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INTRODUCTION

By 2040, the amount of land needed to meet the United 
States’ growing energy requirements will increase 
by 27%, directly affecting an estimated 200,000 
square kilometers (sq. km.) of land with new energy 
development (Trainor et al. 2016, 1–16). This is the 
projected result of both a changing energy portfolio and 
increasing demand. 

Over the last decade, for example, advances in drilling 
technology have unlocked considerable energy potential 
from 1.3 million sq. km. of land—roughly twice the 
size of Alaska—that had previously been ill-suited 
for conventional oil and gas development. Fossil 
fuel production demands constant land expansion 
as available resources are depleted. Production will 
continue to encroach on new land for as long as  
demand for these fuels persists.

If the U.S. sets ambitious targets for renewable energy 
development, with the ultimate goal of reaching net-
zero carbon emissions from energy by 2050, the share 
of land directly affected by new renewable energy 
infrastructure would increase dramatically (Larson 
et al. 2020, 1–345). Just meeting existing electricity 
demand with photovoltaics would require approximately 
290,000 sq. km. of land, assuming 150 MW/ sq. km. 
of electricity generation, a capacity factor of 25%, as 
well as perfect load balancing (U.S. Energy Information 
Administration, n.d.).1

1  Author’s calculation: sq. km. = (((annual electricity demand in MWh/365 days)/24hours)*4)/150 MW

In the lower 48 states, 63% of land is used for 
agricultural purposes (Economic Research Service, U. 
S. Department of Agriculture). As demand for energy 
infrastructure increases, land competition between 
energy and agricultural production will inevitably grow—
as will the potential advantages of co-locating these 
land uses where possible. 

We have already seen the shale boom drive mineral 
developers to many agricultural regions, and the result 
has been a surge in domestic fuel production and a 
significant secondary source of income for many farm 
operators (Hitaj and Suttles 2016, 1–47). In some 
states, like Oklahoma and Pennsylvania, oil and gas 
development leases provide up to 6% of gross cash 
farm income, and an even greater share of net income. 

In 2014, more than 10% of farms in 9 American  
states received energy production-related payments. 
Average payments can be sizable, exceeding $150,000 
in Pennsylvania and North Dakota. These leases can be 
immensely valuable to farm owners, since most American 
farms are small and depend on off-farm sources of 
income to remain operational (Economic Research 
Service, n.d; U. S. Department of Agriculture, n.d.). 

Although the co-location of energy infrastructure on 
farmland has historically been mostly limited to oil 
and gas development, on-farm solar development 
is increasingly becoming a financially viable and 
environmentally friendly alternative on American 
farmland. On-farm solar development can help meet 
the country’s swelling demand for carbon-free energy, 
offer farmers and rural communities a consistent and 
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long-term stream of income, and even boost agricultural 
productivity under the right circumstances. 

However, realizing these co-benefits at scale will require 
a long-term commitment and innovative solutions from 
local, state, and federal policymakers. In this policy 
digest, we lay out why farmers choose to lease their 
mineral rights, the unpredictable costs of on-farm oil  
and gas development, and why solar could be a  
better alternative. 

HOW MINERAL LEASING WORKS 

In the United States, most subsurface rights—the rights 
to minerals beneath the ground—are privately owned 
by individuals (Fitzgerald 2014, 1–7). Typically, energy 
companies interested in extracting minerals will lease 
land from owners rather than purchase the land outright. 
This is an effective way for the development companies 
to reduce capital expenses—reflecting their singular and 
short-term interest in the land. 

The compensation structure for these land leases 
typically includes an upfront payment as well as a royalty, 
which reflects a share of the gross revenue of any oil 
or gas that is ultimately extracted (typically between 
13 to 21%) (Brown et al. 2016, 23–38). Crucially, 
energy development companies can deduct expenses 
associated with transportation and processing from 
landowners’ royalty payments (Fitzgerald 2014, 1–7).

As one might expect, there is a substantial amount of 
information asymmetry between the lessee and the 
lessor in these arrangements. Company representatives 
have extensive experience negotiating agreements, while 
farm owners may only negotiate a mineral lease once 
in a lifetime. In addition, because oil and gas resources 
at a given site require expert analysis to approximate, 
the energy company generally has a more complete 
understanding of expected production than the mineral 
rights owner. 

Fuel prices are also a considerable source of revenue 
variability. In 2020, for example, the U.S. government 
saw its royalties from mineral rights fall from $2 billion 

between March and June, compared to $4 billion in the 
same period last year, because of the precipitous drop 
in fuel prices and production induced by the COVID-19 
pandemic (Knight 2020). 

Landowners have little recourse in response to 
disruptions in expected revenue since contracts can 
last for many years. And when prices fall, the post-
production costs deducted by developers can eat 
into farmers’ royalty checks, especially if their lease 
agreements do not address allowable deductions 
(Cusick and Sisk 2018).

Not only are oil and gas leases often uncertain value 
propositions, they also come with a number of serious 
economic and environmental risks for farmers (U.S. 
Geological Survey, n.d.). At best, development leads 
to increased traffic and noise pollution, and places 
increased demands on local water resources. At 
worst, oil and gas development leads to water and 
soil contamination and reduced land productivity 
(Environmental Protection Agency 2015, 1–25). 

A typical shale gas well can use 2 to 4 million gallons 
of water during fracturing, the process by which gas 
resources are extricated from subterranean rock 
formations (U.S. Department of Energy 2009, 1–98). 
Wells can drive-up local water prices or compel farmers 
to modify their operations (Dutzik et al. 2012, 1–43). 

Accidental water contamination or improper gas flaring 
can sicken or even kill livestock. Furthermore, according 
to a 2019 Energy Research & Social Science study 
that surveyed farmers in four midwestern states, many 
respondents reported relying on themselves or family 
to complete land reclamation efforts following oil or gas 
development (Haggerty et al. 2019, 84–92). 

For farmers who own their mineral rights and are 
approached by a developer, the security of a secondary 
source of income—even one that comes with the 
uncertainties of energy land leases—can be attractive. 
The promise of additional revenue often outweighs the 
environmental risks, an indication of the substantial 
economic pressures many farmers face. 

Yet for many rural communities, mineral leases may 
fail to provide much long-term benefit. The precise 
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economic effect of natural gas development remains 
an area of active research. A 2016 study found that 
employment and wages can grow in the first four years 
of gas development, but decline to pre-boom levels over 
time (Komarek 2016, 1–17). 

A 2014 study of the oil and gas boom in the American 
West in the 1970s and 1980s actually found that per 
capita incomes, following the bust, were 6% lower than 
pre-boom levels and that unemployment compensation 
remained elevated throughout the post-bust period 
(Jacobsen and Parker 2016, 1092–1128). The authors 
suggest that overspecialization in infrastructure and 
skills specific to the boom limited market participants’ 
ability to find new business and employment 
opportunities once the demand for extraction services 
receded and economic fundamentals changed.

Perhaps most importantly, a closer look at payment 
statistics reveals that the financial rewards of oil and gas 
development are not equally available to all American 
farmers, and instead largely accrue to a small subset 
(Hitaj et al. 2018, 1–31). In 2014, the top 10% of farmers 
receiving oil and gas payments received 18 times 
more money than the bottom 50% of farmers receiving 
payments. The mean payment to all farmers receiving 
oil and gas royalties was $43,736, dwarfing the median 
payment of just $6,600.

IS SOLAR A BETTER OPTION?

For all of their economic risks and environmental harms, 
mineral leases demonstrate an opportunity for the 
co-location of energy and agricultural production. On-
farm solar (or agrivoltaics) can offer farmers and rural 
landowners a smaller environmental footprint and fewer 
economic risks than oil and gas development, while still 
providing a reliable secondary source of income. As the 
country’s energy demand affects more and more land, 
agrivoltaics can also play a crucial role in accelerating 
the transition to renewables. 

First and foremost, solar panels present almost no 
risk of soil or water contamination when installed and 

maintained properly. In terms of water consumption, 
photovoltaic maintenance only requires enough water to 
occasionally wash dust and grime from panel surfaces 
(Clarke 2014). Compared to an oil or gas well, this water 
use is negligible. 

Further, solar panels produce no additional toxic waste, 
and aside from soil disturbance during installation 
or removal, they have little long-term impact on the 
productivity of the land on which they are sited. While 
larger solar installations can have negative effects on soil 
and vegetation, there are a number of measures—like 
careful siting, prudent landscaping, and re-vegetation—
that can mitigate these concerns (Dhar et al. 2020, 
134602). In general, solar panels have a dramatically 
more favorable environmental profile than traditional 
sources of power generation (Turney and Fthenakis 
2011, 3261–3270). 

Solar power is also a flexible, reliable, and scalable 
source of energy, especially on agricultural land. 
Whereas oil and gas wells require a minimum of  
5–10 acres of land, solar can be deployed to whatever 
scale a farm owner desires or is able to accommodate 
(MineralWise, n.d.). This means that solar can be 
developed on land that is already unused or unirrigated 
by farmers, minimizing disruptions to existing  
farm production. 

In 2011, the National Renewable Energy Laboratory 
estimated that Colorado had over 1,200 sq. km. of  
non-irrigated corners of center-pivot irrigation fields 
(Roberts 2011, 1–11). This land could, in theory, support 
890 sq. km. of solar fields without compromising 
agricultural productivity. 

While a farmer’s opportunity to capitalize on mineral 
rights is entirely dependent on whether or not there 
is an accessible oil or gas basin, photovoltaics are an 
economically viable investment for landowners across 
the country, and solar power is at its most productive 
(Adeh et al. 2019, 11442) when installed on croplands 
(McDonnell 2020). While temperature and average 
cloud cover determine the capacity factor of cells, solar 
is already being successfully deployed from Arizona  
to Maine. 
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Solar power is also immune to hyperbolic declines 
in production, as is possible with oil and gas drilling 
(see Figure 1) (U.S. Energy Information Administration 
2020). Instead, solar leases are long-term (Moore 
2017), typically lasting around 20 years, with fixed rental 
contracts instead of royalties (White). This reduces the 
economic risk borne by landowners, and while there is 
certainly risk associated with long-term agreements,  
the fixed payment structure—as well as fairly predictable 
life-cycle costs—can help farmers avoid imbalanced 
negotiations with developers and plan for the future 
(Xiarchos and Vick 2011, 1–86). 

In some cases, revenue from solar development 
can eclipse the revenue generated by harvest yields 
(Bookwalter 2019), though other studies have 
suggested that payback periods for on-farm solar 
projects are still too long (Colorado State University 
Extension, n.d., 45–48).

Still, the benefits of solar panels on farmland could 
extend far beyond simply providing a supplementary 
income source; they can, in the best case, actively 
enhance farm operations and improve agricultural yield. 
Agrivoltaics—the siting of elevated solar panels above 
crops, which continue to be cultivated—can confer 

FIGURE 1: TO COMPUTE ESTIMATED ULTIMATE RECOVERIES FOR WELLS, THE EIA USES A HYPERBOLIC MODEL IN ITS PRODUCTION DECLINE 
CURVE ANALYSIS. A REPRESENTATIVE PRODUCTION DECLINE CURVE IS SHOWN BELOW

Top Recipients of 
USDA Solar Aid # of Investments $ of Investment

North Carolina 325.0 918,519,825.8

Oregon 299.0 242,230,712.4

Kentucky 159.0 226,047,036.4

Arizona 104.0 211,713,946.1

South Carolina 69.0 194,953,131.3

Texas 157.0 148,983,690.3

Hawaii 96.0 119,087,442.1

Florida 63.0 108,500,828.2

Mississippi 41.0 92,610,083.8

Minnesota 247.0 92,213,506.9

FIGURE 2: THE TOP TEN STATE RECIPIENTS OF SOLAR ENERGY 
DEVELOPMENT AID FROM THE U.S. DEPARTMENT OF AGRICULTURE, 
FROM 2002 TO 2019
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a number of synergistic benefits, which oil and gas 
development cannot emulate (Barron-Gafford et al. 
2019, 848–855). 

Agrivoltaics are capable of reducing transpiration of 
water from plants and the evaporation of water from soil, 
thereby reducing farmers’ water use. Solar panels can 
also mitigate some of the light and heat stress that can 
have an adverse effect on crop photosynthesis. 

Finally, transpired water has a cooling effect on solar 
panels, improving their efficiency by at least 1% (Tricoles 
2017). While the effects of agrivoltaics on crop yield 
varies by species, some study results have shown a 
doubling in total fruit production and water efficiency in 
shade-tolerant and temperature-sensitive crops (Barron-
Gafford et al. 2019, 848–855). 

In the context of the wider economy, agrivoltaics can 
serve as a mitigant (Agostini et al. 2021, 116102) against 
market shocks or crop shortages and can help meet 
the energy demands of several farm operations such 
as pumping water, refrigeration, lighting, and sprinkler 
systems (Xiarchos and Vick 2011, 1–86). The benefits of 
agrivoltaics extend to livestock farming as well. The co-
siting of photovoltaics on a rabbit farm, for example, was 
recently shown to reduce operating costs by up to 8%, 
increase revenue by 17%, and cut fencing-related costs 
(Lytle et al. 2021, 124476).

REMAINING CHALLENGES  
AND OPPORTUNITIES 

The opportunities offered by on-farm solar development 
are considerable, especially when compared to mineral 
leases. However, there are some remaining economic 
and policy challenges that demand policy solutions 
before the full potential of co-locating agriculture and 
solar generation can be fully realized. These solutions 
would promote the (a) provision of public funds for 
rural energy development and incentive programs, (b) 
the circulation of tools and information that can help 
farmers make financially sound decisions, and (c) the 

implementation of streamlined land use policies to 
facilitate solar development and protect crop yields.

FUND SOLAR PROJECTS
Continued public funding is necessary to encourage 
the adoption of solar resources and ensure that such 
projects make financial sense for farm operators. 
There are already a number of (Tennessee Department 
of Energy and Conservation 2020; Massachusetts 
Farm Energy Program, n.d.) state and federal funding 
opportunities for farmers interested in investing in 
on-farm renewable energy projects, including a 30% 
federal business energy investment tax credit and a 25% 
Rural Energy for America Program grant from the U.S. 

FIGURE 3: AN “AGRIVOLTAIC” INSTALLATION

Source: https://www.foodsafetynews.com/2021/03/agrivoltaics-scores-impressive-triple-
win-but-some-food-safety-concerns-remain/
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Department of Agriculture (neither of which are available 
to oil and gas developers) (Hay 2016, 1–27). 

However, for agricultural land to host meaningful solar 
generation capacity and support a rapid transition to 
renewables, these funding opportunities ought to be 
accessible to a much wider community of farmers. 
Specifically, federal agencies, like the USDA, should 
direct greater public funding toward on-farm solar 
deployment. The availability of external funding is a 
significant determinant of the ultimate profitability and 
size of renewable energy systems adopted by farmers 
(Bazen and Brown 2009, 748–754; Beckman and 
Xiarchos 2013, 322–330).

In recent years, the federal government has aggressively 
stepped up its support of solar projects in rural America. 
Between 2002 and 2019, the USDA distributed over 

$7.7 billion in grant aid to support renewable energy 
development in rural communities (USDA, n.d.). Along 
with anaerobic digesters, solar projects have been the 
largest recipients of this USDA support in the past  
five years. 

These targeted grants and loan guarantees have 
helped small businesses cut their energy costs and 
energy consumption (USDA 2019). In 2015 alone, 
solar projects financed by the USDA’s Rural Energy 
for America Program generated 530,000 MWhs of 
electricity (Hitaj and Suttles 2016, 1–47). Still, federal 
support for investment in agricultural infrastructure 
remains relatively modest and should be significantly 
expanded in order to meet changing energy demands. 

Federal loan and grant programs still play a critical role 
in making solar development a profitable proposition 

FIGURE 4: THE EVOLUTION OF U.S. DEPARTMENT OF AGRICULTURE FUNDING OF VARIOUS ENERGY DEVELOPMENT PROJECTS, BY ENERGY TYPE, 
FROM 2002 TO 2019. SOLAR AND ANAEROBIC DIGESTER PROJECTS HAVE BEEN THE LARGEST RECIPIENTS OF USDA SUPPORT
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for farm operators and in sustaining investor interest 
(Petrovich et al. 2021, 106856). In 2015 and 2016, 
Colorado State University conducted 30 solar 
assessments for farmers interested in renewable 
systems deployment in pivots—land left unused owing 
to center-pivot irrigation (Colorado State University 
Extension, n.d. 45–48). Those researchers found that 
the average solar array would have generated lifetime 
energy savings of $156,000, in addition to $23,000 in 
payments for excess electricity sold back to the grid. The 
up-front cost of the average solar array was $137,000, 
before incorporating any federal grants and tax credits. 
Accounting for such credits, the total cost would fall to 
$71,000, significantly reducing the payback period and 
resulting in a return on investment of 4.7%.

INFORM FARMERS
Farm operators and rural communities need to be 
empowered with the information to make financially 
and environmentally sound decisions regarding on-
farm energy development. One of the central goals 
of policymakers interested in facilitating on-farm solar 
development should be to help clarify the full financial 
picture of a proposed project. Absent such support, it 
would be easy to discount on-farm renewable energy 
based on revenue figures alone: According to a USDA 
analysis, in 2014, the average payment to farm operators 
for leasing wind rights was $8,287, substantially 
less than the average payment of $43,736 from oil 
and gas (Hitaj et al. 2018, 1–31). While the USDA 
did not consider revenues associated with on-farm 
solar projects in that study, modern solar and wind 
installations have similar costs/kW and capacity factors 
in the same ballpark, so landowners can expect lease 
revenue from solar projects to be similarly modest (Mey 
2020; SolarLandLease, n.d.). It is worth noting, however, 
that wind power is significantly less energy dense than 
photovoltaic power in terms of kW/acre. This means 
that while costs/kW and capacity factors may be similar 
across both technologies, photovoltaics may offer 
farmers and developers the flexibility to generate more 
electricity from the same acreage.

Sound information and technical guidance, however, 
could allow on-farm solar projects to be financially 

viable investments that circumvent many of the risks 
associated with traditional oil and gas development. 
A key advantage of solar development, over oil or gas, 
is that solar radiation is much easier to estimate than 
subsurface mineral availability. 

Whereas oil and gas are found in relatively dense 
pockets of geological formations and require extensive 
site exploration to uncover and approximate, solar 
radiation is easily mappable based on geographic 
location, local topography, and surrounding vegetation. 
In fact, the National Renewable Energy Laboratory 
offers a solar calculator tool online that allows users to 
estimate the performance of solar facilities, based on 
their location and other variables (National Renewable 
Energy Laboratory, n.d.).

But solar radiation is just one of several inputs. 
For farmers considering leasing their land for solar 
development, the value of their land and the range 
of possible per-acre rental fees they could collect is 
essential information needed for negotiations with 
developers. According to Strategic Solar Group, annual 
per-acre rents for larger tracts of solar land can range 
from $300 to $800 depending on a state’s average 
capacity factor and land availability (White).

To help farmers navigate these financial considerations—
for land leases and personal projects alike—federally-
supported, no-cost energy audits should be made 
available to all farm owners (New York State Energy 
Research and Development Authority, n.d.). These audits 
would help operators identify possible applications of 
solar power and understand the costs, savings, and 
payback periods of possible solar development (among 
other energy-saving and emissions-reducing measures). 

Between 2016 and 2019, CSU Rural Energy Center 
administered its Farm Assessments for Solar Energy 
program, which provided 60 free evaluations to 
farmers about the feasibility of solar installations on 
their properties (Colorado State University Extension, 
n.d.). Colorado’s Energy Office also administers an 
Agricultural Energy Efficiency program, which provides 
free audits for eligible farms seeking to reduce energy 
expenses and implement cost-saving measures 
(Colorado Energy Office, n.d.). 
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Further expanding the reach of such programs—and 
leveraging emerging technologies such as LiDAR to 
improve and streamline auditing—could protect rural 
landowners in negotiations in a way that has never 
really been possible with oil and gas leases. These 
audits could give landowners confidence in moving 
forward with rental agreements or personal development 
projects—lending assurance that their investments 
are sound and ultimate revenues are fair, even if those 
revenues are relatively modest.

CLARIFY POLICIES
Land use, planning, and energy policies need to be 
clarified and made more consistent. On-farm solar 
development has the potential to directly compete with 
existing cropland if not planned and developed with 
sustained or improved agricultural productivity in mind. 
Finding this balance remains a major focus for state and 
local officials and policymakers (Bergan and Braun 2019).

The Grow Solar Initiative, a USDA-funded effort 
to boost the solar production potential of three 
Midwestern states, observes that regulatory and 
statutory inconsistencies for siting projects can be major 
obstacles to the growth of the solar industry (Grow 
Solar 2015). As the opportunities for shared land use 
become better understood, local and state governments 
need to outline clear and detailed guidelines for what 
constitutes appropriate and allowable shared use of 
agricultural land. 

In 2019, for example, North Dakota’s Public Service 
Commission approved the construction of a 200 MW 
utility-scale project on 1,600 acres of prime farmland 
(Lee 2019). Under existing North Dakota laws, this land 
would have been excluded from development if the 
overall effect on agricultural yields was perceived to be 
too large. Existing laws, however, did not specifically 
prescribe what constituted a large effect on agricultural 
yields, so the commission had to deliberate (unearthing 
microform documents from the 1970s in the process) 
before reaching a decision. 

Like North Dakota, Michigan has had to wrestle 
with decades-old laws blocking more rapid solar 
development. The state’s Farmland and Open Space 
Preservation Program, passed in 1975, requires 
participating farmers to maintain their farmland for 

agricultural uses in exchange for tax incentives and 
exemptions (Michigan Department of Agriculture and 
Rural Development). But the state decided in 2017 that 
commercial solar development was not a permissible 
activity on land preserved by the program, excluding 
one-third of the state’s farmland from solar electricity 
generation (the program covered 3 million acres 
in 2020) (Malewitz 2019; Michigan Department of 
Agriculture & Rural Development 2020, 1–20). 

Farmers interested in solar development could have 
exited the program, but they would have had to pay back 
the previous seven years of tax credits along with 6% 
interest—a prohibitive barrier (Malewitz 2019). It took 
another two years before the state revised its policy, 
allowing solar development for commercial and personal 
purposes on preserved farmland (Michigan Department 
of Agriculture & Rural Development 2019).

FINAL THOUGHTS

The use of agricultural land for solar electricity 
generation can support the U.S. farm sector, strengthen 
rural economies, and facilitate the country’s energy 
transition. The shale gas revolution of the last decade 
has offered valuable lessons for farmers and energy 
developers about how energy lease agreements 
should be structured in order to both promote energy 
development and protect farmers, local resources, 
and surrounding ecosystems. On-farm solar power 
eliminates many of the most serious environmental 
risks of oil and gas development and can, if deployed 
correctly, increase the productivity of crops  
and livestock. 

However, inconsistent regional land use policies, 
insufficient federal funding for development and 
research, and the inadequate availability of information 
mean that the full potential of solar development 
on American farmland has yet to be realized. The 
abundance of agricultural land in the United States 
could be a competitive advantage in national efforts  
to decarbonize, but until the necessary policy tools  
are leveraged, it is more likely to create unnecessary  
land competition.
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