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Achieving decarbonization goals to address global climate change and
increasing energy needs requires significant continued investments in solar
energy. The expansion of utility-scale solar development across the globe
has increased the pressure on land resources for energy generation and
other land uses (e.g., agriculture, biodiversity conservation). To address this
growing issue, greater emphasis has been placed on solar development
strategies that maximize the benefits of solar energy generation and multiple
ecosystem services, such as the development of agrivoltaics systems that
co-locate solar energy production and various forms of conservation and
agricultural land uses. The purpose of this paper is to systematically synthesize
the potential ecosystem services of agrivoltaics and summarize how these
development strategies could address several United Nations Sustainable
Development Goals (SDGs). Our review will focus on four broad potential
ecosystem services of agrivoltaics: (1) energy and economic benefits; (2)
agricultural provisioning services of food production and animal husbandry;
(3) biodiversity conservation; and (4) regulating ecosystem services such as
carbon sequestration and water and soil conservation. In particular, we will
highlight the state of the science, challenges, and knowledge gaps that
represent opportunities for further study to better understand how solar energy
deployment can facilitate sustainable development.
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Introduction

Achieving decarbonization goals to mitigate climate change
and meet our increasing global energy needs will require
significant continued investments in solar energy. Solar
energy development is currently the fastest growing electrical
generation utility sector in the world (REN21, 2021). In
the United States, solar energy electricity generation has
seen >20x growth in the past decade (Energy Information
Administration (EIA), 2021a) and is projected to be the
dominant renewable source of electricity by 2040 [Energy
Information Administration (EIA), 2021b].

Utility-scale solar energy developments [ground-mounted
photovoltaic (PV) facilities >1MW] are expected to comprise
the greatest portion of future solar electricity generation in
the U.S. [U.S. Department of Energy (DOE), 2021a] and
considerable amounts of land will be needed to meet these
projections. Globally, meeting net zero goals could require ~135
million acres (55 million ha) of land for solar energy production
by 2050, assuming a global increase in development to about
18 TW installed capacity [International Energy Agency (IEA),
2021] and solar energy land use of 7.5 ac/MW (3.0 ha/MW)
(Heath et al., 2022). Some estimates are even higher - 22
TW installed capacity by 2050, or about 165 million acres (67
million ha) (Fischer et al, 2022). The expansion of utility-
scale solar development globally has increased the pressure on
land resources for energy generation and other land uses (e.g.,
agriculture). Therefore, sustained development of solar energy
will depend on finding renewable energy solutions that synergize
the co-benefits of energy production, ecosystem services, and
other land uses. To address this growing issue, greater emphasis
has been placed on solar development land sharing strategies
that maximize the outputs of solar energy generation and
multiple ecosystem services.

One such land sharing strategy, broadly termed
“agrivoltaics; has emerged as a promising approach to
improve land productivity and maximize synergies among
energy, food, and environmental security (Dupraz et al., 2011;
Hernandez et al., 2019; Al Mamun et al., 2022). Here, we define
agrivoltaic (AV) systems as the co-location of ground-mounted
solar energy development and one or more of the following
agricultural activities: crop cultivation (“AV-cropping”),
animal husbandry (“AV-animal” e.g., livestock grazing,
apiaries), or habitat enhancement to improve ecosystem
services (“AV-habitat”). These types of AV systems have been
shown to improve efficiencies in land-use, water use, and
energy generation, as well as demonstrate the feasibility of
these dual land uses to mutually benefit various ecosystem
goods and services (Barron-Gafford et al., 2019; Hernandez
et al., 2019; Proctor et al, 2021). For example, research on
crop production in AV systems has shown the feasibility
of producing lower-growing shade-tolerant crops such as
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lettuces, tomatoes, kale, and peppers between and under the
partially-shaded rows of PV arrays (Marrou et al., 2013; Barron-
Gafford et al., 2019; Weselek et al., 2019; Hudelson and Lieth,
2021; Al Mamun et al, 2022). In addition, there is growing
evidence on the benefits of AV strategies to enhance onsite
habitat, such as the establishment and management of native
grasses and forbs, and the related potential ecosystem services
of these strategies for agricultural production, biodiversity
conservation, and regulation services related to carbon
sequestration and erosion control (Semeraro et al, 2018;
Walston et al., 2018, 2021; Siegner et al., 2019; Randle-Boggis
et al., 2020).

In 2015, the United Nations (UN) defined 17 Sustainable
Development Goals (SDGs) as a universal call to action to end
poverty, protect the planet, and improve the lives and prospects
of all people [United Nations General Assembly (UN), 2015].
Renewable energy development can meet many of these goals
and represents an important driver to the transition toward
sustainable energy production globally (Hernandez et al., 2020).
There are multiple potential ecosystem service benefits of AV
systems that align with these various UN SDGs - including those
related to energy and food production, biodiversity, and society.
While previous attempts have been made to align AV systems
with SDGs and other development goals (for example, see
Agostini et al., 2021 and Proctor et al., 2021), a comprehensive
synthesis of ecosystem services under our broadened definition
of AV systems has not yet been performed, nor has there been a
systematic overview of the research priorities in need of further
study to better understand future opportunities of AV systems
toward meeting SDGs.

The purpose of this paper to is to review and synthesize
the potential ecosystem services of AV systems and summarize
how these development strategies could address the UN
SDGs. Our review will focus on the four broad categories of
potential ecosystem services of AV systems (Figure 1): (1) energy
and economic benefits; (2) agricultural provisioning services:
food production and animal husbandry; (3) biodiversity
conservation; and (4) regulating ecosystem services such as
carbon sequestration and water and soil conservation. In
particular, we synthesize the state of the science, challenges and
tradeoffs, and knowledge gaps that represent opportunities for
further study to optimize the ecosystem service outputs of AV
systems. Finally, we present a summary of how solar energy
deployment can address SDGs such as SDG15 (integration of
solar with terrestrial ecosystem preservation). Where applicable,
we distinguish specific ecosystem services among the three
AV types:

e AV-cropping systems: the co-location of solar energy and
crop production.

e AV-animal systems: the co-location of solar energy and
animal husbandry and livestock grazing.
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FIGURE 1

Ecosystem Services of Agrivoltaic Systems. Agrivoltaic (AV)
systems have the potential to influence many different
ecosystem services depending on priorities and implementation
goals. Most clearly, AV systems produce electricity and thus
contribute directly to energy and economy (top circle, Section
Energy and economy). AV system configurations can also
support other services. Crops and livestock can be grown or
supported on land co-located with AV systems (right circle,
Section Agricultural production); natural habitat implemented at
AV systems can support plant and animal biodiversity to help
achieve conservation goals (bottom circle, Section Biodiversity);
thoughtful management can also result in beneficial supporting
and regulating services, including net primary production,
carbon sequestration and water and soil conservation (left circle,
Section Supporting and regulating services). These different
ecosystem services are not mutually exclusive, and thoughtfully
designed AV systems could result in multiple co-benefits.

e AV-habitat systems: the co-location of solar energy and
habitat restoration.

Review strategy

Following the Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA) guidelines for scoping
2018),
searches through June 2022 using Google Scholar with

reviews (Tricco et al, we conducted literature
no publication date restriction. This was supplemented by
searching reference lists and citations of included studies
Our search criteria included terms
[OR]

“solar energy” and “agriculture; [OR] “solar energy” and

and relevant reviews.

such as “agrivoltaics” and “ecosystem services,”
“livestock,” [OR] “solar energy” and “honeybees,” [OR] “solar
energy” and “grazing, [OR] “solar energy” and “habitat,
[OR] “solar energy” and “ecosystem services,” [OR] “solar
energy” habitat,” [OR]

habitat.” All authors were involved in reviewing papers for

and “pollinator “solar-pollinator
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eligibility. This protocol was not registered with an online
registration platform.

From the search terms and resulting number of articles
on Google Scholar, we excluded records that were not peer
reviewed and did not directly address the co-location of
solar and agriculture as defined above. Additional filtering
was applied to select only those articles that were in the
English language. The remaining articles were assessed for
relevant information including year of publication, geographic
location of the study, type of AV system, crop types (if
applicable), livestock species (if applicable), habitat types (if
applicable), keywords, and summary of results as determined
from the abstract.

Ecosystem services of agrivoltaic
systems

In this section, we review the various types of AV
systems and summarize the potential ecosystem services they
may provide. Ecosystem services are the direct and indirect
benefits that ecosystems provide to humans (Millennium
Ecosystem Assessment, 2005). There are four broad categories
of ecosystem services: provisioning services such as energy
and food production, regulating services such as carbon
sequestration and erosion control, cultural services such as
recreation, and supporting services such as photosynthesis
and net primary production. A summary of the ecosystem
services of AV systems is provided in Table 1. In general we
consider all AV systems to implement one of the following
dual land use strategies as presented in Table I: (1) the
co-location of solar development and on-site agricultural
production (AV-cropping or AV-animal), or (2) the co-
location of solar development and habitat enhancement
(AV-habitat) to improve pollination services to adjacent
agricultural fields and other ecosystem services on the
solar site.

Agrivoltaic systems have the potential to support all four
categories of ecosystem services. Below, we summarize the
ecosystem services of AV systems: provisioning services of
energy and food production and related economic benefits,
and the regulating, supporting, and cultural services that are
provided by AV systems (Figure 1). The alignment of these
ecosystem services with the UN SDGs is summarized in Table 2.

Energy and economy

Significant improvements in solar technologies have fueled
the continued growth of solar in the global electric sector.
The best-known service of photovoltaic systems (including
AV systems) is the low-carbon energy production these
systems can provide. While in operation, a solar energy
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TABLE 1 Ecosystem services of agrivoltaic systems.

Ecosystem service or benefit AV type?

10.3389/fsufs.2022.932018

References

Provisioning services

Food production from onsite cropping systems AV-cropping

Livestock grazing AV-animal
Beekeeping and other forms of animal husbandry AV-animal
Offsite agricultural services AV-habitat

Supporting & regulating services

Water conservation & water use efficiency

Biodiversity conservation AV-habitat

Soil quality & erosion control AV-habitat
Air quality, climate regulation, & carbon sequestration
Cultural services

Economic security and social equity All

AV-cropping; AV-habitat

AlJ; especially AV-habitat

Dupraz et al., 2011; Marrou et al., 2013; Dinesh and Pierce, 2016; Amaducci et al.,
2018; Barron-Gafford et al., 2019; Sekiyama and Nagashima, 2019; Agostini et al.,
2021; Hudelson and Lieth, 2021; Al Mamun et al., 2022

Andrew et al., 2021; Electric Power Research Institute (EPRI), 2022

Armstrong et al., 2021; Dolezal et al., 2021; Lytle et al., 2021

Walston et al., 2018

Ravi et al., 2016; Adeh et al., 2018; Barron-Gafford et al., 2019; Hernandez et al.,
2019; Parkinson and Hunt, 2020; Agostini et al., 2021; Walston et al., 2021; Al
Mamun et al., 2022

Ravi et al.,, 2016; Walston et al., 2018, 2021; Agostini et al., 2021; Blaydes et al.,
2021; Dolezal et al., 2021; Graham et al., 2021

Hernandez et al., 2019; Walston et al., 2021; Electric Power Research Institute
(EPRI), 2022

Hernandez et al., 2019; Agostini et al., 2021; Walston et al., 2021

Hernandez et al., 2019; Ram et al., 2020; Proctor et al., 2021; Al Mamun et al.,

2022

#AV-cropping: AV systems co-located with crop production; AV-animal: AV systems co-located with animal husbandry; AV-habitat: AV systems co-located with habitat restoration.

facility represents a carbon-free source of electricity [U.S.
Department of Energy (DOE), 2021a]. Estimates of projected
solar capacity growth suggest up to 22 TW of installed
capacity by 2050 globally in a scenario where 100% of
the power sector is supplied by renewable energy (Fischer
et al,, 2022). The associated land area (estimated as about
165 million acres or 67 million ha) is <0.5% of global
land mass, but also represents a significant opportunity for
AV systems to provide ecosystem services in addition to
energy production.

Information on the total global amount of electricity
generation from AV systems is lacking but recent estimates
suggest there could be >2.8 GW of global electricity
generation from AV-cropping systems (Gorjian et al,
2022), corresponding to ~21,000 ac (8,500 ha) using land
use assumptions from Heath et al. (2022). There could be
far greater global electricity generation from AV systems
co-located with native habitat restoration. Despite recent
research examining the opportunities for habitat restoration
within solar facilities in the U.S. and U.K (for example
see Blaydes et al, 2021 and Walston et al., 2021), there is
currently little quantitative information on the amount of
solar energy development with co-located native habitat
restoration activities. In the U.S. state of Minnesota, it is
estimated that about 1,400 ac (570 ha) of land operated for
solar energy production is co-located with native habitat
restoration, representing ~175 MW of electricity production
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[Minnesota Board of Water and Soil Resources (MN BWSR),
2021].

There is a growing body of evidence suggesting that some
AV designs may improve the efficiency of solar PV panels
and therefore improve energy production. Temperature has a
significant impact on solar PV panel operating efficiency. A
1°C increase in temperature can decrease panel efficiency by
0.6% when temperatures exceed 25°C (Barron-Gafford et al,
2019). During hot summer months when PV panel efficiency
is known to plateau and become less productive, AV systems
vegetated with cropping systems or native habitat can create
cooler microclimates under the PV panels, improving PV panel
life and performance (Adeh et al., 2018; Barron-Gafford et al,,
2019). In addition, advancements in solar technologies can also
act synergistically with AV systems to improve energy efficiency.
For example, in AV systems utilizing bifacial PV modules, the
undersides of the PV panels may utilize greater reflectance from
vegetation, leading to increased energy production (Rodriguez-
Gallegos et al., 2020). In addition, a recent study in Saudi
Arabia described how running water through the frame of
the PV panel functioned as a heat exchanger improving
the efficiency of the PV panel by nearly 10% (Li et al,
2022).

In addition to creating plant-friendly and more PV-efficient
cooler microclimates, some AV systems may also lower the net
energy requirements for a solar facility by improving the site’s
water use efficiency for plant irrigation by either (a) repurposing

frontiersin.org
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TABLE 2 Alignment of agrivoltaic systems toward the United Nations Sustainable Development Goals.

Goal AV type?

Alignment with agrivoltaic systems

SDG 1: No poverty All

SDG 2: Zero hunger AV-animal; AV-cropping

SDG 3: Good health and wellbeing All
SDG 4: Quality education
SDG 5: Gender equality

SDG 6: Clean water and sanitation AV-cropping; AV-habitat

SDG 7: Affordable and clean energy All
SDG 8: Decent work and economic growth All
SDG 9: Industry, innovation, and Infrastructure All
SDG 10: Reduced inequalities All

SDG 11: Sustainable cities and communities AV-animal; AV-cropping

SDG 12: Responsible consumption and production All
SDG 13: Climate action AV-habitat
SDG 14: Life below water All
SDG 15: Life on land All
SDG 16: Peace, justice, and strong institutions All
SDG 17: Partnerships All

All AV systems could have positive impacts on poor rural communities in terms
of energy and economic security and improve social equity

AV systems increases land productivity and can be used to increase food
production

AV systems reduce GHG emissions and other air pollutants in comparison to

other energy systems

AV systems improve the site’s water use efficiency by either (a) repurposing water
used for cleaning panels for irrigating crops or (b) reducing plant transpiration
due to shading from PV panels

As solar PV developments, AV systems produce affordable and clean energy
AV systems contribute to economic growth by providing job opportunities and
other sources of revenue in rural areas

AV systems help promote inclusive and sustainable industrialization of rural and
developing areas

AV systems may help reduce inequalities between industrialized and rural
communities by contributing to economic development in rural areas

AV systems may be developed close to cities and villages, providing these areas
with more sustainable access to food and clean energy

AV systems work to minimize inputs for energy and food production and
biodiversity conservation, thereby exemplifying responsible consumption of
resources

AV systems contribute in both reducing climate change by reducing GHG
emissions compared to other energy systems and improving the site’s carbon
sequestration potential through on-site habitat restoration (e.g., solar-pollinator
habitat)

In comparison to other energy sources, AV systems may support aquatic
biodiversity by reducing GHG emissions and other pollutants that may impact
waterbodies

AV systems support terrestrial biodiversity by minimizing the cumulative land
disturbance for energy and agricultural production and through on-site habitat
restoration (e.g., solar-pollinator habitat)

AV systems can provide peace and justice to poor communities and developing
countries by alleviating conflicts for energy sources

Large scale AV systems will leverage important partnerships between solar
developers, site operators, and members of the agricultural and natural resource

management communities

Refer to this table for references on the ecosystem services of agrivoltaic systems that support these alignments.
2AV-Cropping: AV Systems co-located with crop production; AV-Animal: AV systems co-located with animal husbandry; AV-Habitat: AV systems co-located with habitat restoration.

water used for cleaning panels for irrigating plants for
agricultural production, and/or (b) reducing evapotranspiration
due to shading from the PV panels (Hernandez et al., 2019).
Agrivoltaic systems have the potential to not only help
meet global decarbonization goals for the electricity grid, but
to also do so sustainably by simultaneously achieving other
environmental, economic, and social objectives (Hernandez
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et al., 2019; Proctor et al., 2021; Al Mamun et al., 2022). Solar
PV jobs are expected to reach 22.2 million by 2050 (Ram et al.,
2020). As agricultural areas are ideal locations for solar energy
development, AV developments may benefit rural economies
through jobs, tax revenues for local programs, and by providing
income diversification for farmers and landowners [Moore et al.,
2021; Electric Power Research Institute (EPRI), 2022]. Globally,
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this may be most positively impactful in rural arid landscapes
facing the most urgent needs for sustainable agriculture and
energy production and where the benefits of PV shading for crop
production and water use efficiency are highest (Parkinson and
Hunt, 2020).

Agricultural production

A variety of dual use opportunities have emerged to combine
AV systems with crop production, livestock grazing (Andrew
et al.,, 2021; Electric Power Research Institute (EPRI), 2022),
and other forms of animal husbandry such as beekeeping
and rabbit farming (Dolezal et al., 2021; Lytle et al., 2021).
Worldwide, farmland is being lost due to conversion to other
land uses (Hu et al, 2020) or becoming less productive
as a result of climate change (Ortiz-Bobea et al, 2021).
These factors place greater pressure to intensify agricultural
production on remaining farmland or to convert other natural
areas for agricultural purposes. Paradoxically, solar energy
development often competes with agriculture for land (Dupraz
et al, 2011) and represents one form of land use conversion
of former agricultural fields (Walston et al., 2021). As more
land for solar development is needed, there are concerns
regarding land use changes from converting agricultural land
from food production to energy production. AV-cropping and
AV-animal systems may mitigate these concerns by allowing
food production to occur at these sites (Marrou et al., 2013;
Dinesh and Pierce, 2016; Barron-Gafford et al., 2019; Sekiyama
and Nagashima, 2019). In addition, these multifunctional AV
systems can be mutually beneficial to both the solar industry
and the agricultural communities. For example, AV-cropping
and AV-animal systems may reduce operations and maintenance
(O&M) costs associated with water needs and vegetation
maintenance while also providing land access for agricultural
producers (Proctor et al., 2021). AV-habitat systems may also
be managed in a manner that reduces O&M costs while also
providing pollination services to nearby (offsite) agricultural
fields (Walston et al., 2018). Lower O&M costs may have positive
economic implications for the solar industry while the land
access and habitat restoration may positively impact agricultural
communities directly, by providing land for crop production,
and indirectly, by providing agricultural services to adjacent
offsite fields.

Co-locating crop production with solar energy development
has been deployed in different configurations throughout
Europe, Asia, Australia, and recently, the United States (Marrou
et al., 2013; Elamri et al., 2018; Barron-Gafford et al., 2019;
Toledo and Scognamiglio, 2021; Al Mamun et al, 2022).
Currently, most AV systems with co-located crop cultivation
are planted with high value and hand harvested crops (i.e.,
lettuces, tomatoes, saffron, kale, broccoli, eggplant, peppers,
etc.). A number of AV demonstrations have suggested that crop

Frontiersin Sustainable Food Systems

06

10.3389/fsufs.2022.932018

cultivation at solar facilities may be particularly useful in arid
regions where shading by PV panels can improve microclimate
conditions, such as temperature and soil moisture, and improve
the site’s water use efficiency for irrigation (Barron-Gafford
et al,, 2019; Parkinson and Hunt, 2020). Although the majority
of AV systems have focused on crop cultivation at relatively
small solar sites (<3 MW) using shade-tolerant specialty
crops that can be cultivated manually or with little equipment
needs, emerging research is examining how AV systems can be
integrated with more traditional shade-intolerant commercial
crops such as corn, soybeans, and wheat. For example, a
small-scale experimental field study in Japan suggests that
corn production could be achieved at solar PV facilities with
raised PV panels (Sekiyama and Nagashima, 2019). While
this study is limited in scale and replication, it is suggestive
of the potential feasibility of commercial crop production
at AV facilities and is being followed by current research in
the United States and elsewhere (e.g., U.S. Department of
Agriculture SCAPES Study, https://cris.nifa.usda.gov/cgi-bin/
starfinder/0?path=fastlink].txt&id=anon&pass=&search=R=
94424&format=WEBLINK). In these applications, there may
be additional considerations for designing solar systems that
could accommodate these traditional cropping systems (i.e.,
increasing PV panel height and the spacing between rows
of PV panels) or altering agricultural operations to facilitate
row crop agriculture with solar energy infrastructure (ie.,
modifying agricultural equipment to reduce risk of damage to
solar infrastructure). Future research is needed examine the
feasibility and cost implications of scaling AV systems to larger,
commercial cropping systems.

Several other demonstrations of AV systems have shown
that livestock grazing or other forms of animal husbandry
can be compatible with solar energy development (Table 1).
Livestock such as sheep may be particularly compatible
with solar infrastructure due to their relatively small size
and docile nature compared to other livestock [Al Mamun
et al., 2022; Electric Power Research Institute (EPRI), 2022].
For example, Andrew et al. (2021) found lamb growth
and production at a 1.4 MW (2.4 ha) solar facility in
Oregon comparable to growth and production on open
pastureland, demonstrating that land productivity can be
improved through AV systems that co-locate livestock grazing
and solar energy development. This could be particularly
beneficial for the sheep industry, which has been in decline
in the United States (The National Academies, 2008). While
concerns have been raised about the compatibility of AV
systems and other forms of livestock such as cattle [Electric
Power Research Institute (EPRI), 2022], future research may
help identify which solar development designs and types
of livestock might be most compatible for future AV-
grazing systems.

Other recent publications have argued for the utility of AV
systems as sites for other forms of animal husbandry such as

frontiersin.org


https://doi.org/10.3389/fsufs.2022.932018
https://cris.nifa.usda.gov/cgi-bin/starfinder/0?path=fastlink1.txt&id=anon&pass=&search=R=94424&format=WEBLINK
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Walston et al.

beekeeping (Armstrong et al., 2021; Dolezal et al., 2021). The
utilization of AV systems as apiaries for honey production could
have several ecosystem service benefits for honeybees and food
production. Honey, a specialty crop in its own right, is valued at
over $300,000,000 USD annually in the United States [United
States Department of Agriculture (USDA), 2021], and honey
production is reliant upon access to areas with high quantities
of nectar availability. Land use changes such as agricultural
intensification have led to reductions in land available to support
apiaries and resulting declines in the quality and quantity
of honey yields (Otto et al, 2016). As solar installations
become more common in agricultural settings, there is growing
opportunity for these sites to be co-managed with apiaries,
which could improve honey yields and the agricultural services
provided by managed honeybees (Dolezal et al., 2021). For
example, a study across solar facilities in the United Kingdom
found that if honeybee hives were installed at all existing
solar parks in 2017, the total pollination service benefit to
surrounding agricultural production would have been £5.9
million (Armstrong et al., 2021).

Biodiversity

Biodiversity provides several ecosystem services critical
to human wellbeing, such as assisting in food production,
pest control, and the purification of fresh water (Millennium
Ecosystem  Assessment, 2005). Worldwide, biodiversity is
threatened from the loss of native habitat as a result of
the expansion of human land uses (Ekroos et al., 2016).
In many areas, land conversion associated with agricultural
intensification has contributed to the loss of native grassland
systems and declines in biodiversity — most notably pollinator
populations (Kremen and Ricketts, 2000). In these agricultural
landscapes, land management approaches that focus on
providing diverse high-quality pollinator habitat may have an
important role in safeguarding pollinator populations and the
agricultural services they provide.

Recent attention has been placed on the role of AV-habitat
systems that integrate native habitat enhancement as a means to
conserve biodiversity and restore associated ecosystem services
[Walston et al., 2018, 2021; Hernandez et al., 2019; Dolezal et al.,
2021; Graham et al., 2021; Electric Power Research Institute
(EPRI), 2022]. In these configurations, most of the focus has
been placed on the creation and maintenance of pollinator-
friendly seed mixes of regionally native grasses, forbs, and other
wildflowers, within the solar infrastructure footprint, that attract
and support native insect pollinators by providing food sources,
refugia, and nesting habitat (“solar-pollinator habitat”; Walston
et al., 2018, 2021). The establishment of solar-pollinator habitat
could benefit biodiversity and be an important conservation
mechanism for some imperiled species (Hernandez et al,
2019). In addition, increased insect abundance and diversity
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associated with solar-pollinator habitat could restore ecosystem
services such as crop pollination and pest control that may
maintain or enhance production on nearby agricultural lands.
These potential benefits are inferred by years of field research
associating native habitat restoration in agricultural landscapes
with increases in pollinator populations and their agricultural
services. For example, habitat restoration near agricultural fields
can increase insect pollination services and resulting crop yields
of fruits such as strawberries and blueberries (Blaauw and Isaacs,
2014; Ganser et al., 2018), and there is additional evidence that
habitat restoration around other commercial crop fields, such as
soybeans, could improve insect pollination services (Levenson
etal., 2022) and provide habitat for natural enemies that feed on
crop pests (Gardiner et al., 2009).

While there is an abundance of evidence on the benefits of
habitat restoration in agricultural landscapes for biodiversity, the
concept of solar-pollinator habitat restoration is still relatively
new and there are questions regarding vegetation management,
compatibility with solar infrastructure, and ability to achieve
certain ecological objectives. Emerging research suggests that
in some areas, the partial shading of solar panels can benefit
the growth of native vegetation and increase insect diversity
(Graham et al, 2021). In addition, modeling studies have
demonstrated the important role solar facilities may serve in
the conservation of native insects through the establishment of
solar-pollinator habitat (Walston et al., 2018, 2021; Blaydes et al.,
2022).

Supporting and regulating services

Along with the provisioning services of energy and food
production and benefits to biodiversity, AV systems also have
the potential to positively influence other ecosystem services,
such as the regulation of climate, air quality, water, and soil
quality. Solar PV energy is one of the lowest emitting sources
of greenhouse gases (GHG) of all electricity generating types
[Hernandez et al., 2019; Agostini et al., 2021; U.S. Department of
Energy (DOE), 2021a], in large part because carbon-containing
fossil fuels are not combusted to produce energy. Analysis of
greenhouse gas emissions from solar facilities showed that these
systems have life-cycle greenhouse gas emissions from 10 to
50 times lower than fossil-fuel based power (Turconi et al,
2013; Ludin et al, 2018; Bosmans et al., 2021). The range of
lifecycle greenhouse gas emissions for solar PV facilities has been
found to be most dependent on the panel type, with mono-
crystalline silicon panels associated with the largest emissions
due to high energy requirements of production (Muteri et al.,
2020; Bosmans et al., 2021). Still, more than 99% of solar
PV facilities have lifecycle emissions lower than 100g CO;
eq/kWh (Bosmans et al., 2021). Creating AV-habitat systems can
offset these relatively small greenhouse gas emissions (through
vegetative capture of carbon), and improve air quality. As sites
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of agricultural production or habitat restoration, all types
of AV systems can influence flows of other supporting and
regulating ecosystem services such as net primary production,
soil carbon sequestration, soil stabilization, and water retention.
For example, AV systems can be designed to improve the site’s
water retention potential, as a result of increased shading from
vegetation and PV panels that reduces evaporation and plant
transpiration (Adeh et al,, 2018; Barron-Gafford et al., 2019;
Parkinson and Hunt, 2020).

AV-habitat habitat
restoration (“solar-pollinator habitat”) can also improve

systems co-located with native
the supporting services of photosynthesis and net primary
productivity (Huang et al,, 2013) and regulating services of
carbon sequestration, water retention, and erosion control.
As shading by solar panels may create more favorable
microclimates for the growth of native vegetation, the
above- and below-ground growth of these onsite plant
communities can better stabilize soil and provide greater
carbon sequestration potential compared to conventional solar
vegetation management practices (e.g., turfgrass) (Walston
et al, 2021). Native grasses and forbs typically have deeper
root systems than turfgrass (Schenk and Jackson, 2002), and
these deeper root systems can facilitate the accumulation of soil
organic carbon (Yang et al., 2019), improve soil stabilization to
minimize erosion, and reduce water runoff (Schulte et al., 2017).
Recent modeling results have demonstrated the potential for AV
systems co-located with native habitat restoration to improve
the site’s carbon sequestration potential and reduce erosion and
runoff (Walston et al., 2021). However, empirical evidence on
the regulating services of AV systems is sparse and the limited
available information suggests it may take several years for some
of these service benefits to be realized. For example, soil organic
carbon accumulates at former row-crop agricultural fields that
have been restored to native prairie grasses at a rate of ~0.68 Mg
C*ha_l*year_1 (McLauchlan et al., 2006). Therefore, it may
take several years for statistically distinguishable changes in soil
organic carbon to be detected once habitat restoration activities
have started at AV systems. At one solar site in the U.S., for
example, the solar site’s soil carbon content remained lower than
reference soils in a nearby natural area seven years after solar
site construction and revegetation (Choi et al., 2020).

Relating agrivoltaic systems to
Sustainable Development Goals

The potential ecosystem service benefits of AV systems
can be translated into numerous alignments with the UN’s
Sustainable Development Goals (SDGs). Our assessment
revealed potential alignments with 15 out of the 17 total SDGs
(Table 2). The strengths of AV systems that help them meet
these SDGs lie in the potential of these systems to (a) provide
food and energy security to poor or developing communities, (b)
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efficiently utilize water and other resources, (c) mitigate climate
change, and (d) benefit biodiversity. Some of the SDGs may be
addressed by any of the three AV types, whereas some SDGs may
be addressed by only one or two AV types. There are 11 SDGs
that can by addressed by any of the three AV types, including
SDG 1 (No Poverty), SDG 3 (Good Health and Wellbeing),
and SDG 7 (Affordable and Clean Energy). The underlying
mechanisms for the alignment between AV systems and these
SDGs is provided in Table 2.

Data gaps and research needs

AV systems represent a promising approach to improving
land use efficiency that will help achieve global sustainability
goals for energy, food, and environmental security. As an
emerging strategy in the development of multifunctional
landscapes, however, there are challenges and information gaps
associated with all AV systems that need to be addressed.
Here, we summarize tradeoffs, data gaps, and research needs
associated with AV systems that warrant further investigation
to implement AV systems at larger scales and further address
SDG goals.

As a land sharing strategy, AV systems (especially AV-
cropping systems) are often viewed as a compromise between
agriculture and energy production (Proctor et al, 2021; Al
Mamun et al., 2022) where these co-located outputs would not
be as great as their respective individual outputs of a single
land use (i.e., strictly solar development or strictly agriculture).
This may be particularly evident in AV-cropping systems that
require tradeoffs in shared space for crop cultivation and
PV panel infrastructure, which may result in (a) lower crop
yields due to loss of planting area and shading or (b) lower
energy production efficiency due to lower panel density from
increased spacing between PV arrays to accommodate cropping
systems. Technological modifications to PV panel height or
spacing (width) to accommodate AV vegetation (whether crops,
livestock feed, or habitat) can result in additional costs for the
solar system and effect the price of electricity (e.g., Schindele
et al., 2020).

There are land sharing tradeoffs between solar energy
development and vegetation management for all types of
AV systems - whether for onsite cropping systems, livestock
grazing and animal husbandry, or habitat restoration. To be
commercially feasible, many solar PV facilities are engineered
to require minimal racking materials and, as such, PV arrays
mounted close to the ground [e.g., <91 cm (<36 in) clearance]
are often constructed [Electric Power Research Institute (EPRI),
2022]. Low mounted PV panels limit the types of vegetation
that can be grown under and around the panels (vegetation
cannot grow tall enough to shade the PV panels and reduce
panel performance). The extent of vegetation management
for AV systems varies, and vegetation management requires
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relatively small equipment to be compatible with solar energy
infrastructure. Also, prescribed fires commonly used in the
management of native grassland habitats is not a compatible
vegetation management activity at solar sites (Walston et al,
2018) and vegetation management practices often specifically
aim to minimize fire risk at solar sites (e.g., regularly removing
thatch and dead vegetation).

The constraints of vegetation height and management
practices limit the types of crops that may be effectively grown
at AV-cropping systems and the types of vegetation that may be
grown for other AV systems used for livestock grazing, animal
husbandry, and biodiversity conservation (e.g., solar-pollinator
habitat). The vast majority of AV-cropping systems that have
been demonstrated are at relatively small solar sites (<3 MW)
with low-growing shade tolerant crops such as lettuces, peppers,
and tomatoes (Barron-Gafford et al., 2019; Hudelson and
Lieth, 2021). Additional research is needed to determine the
feasibility of AV systems with taller crops and other crop types
that may require more sunlight such as corn, soybeans, and
wheat. This would require additional studies examining the
technical and commercial feasibility of raised solar panels and
increased panel spacing to accommodate the co-location of these
commercial grain crops. Although some evidence suggests these
types of AV-cropping systems may be feasible at small scales
(e.g., Amaducci et al,, 2018; Sekiyama and Nagashima, 2019),
additional research is needed to understand the interactions
between crop production and energy development, equipment
needs, and costs of these AV-cropping systems at larger, more
commercial scales. Improving the feasibility of solar energy
development and cultivation of taller grain crops could create
opportunities for novel AV systems such as AV-bioenergy
production through the co-location of switchgrass and other
biofuel crops.

Livestock grazing practices at AV systems are also influenced
by the site’s PV infrastructure. For example, most AV-grazing
systems have demonstrated the compatibility of sheep grazing
at solar facilities [Campos Maia et al., 2020; Andrew et al,
2021; Electric Power Research Institute (EPRI), 2022]. Solar
grazing can benefit livestock, with vegetation providing for
food requirements and shade decreasing livestock water needs
(Hernandez et al., 2014; Campos Maia et al., 2020). Grazing
may also decrease solar facility O&M costs by decreasing the
need for mowing, and decrease fire hazards. Well-managed
grazing has proven to benefit plant diversity through a natural
process of winter and spring sheep grazing (Montag et al,
2016). Most studies to date have used sheep grazing as a model
to demonstrate the compatibility of solar development and
livestock grazing. Additional research is needed to understand
the feasibility of other livestock grazing practices at AV systems
and determine the types of livestock most compatible with
existing solar design configurations. Although larger livestock
such as cattle pose a greater risk of damaging PV infrastructure,
the U.S. Department of Energy has recently funded research on
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the feasibility of developing solar facilities that will support cattle
grazing [U.S. Department of Energy (DOE), 2021b]. Research
such as this will help identify the required modifications to solar
development designs to strengthen racking systems and increase
the height of panels to support cattle grazing [Electric Power
Research Institute (EPRI), 2022].

The tradeoffs between energy output and onsite vegetation
management also extend to several techno-ecological
Most AV

systems with solar-pollinator habitat are limited to planting

considerations for biodiversity conservation.
lower-growing native grasses and forbs and are selected based,
in part, on an assessment of the financial costs of seeding and
management [Electric Power Research Institute (EPRI), 2022].
These project designs, while likely to provide some amount
of ecological benefit, may not be optimal to achieve certain
ecological objectives (Dolezal et al., 2021). The conservation of
rare or at-risk species often requires specific habitat restoration
activities, and such activities will need to be allowed at solar
facilities if these sites are to be effective in focal species
conservation. For example, North American AV systems with
solar-pollinator habitat may not effectively work to conserve
populations of monarch butterfly (Danaus plexippus) - a
candidate species for listing under the U.S. Endangered Species
Act — without the onsite establishment of milkweed (Genus
Asclepias), the larval host plant (Lukens et al., 2020).

In the U.S., one approach to increasing the establishment
and ecological function of solar-pollinator habitat is through
the use of pollinator-friendly scorecards. The concept of
these scorecards is to assess the quality of vegetation planted
and managed at solar sites with respect to supporting
pollinators, by providing criteria to designate solar sites as
pollinator friendly. Sixteen states have developed scorecards
through partnerships between state agencies, universities, and
conservation consultants [Electric Power Research Institute
(EPRI), 2021; Fresh Energy, 2021]. These scorecards provide
guidance on enhancing the ecological services of solar
developments by providing considerations for increasing
native plant diversity (e.g., planting seed mixes of differing
flowering plant species, flower density, and diverse flowering
phenologies). Other criteria on the score cards include the use of
environmentally friendly pest and weed control methods such as
avoiding the use of pesticides on the sites. While the scorecards
are resulting in more AV systems utilizing habitat-enhancement,
they are not without criticism or shortcomings. For example,
there is limited attention to maintenance and evaluation of
the habitat quality over time, with only a few states including
requirements for maintenance reviews, generally at 2- to 5-
year intervals [Electric Power Research Institute (EPRI), 2021].
Establishing standardized long-term data collection systems,
therefore, could help address information gaps on the ecological
performance of solar-pollinator habitat. Additionally, field
research examining the establishment of different plant species
and the broader ecological responses to solar-pollinator habitat
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is necessary to understand the potential opportunities and
limits of solar-pollinator habitat as a biodiversity conservation
tool (Dolezal et al,, 2021). This research should also focus
on the selection of appropriate goals and indicators for
evaluating the ecological success of solar-pollinator habitat
(Prach et al,, 2019). Doing so could assist in the identification
of regionally appropriate and cost-effective seed mixes and
vegetation management strategies that can perform optimally in
AV systems to benefit biodiversity.

There are other considerations associated with converting
solar facilities into suitable habitat to drive biodiversity
conservation. Positive ecological outcomes of solar-pollinator
habitat could be region specific. For example, native vegetation
restoration in arid regions is often challenging and time
consuming (Lovich and Bainbridge, 1999), making it difficult
to establish solar-pollinator habitat in these areas to offset the
negative impacts of solar development on native vegetation and
insect communities, such as those observed in the southwestern
U.S. (Grodsky et al, 2021). Depending on various factors
such as previous land use and the scale and configuration of
development, AV-habitat systems with solar-pollinator habitat
could provide a net benefit for biodiversity conservation
(Blaydes et al., 2021; Walston et al., 2021). However, there are
concerns in some areas that solar panels can act as ecological
traps for some wildlife such as aquatic insects, resulting in
females attempting to oviposit eggs onto the surface of PV
panels that inevitably perish (Horvith et al., 2010). While some
of the negative effects on aquatic insects can be mitigated
by altering the design of the solar panels to make them less
attractive to insects (Horvith et al., 2010), more research is
needed on the biodiversity impacts of solar-pollinator habitat
and elucidating the potential role of these sites as ecological
traps. In addition, there is need for research that examines these
solar-wildlife interactions beyond insect communities to include
birds, mammals, and other vertebrate wildlife. Finally, further
consideration needs to be placed on proper siting for solar
developments if AV strategies are to optimally address SDGs.
The siting of any energy system is one of the most important
measures to understanding and minimizing environmental
impacts (Jager et al., 2021); therefore, AV siting should consider
factors such as the site’s previous land use and its ecosystem
service values.

There is also a lack of field data on the ecosystem services
of AV systems in terms of their ability to sequester carbon and
support sediment and water retention. To date, most studies of
the regulating ecosystem services of AV systems have relied on
models using fixed assumptions and inputs from other studies
(e.g., Walston et al., 2021). Future research is needed to directly
link specific vegetation management activities at AV systems
with quantifiable measures of their regulating ecosystem services
(e.g., carbon storage potential). This knowledge can be used
to guide future decisions on seed mixes, planting strategies,
and other management activities to optimize the ecological
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performance of AV-habitat systems. For example, this research
could help industry and regulators better quantify the amount
of carbon that could be offset or sequestered under certain AV
system designs, which could be used in setting and achieving
sustainable development objectives.

Conclusions

There are numerous opportunities for AV systems to
synergize the ecosystem service outputs of solar energy
production and other compatible land uses. AV systems also
align with several UN SDGs that could contribute to the global
transition to renewable energy and sustainable development.
The environmental benefits of AV systems are primarily created
by methods to optimize land productivity. Land productivity
can be optimized to meet a number of objectives for energy
and food production, biodiversity conservation, and climate
change mitigation. These objectives may not be mutually
exclusive. For example, climate change is an increasing threat
to agriculture and food security (Ortiz-Bobea et al, 2021).
Paradoxically, conventional agricultural practices are energy-
intensive and contribute to climate change by accounting for
about one-third of global GHG emissions (Gilbert, 2012). AV
systems can help mitigate the negative interactions between
climate change and agriculture by simultaneously improving
agricultural production in arid regions and offsetting declines in
food production from areas that have been impacted by climate
change, while also mitigating the impact of agricultural land use
practices toward climate change through lower GHG emissions
and improved energy and water use efficiency.

AV systems can directly and positively impact SDG 7
“Ensure access to affordable, reliable, sustainable, and modern
energy for all” by expanding and reducing the costs of solar
energy through reducing O&M costs over the life of the project,
creating new revenues streams, keeping agricultural land in
production, and enhancing ecosystem services on these solar
sites. While the advantages of AV systems align positively with
many of the other SDGs (as shown in Table 2), we believe the
strongest contributions could be made in SDG 9, 11, 13, and
15. For SDG 9, AV systems can help ensure rural areas have
consistent access to renewable energy, which will be important
for future energy and food needs. Similarly for SDG 11, AV
systems can be sited close to communities and cities that have
need for energy and nutritional food sources. For SDG 13, AV
systems will produce energy to offset fossil fuel sources, but also
provide a source of carbon and methane sequestration from
vegetation establishment. For SDG 15, AV systems can enhance
natural habitats to provide refuge for plant, animal, and insect
populations. These few examples highlight the relevance and
impact AV systems can have on UN SDG goals and the need for
more research to make these systems an established construction
method for the solar industry.
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Finally, as larger-scale AV systems are being considered
to address the energy and food security needs of larger
communities, there is greater need for partnerships between
solar developers, operators, and members of the agricultural
These
partnerships can be useful in facilitating the scaling of AV

and natural resource conservation communities.
systems by identifying cost-effective methods to integrate solar
energy development and agricultural activities early in project
conceptualization and design. In addition, these partnerships
may be useful in providing recommendations to policymakers
for the creation of incentives for AV systems, such as tax
incentives and development of cost sharing mechanisms for site
operation and maintenance.
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