concern that studies of wind turbine bird and bat fatalities 
could understate actual deaths because scavengers may be removing carcasses before they are 
counted, and they argue that even relatively small numbers of deaths could have disproportionate 
consequences for rare or long-lived species with low reproduction rates (Tabassum-Abbasi, Abbasi, 
and Abbasi 2014). Nevertheless, it is clear that wind turbines play a modest role in bird fatalities 
compared to other human activity, although the impacts are not trivial. It is possible that these harms 
could be reduced; a recent study in Norway suggests that painting one wind turbine blade on each 
tower black could prevent up to 70% of bird collisions (May et al. 2020). 

Solar facilities kill birds both through collision and through burning or singeing above concentrating 
solar mirrors. A 2016 study suggests 37,800 to 138,600 such fatalities per year in the United States 
(Walston et al. 2016).

Temperature changes

Both solar PV and wind energy can affect temperatures. Shade from solar panels does not appear to 
significantly influence nearby air temperatures (due to convection currents), but the panels can reduce 
temperatures of crops beneath them during the day and raise temperatures at night, in turn reducing 
day-night temperature variation (Marrou et al. 2013). This can be beneficial for agriculture.

Many studies have shown that wind turbines can increase surface air temperatures. A study that 
reports observations from 28 U.S. wind farms concludes that the turbine-atmosphere interactions mix 
warmer air from aloft with cooler air closer to the surface (Miller and Keith 2018a). During daylight hours 
with sunlight heating the ground, natural air currents mix the lower atmosphere, but in the absence 
of sunlight at night, atmospheric mixing near the surface is much weaker, and wind turbines’ warming 
effects are much more pronounced. This day-night contrast in the warming effect of wind turbines has 
also been observed using publicly available high-resolution NASA satellite data (Miller 2020). 

Using a climate model to estimate the effects of generating all present-day U.S. electricity demand 
from wind, researchers found that reliance on wind alone could theoretically increase annual average 
continental U.S. surface temperatures by 0.24° Celsius (or 0.43° Fahrenheit), with much more of this 
warming occurring at night (Miller and Keith 2018a).

Visibility and noise

Because visibility and noise directly affect human experience, they can be the most controversial 
aspects of solar and particularly wind power development. As a result, researchers have sought to 

49 Fish & Wildlife Service, “Wind Turbines,” https://www.fws.gov/birds/bird-enthusiasts/threats-to-birds/collisions/wind-turbines.
php#:~:text=The%20most%20comprehensive%20and%20statistically,and%20500%2C000%20birds%20per%20year. 

50 Fish & Wildlife Service, “Buildings & Glass,” https://www.fws.gov//birds/bird-enthusiasts/threats-to-birds/collisions/buildings-and-glass.
php. 

51 Fish & Wildlife Service, “Road Vehicles,” https://www.fws.gov/birds/bird-enthusiasts/threats-to-birds/collisions/road-vehicles.php. 

52 Fish & Wildlife Service, “Electric Utility Lines,” https://www.fws.gov/birds/bird-enthusiasts/threats-to-birds/collisions/electric-utility-lines.
php. 

https://www.fws.gov//birds/bird-enthusiasts/threats-to-birds/collisions/buildings-and-glass.php
https://www.fws.gov//birds/bird-enthusiasts/threats-to-birds/collisions/buildings-and-glass.php
https://www.fws.gov/birds/bird-enthusiasts/threats-to-birds/collisions/road-vehicles.php
https://www.fws.gov/birds/bird-enthusiasts/threats-to-birds/collisions/electric-utility-lines.php
https://www.fws.gov/birds/bird-enthusiasts/threats-to-birds/collisions/electric-utility-lines.php
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develop models to measure the visual impact of solar facilities (Sanchez-Pantoja, Vidal, and Pastor 

2018) and wind facilities (Rodrigues, Montanes, and Fueyo 2010). 

Such efforts typically seek to understand how to ensure public acceptance of solar and wind 
projects; as one study states, “an overwhelmingly large majority perceives wind energy as highly 
benign and desirable but most who favor wind energy do not favor wind turbines to be located near 
them” (Tabassum-Abbasi, Abbasi, and Abbasi 2014, 273). The authors of that study state further, 
“many prefer not to have wind turbines wherever they happen to go often enough.” The authors note 
that as turbines become taller—to generate more electricity more efficiently—their “dominance on 
landscapes” increases too. 

Other scholars have stressed that siting renewable facilities in rural areas “involves particularly 
sensitive linked issues such as land occupancy for food production, as well as the conservation of 
nature and the preservation of landscapes” (Poggi, Firmino, and Amado 2018, 631). Many studies also 
report annoyance from “shadow flicker” caused by light passing through spinning turbine blades 
(Freiberg et al. 2019).

Noise, which is a factor only with wind turbines, is a separate matter. Wind turbines produce two distinct 
types of noise, mechanical sounds (from the turbine’s gear box and generator) and aerodynamic sounds 
(from the movement of its blades through the air). While engineers have successfully addressed much 
of the mechanical noise (Wang and Wang 2015), aerodynamic noise remains disturbing to some, in part 
because the sounds are rhythmic rather than consistent (Tabassum-Abbasi, Abbasi, and Abbasi 2014). 

A 2019 review of 84 academic articles on human health impacts from wind turbines reports mixed results, 
demonstrating no stress effects but varied findings on sleep disturbance, quality of life, and mental health 
(Freiberg et al. 2019). The number of turbines and their distance can influence noise impacts.

Environmental 

Table 2 demonstrates that solar and wind facilities and manufacturing are resource intensive, requiring 
considerable quantities of commodities like cement, concrete, glass, and steel, all of which have 
associated environmental costs. Solar panel and wind turbine manufacturing also require smaller but 
significant amounts of toxic chemicals and rare earth minerals. Cadmium, a key component in cadmium 
telluride thin film solar cells, was banned by the European Union until a 2010 EU measure that allowed 
its use in solar panels (Aman et al. 2015). As a result of this and other toxic components, solar panels 
require safe handling at the end of their life cycles; recycling currently costs more than landfill disposal 
and returns materials less valuable than those used to manufacture the panels (Shaibani 2020). 

Wind turbines require rare earth minerals such as neodymium and dysprosium for high-strength 
magnets. Although rare earths are not uncommon, they are in low concentrations within other ores, 
“resulting in energy intensive and environmentally taxing mining, extractions, and refining processes” 
(Zaimes et al. 2015). 

In 2019, China produced about 85% of rare earth oxides and about 90% of rare earth metals, alloys, 
and permanent magnets.53 To the extent that federal policymakers seek to avoid U.S. dependence on 
China for the materials required to expand domestic wind turbine deployment, they will need to turn 
to domestic mining and processing or rely on other nations for these materials, or both. Several bills 

53 China Power, “Does China Pose a Threat to Global Rare Earth Supply Chains?,” China Power Project, Center for Strategic and 
International Studies, https://chinapower.csis.org/china-rare-earths/#:~:text=As%20of%202019%2C%20China%20still,of%20major%20
rare%20earth%20importers.  
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in the U.S. Congress seek to promote domestic mining and processing.54 In 2019, the U.S. Department 
of State launched the Energy Resource Governance Initiative (ERGI). Noting that “increasing demand 
for renewable energy, electric vehicles, and battery storage will create unprecedented demand for 
energy resource minerals,” the State Department created ERGI “to promote sound mining sector 
governance and resilient energy mineral supply chains” (DOS 2019). Governments participating in ERGI 
include Argentina, Australia, Botswana, Brazil, Democratic Republic of the Congo, Namibia, Peru, the 
Philippines, and Zambia (Reuters 2019).

Finding 5: Developing a 100% renewable energy system would be challenging 
from a land use policy perspective.
Recognizing the land use requirements of solar and wind electricity generation, many scholars 
have sought to determine whether sufficient land is available to meet global, national, or state-level 
electricity demand relying heavily or exclusively on wind, water, and solar electricity sources. 

Jacobson’s and Delucchi’s 2011 global study, referenced above, concludes that a 100% WWS energy 
system would require less than 2% of global land area, including spacing between wind turbines that 
could be available for agriculture or other uses (Jacobson and Delucchi 2011; Delucchi and Jacobson 
2011). The study assumes that 50% of global wind capacity would be offshore and that 30% of global 
solar capacity would be rooftop-based. It states that the rooftop solar power would require no additional 
land or transmission; for wind transmission, it counts only the footprint of transmission towers rather than 
including rights-of-way below transmission lines between towers. The study also assumes that access 
roads will likely already exist in agricultural areas and that additional access roads “would not increase the 
footprint requirements of wind farms more than a small amount” (Jacobson and Delucchi 2011a, 1161).

On a smaller scale, a Canadian researcher found that utility-scale solar PV systems could meet 
all of Ontario’s mid-day electricity demand, including the demand associated with a completely 

54 See the U.S. Congress legislative database at www.congress.gov. 
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China’s Bayan Obo rare earth mine, in 2006. When NASA’s Terra satellite collected this false-color image, the mine supplied 
about half of the world’s rare earths. The light brown color represents grasslands, rocks in the roughly circular open mine pits 
(top center) are black, and vegetation is red. The irregular and oblong dark brown areas (left and right sides) are tailings. 

http://www.congress.gov


28Energy Innovation Reform Project  |  October 2020

LAND USE REQUIREMENTS OF SOLAR AND WIND POWER GENERATION

electrified light-duty vehicle fleet, with 0.5%–8.5% of the province’s agricultural land (Calvert 2018).55 
The variation between the low and high estimates—a factor of 17—illustrates the impact of panel 
efficiencies and spacing.

Given the potential land use impacts of solar and wind power, other scholars question the feasibility 
of systems that rely on them alone. For example, a team of Spanish researchers assessed the viability 
of a 100% solar energy system for 27 European Union (EU) member states56 and 13 non-EU countries 
(including the United States); the 40 countries together accounted for 65% of global population and 
90% of global gross domestic product (Capellan-Perez, de Castro, and Arto 2017). Incorporating 
assessments of solar power’s seasonal variation, the actual land use of existing solar facilities, and the 
degradation of solar PV cells over time, they found that a 100% solar energy system in the EU would 
require about 45% of the EU’s total land area. Six countries, including Belgium, Denmark, and the 
United Kingdom, would not have sufficient land area to supply their final energy demand with solar 
power alone. While the United States has considerably greater land area, even in America a fully solar 
energy system would require over five times the total land occupied by all built-up areas (settlements 
and infrastructure) in the country at that time. 

The authors conclude that the land use challenges associated with solar PV are greatest in “northern 
latitudes with high population densities and high electricity consumption per capita” (774). They argue that 
their work could help to explain why expanding solar PV generation has increasingly led to siting projects 
in “agricultural areas and biodiversity hotspots” (770) and suggest reconsidering the view of solar power 
as an unlimited resource.

In a 2018 analysis seeking to model a full-solar economy for the 48 contiguous U.S. states, three 
researchers at Purdue University sought to take into account the end-use efficiency of energy 
conversion, the intermittency of solar power, actual solar farm output, and land availability (Li, Miskin, 
and Agrawal 2018). In assessing land availability, the authors exclude agricultural land—croplands, 
pastures, and ranges—as well as forests and “special-use land” such as national and state parks, which 
they report comprise in aggregate 93.2% of total land. The authors find that in 16 states, solar PV would 
require over 50% of “miscellaneous” and urban land.57 The assumption that America’s 770 million 
acres of pastures and rangeland is wholly unavailable may prove conservative: over half of this land is 
privately owned, and thus available in many cases for any legal uses that owners consider appropriate; 
the remaining land is publicly owned, and thus available for any uses that federal, state, and local 
officials and their constituents consider appropriate.58

Limiting space impacts with multiple land uses

Researchers have explored a variety of means to limit the space impacts of solar and wind projects. 
Most of these rely upon finding multiple simultaneous uses for land—especially integrating generating 
facilities with agriculture, developing rooftop solar power, or using land considered “degraded,” a 

55 Calvert analyzes 95 existing projects to calculate land use intensity and assumes that rooftop systems provide 20% of mid-day demand.

56 The study took place prior to the United Kingdom’s withdrawal from the European Union. 

57 Li, Miskin, and Agrawal (2018) state that miscellaneous land includes “marshes, deserts, and other barren land generally of low value for 
agricultural purposes.”

58 U.S. Forest Service, “About Rangeland Management,” https://www.fs.fed.us/rangeland-management/aboutus/index.shtml. According 
to the Forest Service, over half of rangeland is privately held, while 43% is federally managed. State and local governments oversee 
the balance. America’s 770 million acres of rangeland amounts to roughly one-third of total U.S. land area of 2.3 billion acres. See U.S. 
Department of Agriculture, Economic Research Service, “Major Land Uses,” https://www.ers.usda.gov/topics/farm-economy/land-use-
land-value-tenure/major-land-uses/. 

https://www.fs.fed.us/rangeland-management/aboutus/index.shtml
https://www.ers.usda.gov/topics/farm-economy/land-use-land-value-tenure/major-land-uses/
https://www.ers.usda.gov/topics/farm-economy/land-use-land-value-tenure/major-land-uses/
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term without a commonly accepted definition59 that in this context often refers to contaminated or 
formerly contaminated land. This report does not separately explore rooftop solar installations, which 
are typically not utility-scale projects and which generally provide distributed power, i.e., power to the 
site at which they are located. In 2018, utility-scale solar projects comprised almost 60% of new solar 
capacity in the United States (Bolinger, Seel, and Robson 2019). Likewise, although some have urged 
adopting new policies to facilitate community-based distributed energy (Moroni, Antoniucci, and Bisello 
2016), we do not assess small wind turbines sited at the distribution level.

Many scholars and activists consider degraded land to be an attractive siting option for solar and wind 
projects. For example, researcher Jacqueline Waite (2017) found that three of four U.S. regions (West, 
Midwest, and Mid-Atlantic) had sufficient degraded land to meet existing policy mandates for solar and 
wind even if only 10% of the capacity available on degraded land could be developed. 

The U.S. Environmental Protection Agency (EPA) has sought to encourage the development of solar 
and wind projects on degraded land, particularly at abandoned mine sites and Superfund sites.60 
EPA’s RE-Powering America’s Land Initiative has been a key vehicle for federal efforts to encourage 
renewable power projects on these lands.61 Some research has suggested that in addition to using 
degraded land productively, such projects can also contribute to restoring the land’s ecology 
(Hernandez et al. 2019). 

Degraded lands in the United States have a total 
area roughly double that of California, which some 
researchers estimate could produce 38.6% of 
America’s 2015 electricity demand if fully utilized for 
solar photovoltaic power (Hernandez et al. 2019). In 
practice, of course, it is unlikely that all such land will 
be economically attractive to develop. As Waite (2017) 
noted, factors such as slope and shading can reduce 
solar potential and necessitate new transmission, while 
clean-up status and requirements (including liability) 
can affect project costs.

Solar and wind energy present different opportunities 
and pose different challenges when facilities are sited 
on agricultural land. Solar power and agriculture rely 
upon the same fundamental process—transforming 
sunlight into energy, whether as electricity or chemical 
energy stored in plants for people or animals to 
consume (or for processing into fuels or other 
agricultural products outside the energy sector, such 
as textiles). As a result, excluding arid regions that are 
unsuitable for crops, the same land is often desirable for 
both agriculture and solar power. According to a study 

59 World Resources Institute, “What is Degraded Land?” https://www.wri.org/faq/what-degraded-land#:~:text=Degraded%20land%20is%20
land%20that,definition%20of%20%E2%80%9Cdegraded%20land%E2%80%9D. 

60 Environmental Protection Agency, “Abandoned Mine Lands: Revitalization and Reuse,” https://www.epa.gov/superfund/abandoned-mine-
lands-revitalization-and-reuse#energy. 

61 Environmental Protection Agency, “RE-Powering America’s Land,” https://www.bia.gov/sites/bia.gov/files/assets/as-ia/ieed/ieed/pdf/idc1-
021630.pdf. 

A 2001 satellite image of farms in southwestern Kansas illustrates 
the green circles that center-pivot irrigation systems produce. The 
unirrigated areas outside the circles are potentially available for 
solar PV installation.
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https://www.bia.gov/sites/bia.gov/files/assets/as-ia/ieed/ieed/pdf/idc1-021630.pdf
https://www.bia.gov/sites/bia.gov/files/assets/as-ia/ieed/ieed/pdf/idc1-021630.pdf
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by Adeh et al. (2019, 3), the efficiencies of solar facilities and agriculture are both highest in locations with 
“plentiful insolation [sunshine], light winds, moderate temperatures, and low humidity.” The study also 
found that while officials and developers often prioritize barren land for solar installations, there is greater 
power potential globally in croplands, grasslands, and permanent wetlands. 

Nevertheless, some researchers have argued against using agricultural land for solar development. 
The authors of an assessment of solar and wind projects in Portugal concluded that “ground-mounted 
solar power plants present a type of dense physical land occupation and should only be permitted 
in areas which are not farmable and with no natural scenic value” (Poggi, Firmino, and Amado 2018, 
636). This perspective illustrates the fact that land use decisions are not strictly utilitarian but reflect 
competition between various social priorities.

Other scholars have tried to reconcile the tension between agriculture and solar project development 
and to evaluate potential synergies. Because agriculture is a major form of land use, comprising 
about 37% of global land area,62 using agricultural lands for solar generation could add dramatically 
to the area available for such facilities. University of 
California–Davis scholar Rebecca Hernandez and co-
authors propose a framework of 16 so-called techno-
ecological synergies between solar energy, agriculture, 
and a wide range of other land uses (Hernandez et al. 
2019).63 The authors’ agricultural proposals include siting 
solar power systems in the uncultivated spaces between 
center pivot irrigation systems64 and integrating crops and 
solar energy with “agrivoltaic” systems that could include 
shade-tolerant crops beneath solar panels, tall crops 
under elevated PV systems, or greater spacing between 
solar panels to reduce shading. 

Still other scholars have proposed redesigning solar 
systems with new materials to create partially transparent 
solar panels that would simultaneously generate electricity 
and allow light and energy to reach crops below (Miskin 
et al. 2019). Researchers who found that five pollinator-
dependent crops account for over 90% of the agriculture 
within 1.5 km of existing utility-scale solar facilities have 
argued that such facilities could serve as habitats for bees 
and other pollinators (Walston et al. 2018). 

Notwithstanding these and other useful findings and 
various creative proposals to integrate solar power 
with agriculture, the vast majority of academic studies 
seek to assess what is theoretically possible rather than 
what is economically viable, much less what might be 
economically attractive to utilities and to landowners.

62 World Bank, “Agricultural Land (% of land area),” https://data.worldbank.org/indicator/AG.LND.AGRI.ZS. 

63 These synergies also include the use of degraded land, described above.

64 Center pivot irrigation systems distribute water through a linear sprayer, one end of which is anchored. Seen from above, they produce 
irrigated circles, leaving corner areas unirrigated and unused. For a brief explanation of their design and history, see Anderson (2018). 

High-voltage transmission towers have relatively small footprints, 
though the land area beneath transmission lines is considerably 
greater. In assessing transmission land use, some scholars count 
only the footprints of the towers, while others calculate the area of 
the rights-of-way along the route.

https://data.worldbank.org/indicator/AG.LND.AGRI.ZS
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Transmission

While this report does not separately assess academic studies or government reports projecting 
solar and wind power transmission requirements, there is broad consensus that transitioning to an 
electricity system heavily reliant on variable solar and wind power will require a substantial increase 
in transmission capacity and placement to balance supply with demand and to handle the system’s 
additional electricity consumption.65 This requirement in turn imposes additional space, time, and 
quality impacts. 

For example, one study of Europe’s electricity grid demonstrated that the ideal electric grid in a 100% 
renewable electricity system would require over 11 times the existing cross-border transmission, 
although roughly six times the existing cross-border connections would provide 98% of the benefits 
available in the ideal system (Rodriguez et al. 2014).

Similarly, a model of a 100% renewable U.S. grid developed by some of the same scholars projected 
that it would require 9,225 miles in additional links among existing regional systems, with the greatest 
transmission capacity required between the expanded grid’s MISO and PJM electricity interconnections 
to southeastern states (Becker et al. 2014).66 Neither study assesses the transmission that would be 
required to connect new generating facilities to the grid or to connect the grid to consumers.

65 For example, see Milligan et al. (2012). See also Jenkins, Luke, and Thernstrom (2018).

66 For a map illustrating the structure of the U.S. electric grid, see Federal Energy Regulatory Commission, “RTOs and ISOs,” https://www.
ferc.gov/industries-data/electric/power-sales-and-markets/rtos-and-isos. The study’s distance calculation is from midpoint to midpoint 
within regions and is thus illustrative rather than exact. 

https://www.ferc.gov/industries-data/electric/power-sales-and-markets/rtos-and-isos
https://www.ferc.gov/industries-data/electric/power-sales-and-markets/rtos-and-isos
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Conclusion

Solar panels, wind turbines, and other electricity generation facilities will be a part of the landscape 
until there is no longer a desire for the power they produce. Today, this desire is growing and is 
increasing the land use requirements of solar and wind power.

The fundamental land use challenge for solar and wind is that they have low power densities relative 
to other means of generating electricity, including nuclear and fossil fuels. As a result, solar and wind 
generation facilities typically require a larger geographic footprint than nuclear or fossil fuel plants 
to produce a given amount of power. These land use requirements are in turn significant because 
no matter what the project—a generating facility or transmission line, factory, shopping center, 
housing development, highway, pipeline, school, or park—land use decisions can be among the most 
contentious political issues in local communities. 

Like many other political controversies, land use decisions incorporate competing interests (often 
largely economic), values (conservation, landscapes, development and jobs, clean energy), spatial and 
distributional justice (who experiences negative space and quality impacts, how benefits are allocated), 
and rights (liberty, property, expression). Differences in each of these areas’ land use decisions can 
contribute to political friction between more urban communities, where land is perceived to be less 
available, and more rural communities, where land is perceived to be more available. The fact that 
urban and rural areas can have radically different electricity needs may exacerbate this friction. 
Incorporating findings from academic research into land use policy debates and decisions could help to 
address this challenge.



33Energy Innovation Reform Project  |  October 2020

References 

Adeh, E. H., Good, S. P., Calaf, M., & Higgins, C. W. (2019). Solar PV Potential Is Greatest Over Croplands. Scientific Reports, 9. https://www.
nature.com/articles/s41598-019-47803-3. 

Aman, M. M., Solangi, K. H., Hossain, M. S., Badarudin, A., Jasmon, G. B., Mokhlis, H., … Kazi, S. N. (2015). A Review of Safety, Health 
Environmental (SHE) Issues of Solar Energy System. Renewable and Sustainable Energy Reviews, 41, 1190–1204. https://www.sciencedirect.
com/science/article/abs/pii/S1364032114007734. 

Anderson, J. (2018). How Center Pivot Irrigation Brought the Dust Bowl Back to Life. Smithsonian Magazine, September 10, 2018. https://
www.smithsonianmag.com/innovation/how-center-pivot-irrigation-brought-dust-bowl-back-to-life-180970243/. 

Andrews, C., Dewey-Mattia, L., Schechtman, J. M., & Mayr, M.  (2011). Alternative Energy Sources and Land Use. In G. K. Ingram, & Y. H. Hong 
(Eds.), Climate Change and Land Policies. Cambridge, MA: Lincoln Institute of Land Policy,. 

Ausubel, J. (2017). Density: Key to Fake and True News about Energy and Environment. American Association of Petroleum Geologists 
Search and Discovery. Contribution #70272.

Becker, S., Frew, B. A., Andresen, G. B., Zeyer, T., Schramm, S., Greiner, M., & Jacobson, M. Z. (2014). Features of a Fully Renewable US 
Electricity System: Optimized Mixes of Wind and Solar PV and Transmission Grid Extensions. Energy, 72, 443–458. https://web.stanford.edu/
group/efmh/jacobson/Articles/Others/BeckerEnergy14.pdf. 

Bolinger, M., Seel, J., & Robson, D. (2019). Utility-Scale Solar: Empirical Trends in Project Technology, Cost, Performance, and PPA Pricing in 
the United States—2019 Edition. Lawrence Berkeley National Laboratory. https://emp.lbl.gov/sites/default/files/lbnl_utility_scale_solar_2019_
edition_final.pdf. 

Bryce, R. (2020). After 48 Years, Democrats Endorse Nuclear Energy in Platform. Forbes, August 23, 2020. https://www.forbes.com/sites/
robertbryce/2020/08/23/after-48-years-democrats-endorse-nuclear-energy-in-platform/#6dd37fdf5829.

California Energy Commission. (2017). Renewables Portfolio Standard Eligibility. 9th ed. (Revised). California Energy Commission, January 
2017. https://www.energy.ca.gov/programs-and-topics/programs/renewables-portfolio-standard/renewables-portfolio-standard-0.

Calvert, K. E. (2018). Measuring and Modelling the Land-Use Intensity and Land Requirements of Utility-Scale Photovoltaic Systems in the 
Canadian Province of Ontario. The Canadian Geographer, 62(2), 188–199. https://onlinelibrary.wiley.com/doi/abs/10.1111/cag.12444. 

Capellan-Perez, I., de Castro, C., & Arto, I. (2017). Assessing Vulnerabilities and Limits in the Transition to Renewable Energies: Land 
Requirements under 100% Solar Energy Scenarios. Renewable and Sustainable Energy Reviews, September. https://www.researchgate.net/
publication/316643762_Assessing_vulnerabilities_and_limits_in_the_transition_to_renewable_energies_Land_requirements_under_100_
solar_energy_scenarios. 

Chediak, M., & Eckhouse, B. (2019). Solar and Wind Power So Cheap They’re Outgrowing Subsidies. Bloomberg, September 19, 2019. https://
www.bloomberg.com/news/features/2019-09-19/solar-and-wind-power-so-cheap-they-re-outgrowing-subsidies.  

Clack, C. T. M., Qvist, S. A., Apt, J., Bazilian,  M., Brandt, A. R., Caldeira, K., … Whitacre, F. 2017. Evaluation of a Proposal for Reliable Low-Cost 
Grid Power with 100% Wind, Water, and Solar. PNAS, 114(26), 6722–6727. https://www.pnas.org/content/114/26/6722. 

Clean Air Task Force. (2020). Factsheet: State and Utility Climate Change Targets Shift to Carbon Reductions, Technology Diversity. Clean Air 
Task Force, July 10, 2020. https://www.catf.us/wp-content/uploads/2019/11/CES-Factsheet.pdf. 

https://www.nature.com/articles/s41598-019-47803-3
https://www.nature.com/articles/s41598-019-47803-3
https://www.sciencedirect.com/science/article/abs/pii/S1364032114007734
https://www.sciencedirect.com/science/article/abs/pii/S1364032114007734
https://www.smithsonianmag.com/innovation/how-center-pivot-irrigation-brought-dust-bowl-back-to-life-180970243/
https://www.smithsonianmag.com/innovation/how-center-pivot-irrigation-brought-dust-bowl-back-to-life-180970243/
https://web.stanford.edu/group/efmh/jacobson/Articles/Others/BeckerEnergy14.pdf
https://web.stanford.edu/group/efmh/jacobson/Articles/Others/BeckerEnergy14.pdf
https://emp.lbl.gov/sites/default/files/lbnl_utility_scale_solar_2019_edition_final.pdf
https://emp.lbl.gov/sites/default/files/lbnl_utility_scale_solar_2019_edition_final.pdf
https://www.energy.ca.gov/programs-and-topics/programs/renewables-portfolio-standard/renewables-portfolio-standard-0
https://onlinelibrary.wiley.com/doi/abs/10.1111/cag.12444
https://www.researchgate.net/publication/316643762_Assessing_vulnerabilities_and_limits_in_the_transition_to_renewable_energies_Land_requirements_under_100_solar_energy_scenarios
https://www.researchgate.net/publication/316643762_Assessing_vulnerabilities_and_limits_in_the_transition_to_renewable_energies_Land_requirements_under_100_solar_energy_scenarios
https://www.researchgate.net/publication/316643762_Assessing_vulnerabilities_and_limits_in_the_transition_to_renewable_energies_Land_requirements_under_100_solar_energy_scenarios
https://www.bloomberg.com/news/features/2019-09-19/solar-and-wind-power-so-cheap-they-re-outgrowing-subsidies
https://www.bloomberg.com/news/features/2019-09-19/solar-and-wind-power-so-cheap-they-re-outgrowing-subsidies
https://www.pnas.org/content/114/26/6722
https://www.catf.us/wp-content/uploads/2019/11/CES-Factsheet.pdf


34Energy Innovation Reform Project  |  October 2020

LAND USE REQUIREMENTS OF SOLAR AND WIND POWER GENERATION

Delucchi, M. A., and Jacobson, M. Z. (2011). Providing All Global Energy with Wind, Water, and Solar Power, Part II: Reliability, System and 
Transmission Costs, and Policies. Energy Policy, 39, 1170–1190. https://web.stanford.edu/group/efmh/jacobson/Articles/I/DJEnPolicyPt2.pdf. 

demconvention.com. (2020). 2020 Democratic Party Platform. https://www.demconvention.com/wp-content/uploads/2020/08/2020-07-31-
Democratic-Party-Platform-For-Distribution.pdf. 

Denholm, P., Hand, M., Jackson, M., & Ong, S. (2009). Land-Use Requirements of Modern Wind Power Plants in the United States. National 
Renewable Energy Laboratory Technical Report, NREL/TP-6A2-45834. https://www.nrel.gov/docs/fy09osti/45834.pdf.

Desai, H., & McCallum, J. (2020). Premature & Announced Closure and Saved Plants. Nuclear Energy Institute, May 1, 2020. 

DOE. (2008). 20% Wind Energy by 2030: Increasing Wind Energy’s Contribution to U.S. Electricity Supply. Department of Energy, Office of 
Energy Efficiency and Renewable Energy, DOE/GO-102008-2567. https://www.nrel.gov/docs/fy08osti/41869.pdf. 

DOE. (2015). Quadrennial Technology Review: An Assessment of Energy Technologies and Research Opportunities. Department of Energy, 
September 2015. https://www.energy.gov/sites/prod/files/2017/03/f34/quadrennial-technology-review-2015_1.pdf.

DOE. (2020a). Advancing the Growth of the U.S. Wind Industry: Federal Incentives, Funding, and Partnership Opportunities. Department of 
Energy.  https://www.energy.gov/sites/prod/files/2020/02/f71/weto-funding-factsheet-2020.pdf. 

DOE. (2020b). Nuclear Power Is the Most Reliable Energy Source and It’s Not Even Close. Department of Energy, April 22, 2020. https://www.
energy.gov/ne/articles/nuclear-power-most-reliable-energy-source-and-its-not-even-close. 

DOS. (2019). Energy Resource Governance Initiative. Department of State, June 11, 2019. https://www.state.gov/energy-resource-governance-
initiative/. 

EESI. (2019). Fact Sheet: Energy Storage (2019). Environmental and Energy Study Institute, February 22, 2019. https://www.eesi.org/papers/
view/energy-storage-2019. 

EIA. (2013). Natural Gas-Fired Combustion Turbines Are Generally Used to Meet Peak Electricity Load. Energy Information Administration, 
October 1, 2013. https://www.eia.gov/todayinenergy/detail.php?id=13191.  

EIA. (2020a). Electricity. In Annual Energy Outlook 2020. Energy Information Administration. https://www.eia.gov/outlooks/aeo/pdf/
AEO2020%20Electricity.pdf. 

EIA. (2020b). What Is U.S. Electricity Generation by Energy Source? Energy Information Administration, February 27, 2020. https://www.eia.
gov/tools/faqs/faq.php?id=427&t=3.

EIA. (2020c). Wind and Natural Gas-Fired Generators Led U.S. Power Sector Capacity Additions in 2019. Energy Information Administration, 
April 21, 2020. https://www.eia.gov/todayinenergy/detail.php?id=43415.  

EIA. (2020d). Wind Has Surpassed Hydro as Most Used Renewable Electricity Generation Source in U.S. Energy Information Administration, 
February 26, 2020. https://www.eia.gov/todayinenergy/detail.php?id=42955.

Freiberg, A., Schefter, C., Girbig, M., Murta, V. C., & Seidler, A. (2019). Health Effects of Wind Turbines on Humans in Residential Settings: 
Results of a Scoping Review. Environmental Research, 169, 446–463. http://docs.wind-watch.org/Freiberg-et-al-2018.pdf. 

Further Consolidated Appropriations Act, 2020, H.R. 1865, 116th Cong. (2019).  

Ge, M., & Friedrich, J. (2020). 4 Charts Explain Greenhouse Gas Emissions by Countries and Sectors. World Resources Institute, February 6, 
2020. https://www.wri.org/blog/2020/02/greenhouse-gas-emissions-by-country-sector. 

Hernandez, R. R., Armstrong, A., Burney, J., Ryan, G., Moore-O’Leary, K., Diédhiou, I., … Kammen, D. M. (2019). Techno-ecological Synergies of 
Solar Energy for Global Sustainability. Nature Sustainability, 2, 560–568. https://www.nature.com/articles/s41893-019-0309-z.

https://web.stanford.edu/group/efmh/jacobson/Articles/I/DJEnPolicyPt2.pdf
https://www.demconvention.com/wp-content/uploads/2020/08/2020-07-31-Democratic-Party-Platform-For-Distribution.pdf
https://www.demconvention.com/wp-content/uploads/2020/08/2020-07-31-Democratic-Party-Platform-For-Distribution.pdf
https://www.nrel.gov/docs/fy09osti/45834.pdf
https://www.nrel.gov/docs/fy08osti/41869.pdf
https://www.energy.gov/sites/prod/files/2017/03/f34/quadrennial-technology-review-2015_1.pdf
https://www.energy.gov/sites/prod/files/2020/02/f71/weto-funding-factsheet-2020.pdf
https://www.energy.gov/ne/articles/nuclear-power-most-reliable-energy-source-and-its-not-even-close
https://www.energy.gov/ne/articles/nuclear-power-most-reliable-energy-source-and-its-not-even-close
https://www.state.gov/energy-resource-governance-initiative/
https://www.state.gov/energy-resource-governance-initiative/
https://www.eesi.org/papers/view/energy-storage-2019
https://www.eesi.org/papers/view/energy-storage-2019
https://www.eia.gov/todayinenergy/detail.php?id=13191
https://www.eia.gov/outlooks/aeo/pdf/AEO2020%20Electricity.pdf
https://www.eia.gov/outlooks/aeo/pdf/AEO2020%20Electricity.pdf
https://www.eia.gov/tools/faqs/faq.php?id=427&t=3
https://www.eia.gov/tools/faqs/faq.php?id=427&t=3
https://www.eia.gov/todayinenergy/detail.php?id=43415
https://www.eia.gov/todayinenergy/detail.php?id=42955
http://docs.wind-watch.org/Freiberg-et-al-2018.pdf
https://www.wri.org/blog/2020/02/greenhouse-gas-emissions-by-country-sector
https://www.nature.com/articles/s41893-019-0309-z


35Energy Innovation Reform Project  |  October 2020

LAND USE REQUIREMENTS OF SOLAR AND WIND POWER GENERATION

Hernandez, R. R., Easter, S. B., Murphy-Mariscal, M. L., Maestre, F. T., Tavassoli, M., Allen, E. B., … Allen, M. F. (2014). Environmental Impacts of 
Utility-Scale Solar Energy. Renewable and Sustainable Energy Reviews, 29, 766–779. https://www.sciencedirect.com/science/article/abs/pii/
S1364032113005819. 

Hernandez, R. R., Hoffacker, M. K., & Field, C. B. (2014). Land-Use Efficiency of Big Solar. Environmental Science & Technology, 48, 1315–1323.

Hudson, G. (2020). Are Wind Turbines Causing a Bird Apocalypse in America? The Hill, January 28, 2020. https://thehill.com/changing-
america/sustainability/environment/480347-are-wind-turbines-causing-a-bird-apocalypse-in. 

Jacobson, M. Z., & Delucchi, M. A. (2011). Providing All Global Energy with Wind, Water, and Solar Power, Part I: Technologies, Energy 
Resources, Quantities and Areas of Infrastructure and Materials. Energy Policy, 39, 1154–1169. https://web.stanford.edu/group/efmh/jacobson/
Articles/I/JDEnPolicyPt1.pdf; 

Jacobson, M. Z., Delucchi, M. A., Cameron, M. A., &  Frew, B. A. (2015). Low-cost Solution to the Grid Reliability Problem with 
100% Penetration of Intermittent Wind, Water, and Solar for All Purposes. PNAS, 112(49), 15060–15065.  https://www.pnas.org/
content/112/49/15060?ijkey=d60299ad0e081a230edccf187f4d5f0000f6ed79&keytype2=tf_ipsecsha. 

Jadun, P., McMillan, C., Steinberg, D., Muratori, M., Vimmerstedt, L., & Mai, T. (2017). Electrification Futures Study: End-Use Electric Technology 
Cost and Performance Projections through 2050. Golden, CO: National Renewable Energy Laboratory. NREL/TP-6A20-70485. https://www.
nrel.gov/docs/fy18osti/70485.pdf.

Jenkins, J. D., Luke, M., & Thernstrom, S. (2018). Getting to Zero Carbon Emissions in the Electric Power Sector. Joule, 2(12), 
2498–2510.  https://www.cell.com/joule/fulltext/S2542-4351(18)30562-2?_returnURL=https%3A%2F%2Flinkinghub.elsevier.
com%2Fretrieve%2Fpii%2FS2542435118305622%3Fshowall%3Dtrue. 

Joint Committee on Taxation. (2019). Estimates of Federal Tax Expenditures for Fiscal Years 2019–2023. JCX-55-19. December 18, 2019. 
https://www.jct.gov/publications.html?func=select&id=5. 

Jones, N. F., Pejchar, L., & Kiesecker, J. M. (2015). The Energy Footprint: How Oil, Natural Gas, and Wind Energy Affect Land for Biodiversity 
and the Flow of Ecosystem Services. BioScience, 65(3). https://academic.oup.com/bioscience/article/65/3/290/236920. 

Kahn, D. & Bermel, C. (2020). California Has First Rolling Blackouts in 19 Years—and Everyone Faces Blame. Politico, August 18, 2020. https://
www.politico.com/states/california/story/2020/08/18/california-has-first-rolling-blackouts-in-19-years-and-everyone-faces-blame-1309757.

Knickmeyer, E. (2019). Nuclear Industry Push for Reduced Oversight Gaining Traction. AP, July 17, 2019. https://apnews.
com/2b7ebdbcec4b4b6788a7cf0468b1c054. 

Kramer, A. (2020). What Caused California’s Rolling Blackouts? Regulators Look for Answers. San Francisco Chronicle, August 27, 2020. 
https://www.sfchronicle.com/business/article/What-caused-California-s-rolling-blackouts-15519942.php. 

Kurtzleben, D. (2019). Rep. Alexandria Ocasio-Cortez Releases Green New Deal Outline. NPR, February 7, 2019. https://www.npr.
org/2019/02/07/691997301/rep-alexandria-ocasio-cortez-releases-green-new-deal-outline.

Lantz, E., Roberts, O., Nunemaker, J., DeMeo, E., Dykes, K., & Scott, G. (2019). Increasing Wind Turbine Tower Heights: Opportunities and 
Challenges. National Renewable Energy Laboratory, NREL/TP-5000-73629. https://www.nrel.gov/docs/fy19osti/73629.pdf. 

Lazard. (2019). Lazard’s Levelized Cost of Energy Analysis—Version 13.0. November 2019. https://www.lazard.com/media/451086/lazards-
levelized-cost-of-energy-version-130-vf.pdf.

Lehne, J., & Preston, F. (2018). Making Concrete Change: Innovation in Low-carbon Cement and Concrete. Chatham House. https://reader.
chathamhouse.org/making-concrete-change-innovation-low-carbon-cement-and-concrete#. 

Li, Y., Miskin, C. K., & Agrawal, R. (2018). Land Availability, Utilization, and Intensification for a Solar Powered Economy. Proceedings of the 
13th International Symposium on Process Systems Engineering–PSE 2018, July 1–5, 2018, San Diego, California. https://www.sciencedirect.
com/science/article/pii/B9780444642417503141?via%3Dihub.   

https://www.sciencedirect.com/science/article/abs/pii/S1364032113005819
https://www.sciencedirect.com/science/article/abs/pii/S1364032113005819
https://thehill.com/changing-america/sustainability/environment/480347-are-wind-turbines-causing-a-bird-apocalypse-in
https://thehill.com/changing-america/sustainability/environment/480347-are-wind-turbines-causing-a-bird-apocalypse-in
https://web.stanford.edu/group/efmh/jacobson/Articles/I/JDEnPolicyPt1.pdf
https://web.stanford.edu/group/efmh/jacobson/Articles/I/JDEnPolicyPt1.pdf
https://www.pnas.org/content/112/49/15060?ijkey=d60299ad0e081a230edccf187f4d5f0000f6ed79&keytype2=tf_ipsecsha
https://www.pnas.org/content/112/49/15060?ijkey=d60299ad0e081a230edccf187f4d5f0000f6ed79&keytype2=tf_ipsecsha
https://www.nrel.gov/docs/fy18osti/70485.pdf
https://www.nrel.gov/docs/fy18osti/70485.pdf
https://www.cell.com/joule/fulltext/S2542-4351(18)30562-2?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2542435118305622%3Fshowall%3Dtrue
https://www.cell.com/joule/fulltext/S2542-4351(18)30562-2?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2542435118305622%3Fshowall%3Dtrue
https://www.jct.gov/publications.html?func=select&id=5
https://academic.oup.com/bioscience/article/65/3/290/236920
https://www.politico.com/states/california/story/2020/08/18/california-has-first-rolling-blackouts-in-19-years-and-everyone-faces-blame-1309757
https://www.politico.com/states/california/story/2020/08/18/california-has-first-rolling-blackouts-in-19-years-and-everyone-faces-blame-1309757
https://apnews.com/2b7ebdbcec4b4b6788a7cf0468b1c054
https://apnews.com/2b7ebdbcec4b4b6788a7cf0468b1c054
https://www.sfchronicle.com/business/article/What-caused-California-s-rolling-blackouts-15519942.php
https://www.npr.org/2019/02/07/691997301/rep-alexandria-ocasio-cortez-releases-green-new-deal-outline
https://www.npr.org/2019/02/07/691997301/rep-alexandria-ocasio-cortez-releases-green-new-deal-outline
https://www.nrel.gov/docs/fy19osti/73629.pdf
https://www.lazard.com/media/451086/lazards-levelized-cost-of-energy-version-130-vf.pdf
https://www.lazard.com/media/451086/lazards-levelized-cost-of-energy-version-130-vf.pdf
https://reader.chathamhouse.org/making-concrete-change-innovation-low-carbon-cement-and-concrete
https://reader.chathamhouse.org/making-concrete-change-innovation-low-carbon-cement-and-concrete
https://www.sciencedirect.com/science/article/pii/B9780444642417503141?via%3Dihub
https://www.sciencedirect.com/science/article/pii/B9780444642417503141?via%3Dihub


36Energy Innovation Reform Project  |  October 2020

LAND USE REQUIREMENTS OF SOLAR AND WIND POWER GENERATION

Lovins, A. B. (1976). Energy Strategy: The Road Not Taken. Foreign Affairs, October 1976. https://www.foreignaffairs.com/articles/united-
states/1976-10-01/energy-strategy-road-not-taken. 

Marrou, H., Guilioni, L., Dufour, L., Dupraz, C., & Wery, J. (2013). Microclimate under Agrivoltaic Systems: Is Crop Growth Rate Affected in 
the Partial Shade of Solar Panels? Agricultural and Forest Meteorology, 177, 117–132. https://www.sciencedirect.com/science/article/pii/
S0168192313000890. 

Martin, C. (2020). Wind Turbine Blades Can’t Be Recycled, So They’re Piling Up in Landfills. Bloomberg Green, February 5, 2020. https://
www.bloomberg.com/news/features/2020-02-05/wind-turbine-blades-can-t-be-recycled-so-they-re-piling-up-in-landfills. 

May, R., Nygård, T., Falkdalen, U., Åström, J., Hamre, Ø.,  & Stokke, B. G. (2020). Paint It Black: Efficacy of Increased Wind Turbine Rotor Blade 
Visibility To Reduce Avian Fatalities. Ecology and Evolution, 10(16), 8927–8935. https://onlinelibrary.wiley.com/doi/10.1002/ece3.6592. 

McDonald, R. I., Fargione, J., Kiesecker, J., Miller, W. M., & Powell, J. (2009). Energy Sprawl or Energy Efficiency: Climate Policy 
Impacts on Natural Habitat for the United States of America. PLoS ONE, 4, e6802, August 26, 2009. http://www.plosone.org/article/
info%3Adoi%2F10.1371%2Fjournal.pone.0006802. 

Melillo, J. M., Richmond, T. C., & Yohe, G. W. (Eds.). (2014). Climate Change Impacts in the United States: The Third National Climate 
Assessment. U.S. Global Change Research Program. http://s3.amazonaws.com/nca2014/low/NCA3_Climate_Change_Impacts_in_the_
United%20States_LowRes.pdf?download=1. 

Meyer, R. (2019). The Green New Deal Hits Its First Major Snag. The Atlantic, January 18, 2019. https://www.theatlantic.com/science/
archive/2019/01/first-fight-about-democrats-climate-green-new-deal/580543/.

Miller, L. (2020). The Warmth of Wind Power. Physics Today 73, 58–59. https://physicstoday.scitation.org/doi/10.1063/PT.3.4553. 

Miller, L. M., & Keith, D. W. (2018a). Climatic Impacts of Wind Power. Joule, 2, 2618–2632. https://www.sciencedirect.com/science/article/pii/
S254243511830446X. 

Miller, L. M., & Keith, D. W. (2018b). Observation-based Solar and Wind Power Capacity Factors and Power Densities. Environmental Research 
Letters, 13(10). https://iopscience.iop.org/article/10.1088/1748-9326/aae102.  

Miller, L. M., & Keith, D. W. (2019). Corrigendum: Observation-based Solar and Wind Power Capacity Factors and Power Densities. 
Environmental Research Letters, 14(7).  https://iopscience.iop.org/article/10.1088/1748-9326/aaf9cf/pdf. 

Milligan, M., Ela, E., Hein, J., Schneider, T., Brinkman, G., & Denholm, P. (2012). Bulk Electric Power Systems: Operations and Transmission 
Planning. Vol. 4 of Renewable Electricity Futures Study. NREL/TP-6A20-52409-4. Golden, CO: National Renewable Energy Laboratory. 
https://www.nrel.gov/docs/fy12osti/52409-4.pdf. 

Miskin, C. K., Li, Y., Perna, A., Ellis, R. G., Grubbs, E. K., Bermel, P., & Agrawal, R. (2019). Sustainable Co-production of Food and Solar Power to 
Relax Land-Use Constraints. Nature Sustainability, 2, 972–980. https://www.nature.com/articles/s41893-019-0388-x. 

Moroni, S., Antoniucci, V., & Bisello, A. (2016). Energy Sprawl, Land Taking and Distributed Generation: Toward a Multi-layered Density. Energy 
Policy, 98, 266–273. https://www.academia.edu/28954294/Energy_sprawl_land_taking_and_distributed_generation_towards_a_multi_
layered_density. 

Newberry, C. (2018). Energy Storage Poses a Growing Threat to Peaker Plants. GE, October 1, 2018. https://www.ge.com/power/transform/
article.transform.articles.2018.oct.storage-threat-to-peaker-plants. 

Ong, S., Campbell, C., Denholm, P., Margolis, R., & Heath, G. (2013). Land-Use Requirements for Solar Power Plants in the United States. 
National Renewable Energy Laboratory, NREL/TP-6A20-56290. https://www.nrel.gov/docs/fy13osti/56290.pdf. 

Poggi, F., Firmino, A., and Amado, M. 2018. Planning Renewable Energy in Rural Areas: Impacts on Occupation and Land Use. Energy, 155, 
630–640. https://www.sciencedirect.com/science/article/abs/pii/S0360544218308284.

Pole, J. P. (2020). United States. In Britannica. https://www.britannica.com/place/United-States, last updated August 30, 2020. 

https://www.foreignaffairs.com/articles/united-states/1976-10-01/energy-strategy-road-not-taken
https://www.foreignaffairs.com/articles/united-states/1976-10-01/energy-strategy-road-not-taken
https://www.sciencedirect.com/science/article/pii/S0168192313000890
https://www.sciencedirect.com/science/article/pii/S0168192313000890
https://www.bloomberg.com/news/features/2020-02-05/wind-turbine-blades-can-t-be-recycled-so-they-re-piling-up-in-landfills
https://www.bloomberg.com/news/features/2020-02-05/wind-turbine-blades-can-t-be-recycled-so-they-re-piling-up-in-landfills
https://onlinelibrary.wiley.com/doi/10.1002/ece3.6592
http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0006802
http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0006802
http://s3.amazonaws.com/nca2014/low/NCA3_Climate_Change_Impacts_in_the_United%20States_LowRes.pdf?download=1
http://s3.amazonaws.com/nca2014/low/NCA3_Climate_Change_Impacts_in_the_United%20States_LowRes.pdf?download=1
https://www.theatlantic.com/science/archive/2019/01/first-fight-about-democrats-climate-green-new-deal/580543/
https://www.theatlantic.com/science/archive/2019/01/first-fight-about-democrats-climate-green-new-deal/580543/
https://physicstoday.scitation.org/doi/10.1063/PT.3.4553
https://www.sciencedirect.com/science/article/pii/S254243511830446X
https://www.sciencedirect.com/science/article/pii/S254243511830446X
https://iopscience.iop.org/article/10.1088/1748-9326/aae102
https://iopscience.iop.org/article/10.1088/1748-9326/aaf9cf/pdf
https://www.nrel.gov/docs/fy12osti/52409-4.pdf
https://www.nature.com/articles/s41893-019-0388-x
https://www.academia.edu/28954294/Energy_sprawl_land_taking_and_distributed_generation_towards_a_multi_layered_density
https://www.academia.edu/28954294/Energy_sprawl_land_taking_and_distributed_generation_towards_a_multi_layered_density
https://www.ge.com/power/transform/article.transform.articles.2018.oct.storage-threat-to-peaker-plants
https://www.ge.com/power/transform/article.transform.articles.2018.oct.storage-threat-to-peaker-plants
https://www.nrel.gov/docs/fy13osti/56290.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0360544218308284
https://www.britannica.com/place/United-States


37Energy Innovation Reform Project  |  October 2020

LAND USE REQUIREMENTS OF SOLAR AND WIND POWER GENERATION

Recognizing the Duty of the Federal Government to Create a Green New Deal, H. RES. 109, 116th Cong. (2019). 

Renewables on the Ground Roundtable. (2017). Accelerating Large-Scale Wind and Solar Energy in New York. Nature Conservancy and the 
Alliance for Clean Energy New York.

Reuters. (2019). Nine Countries Join U.S. Strategic Minerals Initiative. September 26, 2019. https://www.reuters.com/article/usa-minerals-
china/nine-countries-join-u-s-strategic-minerals-initiative-idUSL2N26G229. 

Rodrigues, M., Montanes, C., & Fueyo, N. (2010). A Method for the Assessment of the Visual Impact Caused by the Large-Scale Deployment 
of Renewable-Energy Facilities. Environmental Impact Assessment Review, 30, 240–246. https://www.sciencedirect.com/science/article/abs/
pii/S0195925509001280. 

Rodriguez, R. A., Becker, S., Andresen, G. B., Heide, D., & Greiner, M. (2014). Transmission Needs Across a Fully Renewable European Power 
System. Renewable Energy, 63, 467–476. https://www.sciencedirect.com/science/article/abs/pii/S0960148113005351. 

Roth, S. (2019). Hydropower Bill Would Sabotage California’s Clean Energy Mandate, Critics Say. Los Angeles Times, April 30, 2019. https://
www.latimes.com/business/la-fi-california-clean-renewable-energy-hydropower-20190430-story.html. 

Sanchez-Pantoja, N., Vidal, R., & Pastor, M. C. (2018). Aesthetic Impact of Solar Energy Systems. Renewable and Sustainable Energy Reviews, 
98, 227–238. https://www.sciencedirect.com/science/article/abs/pii/S1364032118306695?via%3Dihub. 

Schroeder, R. (2019). The “Green New Deal” Isn’t Really That New. MarketWatch, February 12, 2019. https://www.marketwatch.com/story/the-
green-new-deal-isnt-really-that-new-2019-02-11.

Shaibani, M. (2020). Solar Panel Recycling: Turning Ticking Time Bombs into Opportunities. PV Magazine, May 27, 2020. https://pv-magazine-
usa.com/2020/05/27/solar-panel-recycling-turning-ticking-time-bombs-into-opportunities/. 

Shum, R. Y. (2017). A Comparison of Land-use Requirements in Solar-based Decarbonization Scenarios. Energy Policy, 109, 460–462. https://
www.researchgate.net/publication/318569309_A_comparison_of_land-use_requirements_in_solar-based_decarbonization_scenarios. 

Smil, V. (2016). Power Density: A Key to Understanding Energy Sources and Uses. Cambridge, MA: MIT Press.

Springer, C., & Hasanbeigi, A. (2017). Emerging Energy Efficiency and Carbon Dioxide Emissions-Reduction Technologies for the Glass 
Industry. Lawrence Berkeley National Laboratory. https://china.lbl.gov/sites/default/files/lbl_glass_final.pdf. 

Tabassum-Abbasi, M. P., Abbasi, T., & Abbasi, S. A. (2014). Wind Energy: Increasing Deployment, Rising Environmental Concerns. Renewable and 
Sustainable Energy Reviews, 31, 270–288. https://www.sesync.org/sites/default/files/resources/Tabassum-Abbasi%20et%20al.%202014.pdf. 

Trainor, A. M., McDonald, R. I., & Fargione, J. (2016). Energy Sprawl Is the Largest Driver of Land Use Change in United States. PLoS One, 11(9).  
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5015902/#pone.0162269.ref023. 

Turney, D., & Fthenakis, V. (2011). Environmental Impacts from the Installation and Operation of Large-scale Solar Power Plants. Renewable 
and Sustainable Energy Reviews, 15, 3261–3270. https://www.sciencedirect.com/science/article/abs/pii/S1364032111001675.

United Nations. (1992). United Nations Framework Convention on Climate Change. https://unfccc.int/resource/docs/convkp/conveng.pdf. 

van Zalk, J., & Behrens, P. (2018). The Spatial Extent of Renewable and Non-renewable Power Generation: A Review and Meta-analysis of 
Power Densities and Their Application in the U.S. Energy Policy, 123, 83–91. https://openaccess.leidenuniv.nl/bitstream/handle/1887/64883/1-
s2.0-S0301421518305512-main.pdf?sequence=1. 

Waite, J. L. (2017). Land Reuse in Support of Renewable Energy Development. Land Use Policy, 66, 105–110. https://www.sciencedirect.com/
science/article/abs/pii/S026483771631287X. 

Walston, L. J., Mishra, S. K., Hartmann, H. M., Hlohowskyj, I., McCall, J., & Macknick, J. (2018). Examining the Potential for Agricultural Benefits 
from Pollinator Habitat at Solar Facilities in the United States. Environmental Science Technology, 52(13), 7566–7576. https://pubs.acs.org/
doi/10.1021/acs.est.8b00020. 

https://www.reuters.com/article/usa-minerals-china/nine-countries-join-u-s-strategic-minerals-initiative-idUSL2N26G229
https://www.reuters.com/article/usa-minerals-china/nine-countries-join-u-s-strategic-minerals-initiative-idUSL2N26G229
https://www.sciencedirect.com/science/article/abs/pii/S0195925509001280
https://www.sciencedirect.com/science/article/abs/pii/S0195925509001280
https://www.sciencedirect.com/science/article/abs/pii/S0960148113005351
https://www.latimes.com/business/la-fi-california-clean-renewable-energy-hydropower-20190430-story.html
https://www.latimes.com/business/la-fi-california-clean-renewable-energy-hydropower-20190430-story.html
https://www.sciencedirect.com/science/article/abs/pii/S1364032118306695?via%3Dihub
https://www.marketwatch.com/story/the-green-new-deal-isnt-really-that-new-2019-02-11
https://www.marketwatch.com/story/the-green-new-deal-isnt-really-that-new-2019-02-11
https://pv-magazine-usa.com/2020/05/27/solar-panel-recycling-turning-ticking-time-bombs-into-opportunities/
https://pv-magazine-usa.com/2020/05/27/solar-panel-recycling-turning-ticking-time-bombs-into-opportunities/
https://www.researchgate.net/publication/318569309_A_comparison_of_land-use_requirements_in_solar-based_decarbonization_scenarios
https://www.researchgate.net/publication/318569309_A_comparison_of_land-use_requirements_in_solar-based_decarbonization_scenarios
https://china.lbl.gov/sites/default/files/lbl_glass_final.pdf
https://www.sesync.org/sites/default/files/resources/Tabassum-Abbasi%20et%20al.%202014.pdf
https://www.sciencedirect.com/science/article/abs/pii/S1364032111001675
https://unfccc.int/resource/docs/convkp/conveng.pdf
https://openaccess.leidenuniv.nl/bitstream/handle/1887/64883/1-s2.0-S0301421518305512-main.pdf?sequence=1
https://openaccess.leidenuniv.nl/bitstream/handle/1887/64883/1-s2.0-S0301421518305512-main.pdf?sequence=1
https://www.sciencedirect.com/science/article/abs/pii/S026483771631287X
https://www.sciencedirect.com/science/article/abs/pii/S026483771631287X
https://pubs.acs.org/doi/10.1021/acs.est.8b00020
https://pubs.acs.org/doi/10.1021/acs.est.8b00020


38Energy Innovation Reform Project  |  October 2020

LAND USE REQUIREMENTS OF SOLAR AND WIND POWER GENERATION

Walston Jr., L. J., Rollins, K. E., LaGory, K. E., Smith, K. P., & Meyers, S. A. (2016). A Preliminary Assessment of Avian Mortality at Utility-scale 
Solar Energy Facilities in the United States. Renewably Energy, 92, 405–414. file:///Users/paulsaunders/Downloads/Walstonetal2016-
AvianSolar.pdf. 

Wang, S., & Wang, S. (2015). Impacts of Wind Energy on Environment: A Review. Renewable and Sustainable Energy Reviews, 49, 437–443. 
https://www.sciencedirect.com/science/article/abs/pii/S1364032115004074?via%3Dihub. 

Weiser, M. (2016). The Hydropower Paradox: Is This Energy as Clean as It Seems? The Guardian, November 6, 2016. https://www.
theguardian.com/sustainable-business/2016/nov/06/hydropower-hydroelectricity-methane-clean-climate-change-study. 

World Steel Association. (2020). Steel’s Contribution to a Low Carbon Future and Climate Resilient Societies. https://www.worldsteel.org/en/
dam/jcr:7ec64bc1-c51c-439b-84b8-94496686b8c6/Position_paper_climate_2020_vfinal.pdf.  

Wu, G. C., Leslie, E., Allen, D., Sawyerr, O., Cameron, D.,  Brand, E., … Olson, A. (2019). Power of Place: Land Conservation and Clean Energy 
Pathways for California. The Nature Conservancy. https://www.nature.org/en-us/about-us/where-we-work/united-states/california/stories-in-
california/clean-energy/. 

Zaimes, G. C., Hubler, B. J., Wang, S, & Khanna, V. (2015). Environmental Life Cycle Perspective on Rare Earth Oxide Production. ACS 
Sustainable Chemistry & Engineering, 3(2), 237–244. https://pubs.acs.org/doi/10.1021/sc500573b. 

file:///Users/paulsaunders/Downloads/Walstonetal2016-AvianSolar.pdf
file:///Users/paulsaunders/Downloads/Walstonetal2016-AvianSolar.pdf
https://www.sciencedirect.com/science/article/abs/pii/S1364032115004074?via%3Dihub
https://www.theguardian.com/sustainable-business/2016/nov/06/hydropower-hydroelectricity-methane-clean-climate-change-study
https://www.theguardian.com/sustainable-business/2016/nov/06/hydropower-hydroelectricity-methane-clean-climate-change-study
https://www.worldsteel.org/en/dam/jcr:7ec64bc1-c51c-439b-84b8-94496686b8c6/Position_paper_climate_2020_vfinal.pdf
https://www.worldsteel.org/en/dam/jcr:7ec64bc1-c51c-439b-84b8-94496686b8c6/Position_paper_climate_2020_vfinal.pdf
https://www.nature.org/en-us/about-us/where-we-work/united-states/california/stories-in-california/clean-energy/
https://www.nature.org/en-us/about-us/where-we-work/united-states/california/stories-in-california/clean-energy/
https://pubs.acs.org/doi/10.1021/sc500573b


39Energy Innovation Reform Project  |  October 2020

Appendix: Studies Reveiwed

Abbasi, S. A., & Abbasi, N. (2000). The Likely Adverse Environmental Impacts of Renewable Energy Sources. Applied Energy, 65(1-4), 121–144.

Abbasi, T., & Abbasi, S. A. (2017). Is the Use of Renewable Energy Sources an Answer to the Problems of Global Warming and Pollution? 
Critical Reviews in Environmental Science and Technology, 41(12), 99–154. 

Adeh, E. H., Good, S. P., Calak, M., & Higgins, C. W. (2019). Solar PV Power Potential Is Greatest Over Croplands. Scientific Reports, 9. 

Al-mulali, U., Solarin, S. A., Sheau-Ting, L., & Ozturk, I. (2016). Does Moving Towards Renewable Energy Cause Water and Land Inefficiency? 
An Empirical Investigation. Energy Policy 93, 303–314. 

Aman, M. M., Solangi, K. H., Hossain, M. S., Badarudin, A., Jasmon, G. B., Mokhlis, H., … Kazi, S. N. (2015). A Review of Safety, Health 
Environmental (SHE) Issues of Solar Energy System. Renewable and Sustainable Energy Reviews, 41, 1190–1204. 

Amer, M., & Daim, T. U. (2011). Selection of Renewable Energy Technologies for a Developing County: A Case of Pakistan. Energy for 
Sustainable Development, 15(4), 420–435. 

Arvesen, A., & Hertwich, E. G. (2012). Assessing the Life Cycle Environmental Impacts of Wind Power: A Review of Present Knowledge and 
Research Needs. Renewable and Sustainable Energy Reviews, 16(8), 5994–6006. 

Baruch-Mordo, S., Kiesecker, J., Kennedy, C. M., Oakleaf, J. R., & Opperman, J. J. (2019). From Paris to Practice: Sustainable Implementation of 
Renewable Energy Goals. Environmental Research Letters, 14. 

Becker, S., Frew, B. A., Andresen, G. B., Zeyer, T., Schramm, S., Greiner, M., & Jacobson, M. Z. (2014). Features of a Fully Renewable US 
Electricity System: Optimized Mixes of Wind and Solar PV and Transmission Grid Extensions. Energy, 72, 443–458. 

Berrill, P., Arvesen, A., Scholz, Y., Gils, H. C., & Hertwich, E. G. (2016). Environmental Impacts of High Penetration Renewable Energy Scenarios 
for Europe. Environmental Research Letters, 11. 

Bonou, A., Laurent, A., & Olsen, S. I. (2016). Life Cycle Assessment of Onshore and Offshore Wind Energy—From Theory to Application. 
Applied Energy, 180, 327–337. 

Brown, T. W., Bischof-Niemz, T., Breyer, C., Lund, H., & Mathiesen, B. V. (2018). Response to “Burden of Proof: A Comprehensive Review of the 
Feasibility of 100% Renewable-Electricity Systems.” Renewable and Sustainable Energy Reviews, 92, 834–847. 

Calvert, K. E. (2018). Measuring and Modelling the Land-use Intensity and Land Requirements of Utility-scale Photovoltaic Systems in the 
Canadian Province of Ontario. The Canadian Geographer, 62(2), 1–12. 

Calvert, K., & Mabee, W. (2015). More Solar Farms or More Bioenergy Crops? Mapping and Assessing Potential Land-Use Conflicts among 
Renewable Energy Technologies in Eastern Ontario, Canada. Applied Geography, 56, 209–221. 

Capellán-Pérez, I., de Castro, C., & Arto, I. (2017). Assessing Vulnerabilities and Limits in the Transition to Renewable Energies: Land 
Requirements Under 100% Solar Energy Scenarios. Renewable and Sustainable Energy Reviews, 77, 760–782. 

Cicia, G., Cembalo, L., Del Guidice, T., & Palladino, A. (2012). Fossil Energy Versus Nuclear, Wind, Solar And Agricultural Biomass: Insights 
from an Italian National Survey. Energy Policy, 42, 59–66. 



40Energy Innovation Reform Project  |  October 2020

LAND USE REQUIREMENTS OF SOLAR AND WIND POWER GENERATION

Dale, V. H., Efroymson, R. A., & Kline, K. L. (2011). The Land Use–Climate Change–Energy Nexus. Landscape Ecology, 26, 755–773. 

Day, M. (2018). Land Use Planning for Large-Scale Solar. National Renewable Energy Laboratory. 

Deason, W. (2018). Comparison of 100% Renewable Energy System Scenarios with a Focus on Flexibility and Cost. Renewable and 
Sustainable Energy Reviews, 81(3), 3168–3178. 

De Boer, C., Heritt, R., Bressers, H., Alonso, P. M., Jiménez, V. H., Pacheo, J. D., & Bermejo, L. R. (2015). Local Power and Land Use: Spatial 
Implications for Local Energy Development. Energy, Sustainability and Society, 5(31). 

Delicado, A., Figueiredo, E., & Silva, L. (2016). Community Perceptions of Renewable Energies in Portugal: Impacts on Environment, 
Landscape and Local Development. Energy Research & Social Science, 13, 84–93. 

Denholm, P., Hand, M., Jackson, M., & Ong, S. (2009). Land-Use Requirements of Modern Wind Power Plants in the United States. National 
Renewable Energy Laboratory, Technical Report. 

Department of Energy. (2015). Quadrennial Technology Review. 

Department of Energy. (2012). SunShot Vision Study: Solar Power Environmental Impacts and Siting Challenges.  

Dijkman, T. J., & Benders, R. M. J. (2010). Comparison of Renewable Fuels Based on Their Land Use Using Energy Densities. Renewable and 
Sustainable Energy Reviews, 14, 3148–3155. 

Enevoldsen, P., & Valentine, S. V. (2016). Do Onshore and Offshore Wind Farm Development Patterns Differ? Energy for Sustainable 
Development, 35, 41–51. 

Freiberg,  A., Schefter, C., Girbig, M., Murta, V. C., & Seidler, A. (2019). Health Effects of Wind Turbines on Humans in Residential Settings: 
Results of a Scoping Review. Environmental Research, 169, 446–463. 

Fritsche, U. R., Berndes, G., Cowie, A. L., Dale, V. H., Kline, K. L., Johnson, F. X., … Woods, J. (2017). Energy and Land Use. Global Land 
Outlook. 

Froese, R., & Schilling, J. (2019). The Nexus of Climate Change, Land Use, and Conflicts. Current Climate Change Reports, 5, 24–35.

Fthenakis, V., & Chul Kim, H. (2009). Land Use and Electricity Generation: A Life-cycle Analysis. Renewable and Sustainable Energy Reviews, 
13(6), 1465–1474. 

Geurin, T. F. (2019). Impacts and Opportunities from Largescale Solar Photovoltaic (PV) Electricity Generation on Agricultural Production. 
Environmental Quality Management, 28(4), 7–14. 

Gibson, L., & Wilman, E. (2017). How Green Is “Green” Energy? Trends in Ecology & Evolution, 32(12). 

Grilli, G., De Meo, I., Garegnani, G., & Paletto, A. (2016). A Multi-criteria framework to Assess the Sustainability of Renewable Energy 
Development in the Alps. Journal of Environmental Planning and Management, 1276–1295. 

Hadian, S., & Madani, K. (2014). A System of Systems Approach to Energy Sustainability Assessment: Are All Renewables Really Green? 
Ecological Indicators, 52, 194–206. 

Hernandez, R. R., Armstrong, A., Burney, J., Ryan, G., Moore-O’Leary, K., Diédhiou, I., … Kammen, D. M. (2019). Techno-ecological Synergies of 
Solar Energy for Global Sustainability. Nature Sustainability, 2, 560–568. 

Hernandez, R. R., Easter, S. B., Murphy-Mariscal, M. L., Maestre, F. T., Tavassoli, M., Allen, E. B., … Allen, M. F. (2014). Environmental Impacts of 
Utility-Scale Solar Energy. Renewable and Sustainable Energy Reviews, 29, 766–779. 

Hernandez, R. R., Hoffacker, M. K., & Field, C. B. (2013). Land-Use Efficiency of Big Solar. American Chemical Society Publications, 48, 
1315–1323. 



41Energy Innovation Reform Project  |  October 2020

LAND USE REQUIREMENTS OF SOLAR AND WIND POWER GENERATION

Hernandez, R. R., Hoffacker, M. K., Murphy-Mariscale, M. L., Wu, G. C., & Allen, M. F. (2015). Solar Energy Development Impacts on Land Cover 
Change and Protected Areas. PNAS, 112(44), 13579–13584. 

Huber, N., Hergert, R., Price, B., Zäch, C., Hersperger, A. M., Pütz, M., Kienast, F., & Bolliger, J. (2017). Renewable Energy Sources: Conflicts 
and Opportunities in a Changing Landscape. Regional Environmental Change, 17, 1241–1255. 

Jacobson, M. Z. (2015). 100% Clean and Renewable Wind, Water, and Sunlight (WWS) All-sector Energy Roadmaps for the 50 United States. 
Royal Society of Chemistry, 8, 2093–2117. 

Jacobson, M. Z., & Archer, C. L. (2012). Saturation Wind Power Potential. PNAS, 109(39), 15679–15684. 

Jacobson, M. Z., & Delucchi, M. A. (2011). Providing All Global Energy with Wind, Water, and Solar Power, Part I: Technologies, Energy 
Resources, Quantities and Areas of Infrastructure, and Materials. Energy Policy, 39(3), 1154–1169. 

Jacobson, M. Z., Howarth, R. W., Delucchi, M. A., Scobie, S. R., Barth, J. M., Dvorak, M. J., … Ingraffea, A. R. (2013). Examining the Feasibility of 
Converting New York State’s All-Purpose Energy Infrastructure to One Using Wind, Water, and Sunlight. Energy Policy, 57, 585–601. 

Jenkins, J. D., Luke, M., & Thernstrom, S. (2018). Getting to Zero Carbon Emissions in the Electric Power Sector. Joule, 2(12), 2498–2510. 

Johansson, B. (2013). Security Aspects of Future Renewable Energy Systems–A Short Overview. Energy, 61, 598–605. 

Jones, N. F., Pejchar, L., & Kiesecker, J. M. (2015). The Energy Footprint: How Oil, Natural Gas, and Wind Energy Affect Land for Biodiversity 
and the Flow of Ecosystem Services. BioScience, 65(3), 290–301. 

Jordaan, S. M., Heath, G. A., Macknick, J., Bush, B. W., Mohammadi, E., Ben-Horin, D., … Marceau, D. (2017). Understanding the Life Cycle 
Surface Land Requirements of Natural Gas-Fired Electricity. Nature Energy, 2, 804–812. 

Kaza, N., & Curtis, M. P. (2014). The Land Use Energy Connection. Journal of Planning Literature, 29(4), 355–369. 

Kiesecker, J. M., Evans, J. S., Fargione, J., Doherty, K., Foresman, K. R., Kunz, T. H., …  Niemuth, N. D. (2011). Win-Win for Wind and Wildlife: A 
Vision to Facilitate Sustainable Development. PLoS ONE, 6(4). 

Kleemann, M. (1998). Potentials and Limits of Renewable Sources of Energy. Fusion Technology, 33(2), 399–406. 

Kreuter, U. P., Iwaasa, A. D., Theodori, G. L., Ansley, R. J., Jackson, R. B., Fraser, L. H., … Moya, E. G. (2016). State of Knowledge about Energy 
Development Impacts on North American Rangelands: An Integrative Approach. Journal of Environmental Management, 180, 1–9. 

Lambin, E. F., Turner, B. L., Geist, H. J., Agbola, S. B., Angelsen, A., Bruce, J. W., … George, P. S. (2001). The Causes of Land-use and Land-
cover Change: Moving Beyond the Myths. Global Environmental Change. 

Li, Y., Miskin, C. K., & Agrawal, R. (2018). Land Availability, Utilization, and Intensification for a Solar Powered Economy. Proceedings of the 13th 
International Symposium on Process Systems Engineering, 44, 1915–1920. 

Lovich, J. E., & Ennen, J. R. (2011). Wildlife Conservation and Solar Energy Development in the Desert Southwest, United States. Bioscience, 
61 (12), 982–992.

Luderer, G., Pehl, M., Arvesen, A., Gibon, T., Bodirsky, B. L., Sytze de Boer, H., … Hertwich, E. G. (2019). Environmental Co-benefits and 
Adverse Side-effects of Alternative Power Sector Decarbonization Strategies. Nature Communications, 10. 

Macknick, J. (2019). Co-location of Agriculture and Solar: Opportunities to Improve Energy, Food, and Water Resources. National Renewable 
Energy Laboratory. 

Maclaurin, G., Grue, N., Lopez, A., & Heimiller, D. (2019). The Renewable Energy Potential (reV) Model: A Geospatial Platform for Technical 
Potential and Supply Curve Modeling. National Renewable Energy Laboratory.

Mai, T., Wiser, R., Sandor, D., Brinkman, G., Heath, G., Denholm, P., Hostick, D. J., Darghouth, N., Schlosser, A., & Strzepek, K. (2012). Exploration of 
High-Penetration Renewable Electricity Futures. Vol. 1 of Renewable Electricity Futures Study. National Renewable Energy Laboratory. 



42Energy Innovation Reform Project  |  October 2020

LAND USE REQUIREMENTS OF SOLAR AND WIND POWER GENERATION

May, R., Nygård, T., Falkdalen, U., Åström, J., Hamre, Ø.,  & Stokke, B. G. (2020). Paint It Black: Efficacy of Increased Wind Turbine Rotor Blade 
Visibility to Reduce Avian Fatalities. Ecology and Evolution, 10(16), 8927–8935. 

McDonald, R. I., Fargione, J., Kiesecker, J., Miller, W. M., & Powell, J. (2009). Energy Sprawl or Energy Efficiency: Climate Policy Impacts on 
Natural Habitat for the United States of America. PLoS One, 4(8). 

Melillo, J. M., Richmond, T. C., & Yohe, G. W. (2014). Climate Change Impacts in the United States: The Third National Climate Assessment. 
U.S. Global Change Research Program, 841. 

Mendecka, B., & Lombardi, L. (2019). Life Cycle Environmental Impacts of Wind Energy Technologies: A Review of Simplified Models and 
Harmonization of the Results. Renewable and Sustainable Energy Reviews, 111, 462–480. 

Meyers, J., & Meneveau, C. (2011). Optimal Turbine Spacing in Fully Developed Wind Farm Boundary Layers. Wind Energy. 

Milbrandt, A. R., Heimiller, D. M., Perry, A. D., & Field, C. B. (2014). Renewable Energy Potential on Marginal Lands in the United States. 
Renewable and Sustainable Energy Reviews, 29, 473–481. 

Miller, Lee. (2020). The warmth of wind power. Physics Today, 8 (58).

Miller, L. M., & Keith, D. W. (2018). Climatic Impacts of Wind Power. Joule, 2(12), 2618–2632. 

Miller, L. M., & Keith, D. W. (2018). Observation-based Solar and Wind Power Capacity Factors and Power Densities. Environmental Research 
Letters, 13. 

Miller, L. M., & Keith, D. W. (2019). Addendum: Observation-based Solar and Wind Power Capacity Factors and Power Densities. 
Environmental Research Letters, 14(7). 

Miller, L. M., & Keith, D. W. (2019). Corrigendum: Observation-based Solar and Wind Power Capacity Factors and Power Densities. 
Environmental Research Letters, 14(7). 

Miskin, C. K., Li, Y., Perna, A., Ellis, R. G., Grubbs, E. K., Bermel, P., & Agrawal, R. (2019). Sustainable Co-production of Food and Solar Power to 
Relax Land-Use Constraints. Nature Sustainability, 2, 972–980.

Moroni, S., Antoniucci, V., & Bisello, A. (2016). Energy Sprawl, Land Taking and Distributed Generation: Towards a Multi-Layered Density. 
Energy Policy, 98, 266–273. 

Mulvaney, D. (2019). Solar Power: Innovation, Sustainability, and Environmental Justice. University of California Press. 

Murphy, D. J., Horner, R. M., & Clark, C. E. (2015). The Impact of Off-site Land Use Energy Intensity on the Overall Life Cycle Land Use Energy 
Intensity for Utility-scale Solar Electricity Generation Technologies. Journal of Renewable and Sustainable Energy, 7. 

Noori, M., Kucukvar, M., & Tatari, O. (2015). A Macro-level Decision Analysis of Wind Power as a Solution for Sustainable Energy in the USA. 
International Journal of Sustainable Energy, 34(10), 629–644. 

Northrup, J. M., & Wittemyer, G. (2012). Characterising the Impacts of Emerging Energy Development on Wildlife, with an Eye Towards 
Mitigation. Ecology Letters. 

Oakleaf, J. R., Kennedy, C. M., Baruch-Mordo, S., West, P. C., Gerber, J. S., Jarvis, L., & Kiesecker, J. (2015). A World at Risk: Aggregating 
Development Trends to Forecast Global Habitat Conversion. PLoS One, 10(10). 

Obermeyer, B., Manes, R., Kiesecker, J., Fargione, J., & Sochi, K. (2011). Development by Design: Mitigating Wind Development’s Impacts on 
Wildlife in Kansas. PLoS One, 6(10). 

Ong, S., Campbell, C., & Heath, G. (2012). Land Use for Wind, Solar, and Geothermal Electricity Generation Facilities in the United States. 
Electric Power Research Institute. 



43Energy Innovation Reform Project  |  October 2020

LAND USE REQUIREMENTS OF SOLAR AND WIND POWER GENERATION

Peters, I. M., & Buonassisi, T. (2019). The Impact of Global Warming on Silicon PV Energy Yield in 2100. Massachusetts Institute of Technology. 

Pocewicz, A., Copeland, H., & Kiesecker, J. (2011). Geography of Energy Development in Western North America: Potential Impacts on 
Terrestrial Ecosystems. In D. E. Naugle (Ed.), Energy Development and Wildlife Conservation in Western North America, 7–22. 

Pocewicz, A., Copeland, H., & Kiesecker, J. (2011). Potential Impacts of Energy Development on Shrublands in Western North America. Natural 
Resources and Environmental Issues, 17(14). 

Poggi, F., Firmino, A., & Amado, M. (2018). Planning Renewable Energy in Rural Areas: Impacts on Occupation and Land Use. Energy, 155, 
630–640. 

Tabassum-Abbasi, M. P., Abbasi, T., & Abbasi, S. A. (2014). Wind Energy: Increasing Deployment, Rising Environmental Concerns. Renewable 
and Sustainable Energy Reviews, 31, 270–288. 

Rand, J. T., Kramer, L. A., Garrity, C. P., Hoen, B. D., Diffendorfer, J. E., Hunt, H. E., & Spears, M. (2020). A Continuously Updated, Geospatially 
Rectified Database of Utility-Scale Wind Turbines in the United States. Scientific Data, 7(15). 

Rodrigues, M., Montañés, C., & Fueyo N. (2010). A Method for the Assessment of the Visual Impact Caused by the Large-scale Deployment of 
Renewable-energy Facilities. Environmental Impact Assessment Review, 30(4), 240–246. 

Sánchez-Pantoja, N., Vidal, R., & Pastor, C. M. (2018). Aesthetic Impact of Solar Energy Systems. Renewable and Sustainable Energy Reviews, 
98, 227–238. 

Shum, R. Y. (2017) A Comparison of Land-Use Requirements in Solar-Based Decarbonization Scenarios. Energy Policy, 109, 460–462. 

Snyder, B., & Kaiser, M. J. (2009). Ecological and Economic Cost-Benefit Analysis of Offshore Wind Energy. Renewable Energy, 34, 1567–1578. 

Theobald, D. M., Leinwand, I., Anderson, J. J., Landau, V., & Dickson, B. G. (2019). Loss and Fragmentation of Natural Lands in the 
Conterminous U.S. from 2001 to 2017. Conservation Science Partners. 

Trainor, A. M., McDonald, R. I., & Fargione, J. (2016). Energy Sprawl Is the Largest Driver of Land Use Change in United States. PLoS One, 11(9). 

Turney, D., & Fthenakis, V. (2011). Environmental Impacts from the Installation and Operation of Large-Scale Solar Power Plants. Renewable 
and Sustainable Energy Reviews, 15(6), 3261–3270. 

U.S. Department of Energy. (2015). Enabling Wind Power Nationwide.

Van Zalk, J., & Behrens, P. (2018). The Spatial Extent of Renewable and Non-renewable Power Generation: A Review and Meta-Analysis of 
Power Densities and Their Application in the U.S. Energy Policy, 123, 83–91. 

Vis, I. F. A., & Ursavas, E. (2016). Assessment Approaches to Logistics for Offshore Wind Energy Installation. Sustainable Energy Technologies 
and Assessments, 14, 80–91. 

Waite, J. L. (2017). Land Reuse in Support of Renewable Energy Development. Land Use Policy, 66, 105–110. 

Walston, L. J., Mishra, S. K., Hartmann, H. M., Hlohowskyj, I., McCall, J., & Macknick, J. (2018). Examining the Potential for Agricultural Benefits 
from Pollinator Habitat at Solar Facilities in the United States. Environmental Science Technology, 52(13), 7566–7576. 

Walston Jr., L. J., Rollins, K. E., LaGory, K. E., Smith, K. P., & Meyers, S. A. (2016). A Preliminary Assessment of Avian Mortality at Utility-scale 
Solar Energy Facilities in the United States. Renewably Energy, 92, 405–414. 

Wang, S., & Wang, S. (2015). Impacts of Wind Energy on Environment: A Review. Renewable and Sustainable Energy Reviews, 49, 427–433. 

Wu, G. C., Leslie, E., Allen, D., Sawyerr, O., Cameron, D., Brand, E., … Olson, A. (2019). Power of Place: Land Conservation and Clean Energy 
Pathways for California. The Nature Conservancy. 



44Energy Innovation Reform Project  |  October 2020

LAND USE REQUIREMENTS OF SOLAR AND WIND POWER GENERATION

Wu, G. C., Torn, M. S., & Williams, J. H. (2014). Incorporating Land-Use Requirements and Environmental Constraints in Low-Carbon Electricity 
Planning for California. Environmental Science and Technology, 49, 2013–2021. 

Yenneti, K., Day, R., & Golubchikov, O. (2016). Spatial Justice and the Land Politics of Renewables: Dispossessing Vulnerable Communities 
through Solar Energy Mega-projects. Geoforum, 76, 90–99. 

Zaimes, G. G., Hubler, B. J., Wang, S., & Khanna, V. (2015). Environmental Life Cycle Perspective on Rare Earth Oxide Production. ACS 
Sustainable Chemistry & Engineering, 3(2), 237–244. 

Zhou, L., Tian, Y., Roy, S. B., Thorncroft, C. D., Bosart, L., & Hu, Y. (2012). Impacts of Wind Farms on Land Surface Temperature. Nature Climate 
Change, 2(7), 539–543. 



45Energy Innovation Reform Project  |  October 2020

LAND USE REQUIREMENTS OF SOLAR AND WIND POWER GENERATION

About the Author

Paul J. Saunders is President of Energy Innovation Reform Project. An 
experienced non-profit executive and thought leader on energy, climate change, 
and foreign policy issues, he was Executive Director of the Center for the 
National Interest from 2005 to 2019. At that time, Saunders was also Associate 
Publisher of the the Center’s magazine, The National Interest. He remains a 
member of the Center’s board of directors. Mr. Saunders served as a Senior 
Advisor to the Under Secretary of State for Global Affairs from 2003 to 2005. In 
that capacity, he worked on a variety of international issues including energy 

and climate change and contributed to establishing the U.S.-China Global Issues Forum, a government-
to-government dialogue on transnational challenges. 

Saunders has written extensively for major newspapers and journals and has been a frequent 
commentator in national media, including CNN, Fox, and MSNBC. He has written or edited several 
reports on energy and foreign policy issues. Saunders earned a B.A. and and M.A. in Political Science 
from the University of Michigan.



Energy Innovation Reform Project
3100 Clarendon Boulevard, Suite 200

Arlington, VA 22201
www.innovationreform.org
info@innovationreform.org


	_Hlk52087815
	_Hlk52089325
	_Hlk52074773
	_Hlk51851257
	_Hlk51851707
	_Hlk51853156
	_Hlk51853247
	_Hlk51853272
	_Hlk51855629
	_Hlk51856181
	_Hlk51856792
	_Hlk51857055
	_Hlk51867902
	_Hlk51867931
	_Hlk51868024
	_Hlk51869140
	_Hlk51902786
	_Hlk51907335
	_Hlk52185289
	_Hlk51910367
	_Hlk52249035
	_Hlk52186440
	_Hlk52077314
	_Hlk52079407
	_Hlk51928457
	_Hlk51933720
	_Hlk51935560
	_Hlk52222615
	_Hlk51992415
	_Hlk52290782
	_Hlk52280274
	_Hlk52280338
	_Hlk52290636
	_Hlk52290666
	_Hlk52288211
	_Hlk52288834
	_Hlk52279742
	_Hlk52289616
	_Hlk52287352
	_Hlk52290844
	Acronyms
	Executive Summary
	1. Purpose, Scope, and Methods
	2. Key Terms and Concepts
	3. America’s Evolving Electricity Sector: 
An Overview
	4. Policies and Proposals to Promote Solar and Wind Generation
	Federal research on solar and wind power
	Federal policies promoting solar and wind power
	State policies promoting solar and wind power
	Federal policy proposals

	5. Impact of Solar and Wind Power on Land Use: Key Research Findings 
	Finding 1: There is no consensus on definitions and assumptions used in solar and wind land use analyses.
	Finding 2: The potential space impacts of solar and wind facilities depend on many factors and can vary widely.
	Finding 3: Solar and wind are likely to affect significantly more land than other electricity sources.
	Finding 4: Solar and wind facilities are associated with significant quality impacts.
	Finding 5: Developing a 100% renewable energy system would be challenging from a land use policy perspective.

	Conclusion
	References 
	Appendix: Studies Reveiwed
	About the Author

