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Executive Summary 

The rapid expansion of utility-scale solar energy (USSE) development presents a significant challenge to achieving renewable energy goals while minimizing impacts on land use and wildlife. Current USSE siting practices prioritize efficient and cost-effective development strategies that do not adequately consider ecological impacts. This problem necessitates the development of ecologically friendly siting and facility arrangement strategies that minimize the effects of solar development on ecosystems and wildlife while promoting sustainable land use practices. However, the best management practices needed to achieve these objectives are still quite ambiguous, with minimal research conducted to quantify wildlife impacts and provide clear guidelines for policy implementation. 

Distributed solar generation (DSG) presents an alternative development strategy, generating electricity close to demand centers using smaller, localized solar arrangements. Community solar, a specific form of DSG, exemplifies this decentralized approach by allowing multiple community members to collectively benefit from a shared solar installation, expanding access to clean energy while reducing land use impacts. In partnership with The Nature Conservancy and Highline Renewables, our research analyzes the known implications of USSE, the potential for DSG to improve habitat connectivity, and the state policies enabling innovative community solar siting practices. This report seeks to inform researchers, policymakers, and solar developers of policy frameworks and development practices that prioritize sustainable solar development.

Chapter 1 conducts a literature review on the known ecological impacts of USSE development, informing ecologists about and encouraging solar developers to employ low-impact siting strategies. Chapter 2 performs a novel, standalone geospatial analysis demonstrating how various solar facility arrangements and siting locations impact bobcat (Lynx rufus) connectivity. This analysis can help developers make informed decisions regarding solar facility placement and reinforces the need for policy frameworks that enable DSG. Next, in Chapter 3, we review current and emerging state community solar markets and provide recommendations to policymakers for designing future policies. Finally, in Chapter 4, we examine the role of agrivoltaics, the integration of solar generation with agricultural activities, as a strategy for developers to reduce solar facility land use impacts.

Our Chapter 1 literature review found that USSE facilities cause direct mortality to aquatic insects, birds, and bats while altering the movement and connectivity of ground-dwelling animals such as Pronghorn (Antilocapra americana) and Florida Panthers (Puma concolor). However, significant knowledge gaps exist in understanding these impacts—notably, the lack of Before-After-Control-Impact (BACI) studies and the limited geographic scope of research. ​​Nearly 50% of the existing U.S. research has been conducted in the desert southwest, severely limiting the ability to extrapolate findings to the broader U.S. Wildlife-friendly fencing and vegetation management can help maintain suitable habitat; however, these solutions must be studied in other regions to assess their effectiveness.

The geospatial analysis conducted in Chapter 2 reveals that both siting practices and spatial arrangement of solar facilities greatly impact species movement across a landscape. By analyzing how the predicted movement patterns of bobcats in southeast Ohio responded to both a USSE development in Dixon Run and the theoretical redistribution of Dixon Run’s generation capacity, we found that by redistributing capacity across the landscape, impacts on bobcat movement are reduced. However, a sensitivity analysis revealed that the locations of the distributed solar were in areas already deemed poor habitat for bobcats. That said, it is important to note that relocation of a USSE facility the size of Dixon Run to the areas considered poor bobcat habitat was practically impossible. Small, localized installations were the only way to build in these areas. 

Our policy analysis reveals significant variation among individual state community solar markets in the size of allowable projects, subscriber composition, and siting practices they encourage. Maryland and Ohio demonstrate different approaches to community solar policy, with Maryland emphasizing reducing barriers to low and moderate-income (LMI) participation, while Ohio promotes solar development on distressed sites and brownfields. Notably, state community solar markets often lack specific incentives that promote low-impact siting practices that minimize the solar facility’s impact on the local habitat. To improve future community solar legislation, policymakers should offer grants, tax credits, and other financial incentives that prioritize the preservation of existing topsoil and vegetation, site away from ecologically sensitive areas, and support innovative land use practices, including agrivoltaics.

Implementing agrivoltaics offers a promising solution to reducing the siting impacts of USSE facilities and the competing land demands for agricultural production and solar development. The literature reviewed demonstrates that agrivoltaic systems can benefit agricultural productivity, land use efficiency, panel efficiency, and livestock and ecosystem health. Agrivoltaic systems offer the greatest benefits under specific conditions, specifically hot and dry climates, where the shading provided by panels mitigates the effects of excessive heat and water stress on crop productivity and livestock well being. However, the efficacy of agrivoltaic systems can vary and is contingent upon various factors such as shading distribution, crop sensitivity, and environmental conditions. Future research into agrivoltaics should focus on optimizing system design, evaluating financial performance, and fostering landowner engagement to ensure the successful implementation of this innovative approach to land use. 
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Introduction and Project Objectives

In 2015, 196 countries joined The Paris Agreement, intending to limit global temperature rise to 1.5oC above pre-industrial levels (The Paris Agreement, n.d.). Despite this collective effort, climate change is accelerating, and projections indicate that the world will cross the 1.5oC threshold before 2030 (Hansen et al., 2023). The consequences of surpassing this threshold are far-reaching, encompassing more frequent and severe weather events, rising sea levels, food and water insecurity, biome shifts, and species extinction (Calvin et al., 2023). As such, addressing this imminent threat demands comprehensive and immediate action to reduce emissions on a global scale.

[bookmark: _heading=h.gjdgxs]In December 2021, the Biden administration outlined ambitious carbon emission reduction targets for the United States with the goal of achieving carbon neutrality by 2050 and reducing greenhouse gas emissions to half of 2005 levels by 2030 (The United States Government, 2021). Achieving these goals will require a swift and substantial shift from fossil fuel generation to renewable energy sources. To catalyze this transition, the passage of the Inflation Reduction Act (IRA) unlocked unprecedented economic incentives to drive renewable energy development, increase access to it, and reduce its costs (EPA, 2023). The IRA is already yielding positive results, with solar and wind electric generation capacity forecasted to rise by 75% and 11% through 2025, leading U.S. power generation growth. (Antonio, 2024).

Among the numerous promising pathways to decarbonize the energy sector, solar energy is the most abundant and readily accessible resource, with 79,000 TW of solar energy reaching the Earth’s surface annually (Perez & Perez, 2022). Even with land-use constraints, solar photovoltaics (solar PV) has the potential to meet global energy demand more than 12x over (Perez & Perez, 2022). Indeed, in the U.S., solar PV is projected to grow from 3% of the electricity supply in 2020 to 45% by 2050 (NREL, 2021). 

This growth has brought about not only an increase in the quantity of megawattage installed but also in the size of a single facility. Much of the U.S. growth has already occurred in the form of utility-scale solar energy (USSE) facilities (Solar Industry Research Data, 2023).  In 2021 alone, 32 new solar facilities with over 100 MW capacity became operational. This is a stark contrast to only seven 100+ MW facilities in 2016 and zero in 2011 (United States Geological Survey, 2023). With facilities requiring between 5-8 acres of land for every 1 MWAC of solar power generated, approximately ten times greater than that of fossil fuel plants (van Zalk & Behrens, 2018), the trend of larger and larger USSE facilities will require vast areas of land to be converted to solar arrays (Ong et al., 2013). 

Conventional solar site preparation involves a series of standardized procedures aimed at clearing the designated area and establishing a stable groundwork for the installation of solar infrastructure. Often, the site is cleared and removed of existing roots and vegetation, sometimes followed by the stripping of topsoil to expose the bare terrain. Heavy machinery can be used to grade and level the land, resulting in soil compaction to ensure structural integrity (Tsoutsos et al., 2005). The construction of foundation structures necessitates considerable ground space, using driven piles or sometimes concrete footings and ballasts to secure the support structures to the earth. Together, these practices inevitably lead to eradicating established habitats for local flora and fauna, reducing biodiversity. Following construction, the continued O&M practices often involve the application of herbicides and routine mowing to manage weed and vegetation growth, exacerbating the ecological impact triggered by the initial site preparation procedures (Steinberger, 2021). 

Since the impact of utility-scale solar on wildlife is still largely shrouded in uncertainty, utility-scale solar development decision-making has been based primarily on economic incentives and maximizing solar production. (Agha et al., 2020). However, a few key impacts are beginning to emerge. Studies have shown that developing large solar facilities in the desert southwest has displaced pronghorns from their historic habitat and threatened migratory corridors (Sawyer et al., 2022.) Additionally, the Mojave Desert Tortoise has shown a need for large, natural corridors between existing solar facilities (Hromada et al., 2020), making it unclear how wildlife needs could be balanced with the inevitable expansion of large-scale solar. However, a combination of permeable fencing and native vegetation restoration has helped San Joaquin kit foxes recolonize the areas under solar panels in large desert facilities (Cypher et al., 2021). 

Moreover, while research on utility-scale impacts is beginning to increase, more research is needed into the effects of smaller-sized distributed solar development. Researchers studying the potential impacts of USSE on habitat connectivity have suggested that utility-scale solar projects may need to be split up into smaller sections, allowing for habitat corridors through the facility (Sawyer et al., 2022). This suggestion infers a common thought that distributed solar generation will have less impact on wildlife, especially on ranging animals requiring connecting corridors. 
 
Community solar, a specific form of distributed generation, exemplifies this decentralized approach by allowing multiple community members to collectively benefit from a shared solar installation, expanding access to clean energy while reducing land use impacts (Broedlin, n.d.). State community solar programs play a pivotal role in catalyzing the adoption and expansion of community solar initiatives. As community solar markets continue to expand and develop, it is essential to incorporate sustainable land use practices that benefit both local communities and the environment. One of the most intriguing and under-implemented forms of community solar development is agrivoltaics. The National Renewable Energy Laboratory defines agrivoltaics as “a land use configuration where solar energy generation and sunlight dependent agricultural activities are directly integrated, and there is a layer of agricultural productivity within the boundaries of the solar infrastructure.” Within the United States, agricultural practices that have already been paired with solar PV, including co-locating with crop production, livestock grazing, apiary management, habitat creation, pollinator and insect habitat, native vegetation restoration, and cover cropping for soil restoration and carbon sequestration (Macknick, 2022). However, true integration of agrivoltaics within the United States has yet to ramp up to a significant scale. 
While the practice is uncommon, agrivoltaics is expected to grow as the technology matures and incentives offset costs (Power of Place - National, 2023). The Nature Conservancy’s Power of Place - National (2023) estimates that, under development conditions accounting for environmental and social impacts, the land used for agrivoltaics could grow from 216 square miles to 600 square miles, an increase of 300 %. Already, states are beginning to adopt legislation to incentivize agrivoltaics. Maryland is currently progressing with a Community Solar Bill, which would exempt solar projects' personal property from county or municipal corporation property tax if the project is part of an agrivoltaics development (S.B. 0264, 2022). As agrivoltaic development continues to ramp up, developers must be prepared with adequate research to immediately implement best management practices and ensure agrivoltaic development is an economic, ecological, and social success. 
Overall, this report aims to bring the ecological impact of solar development to the forefront and shed light on strategies accomplishing two potentially conflicting goals: expanding solar energy development and safeguarding the ecosystems on which our planet relies. First, the ecological review and geospatial analysis will examine the impacts of USSE and the potential for distributing the facilities into smaller units on mammal movement corridors. Next, a review of current and emerging state policies enabling community solar highlights the variety of provisions across state markets and provides recommendations for future policy designs, particularly incentives for ecologically friendly siting practices. Finally, agrivoltaics is presented as a sustainable solution for meeting both energy and agricultural needs while mitigating environmental degradation.
Project Objectives
Determine small-scale solar's ecological and social benefits and lay out a guide for responsible implementation. This is accomplished by:
1. Reviewing the literature on the ecological impacts of solar PV and summarizing key recommendations.
2. Examining the potential impacts of distributing a utility-scale solar facility into smaller units. 
3. Reviewing current state policy on small-scale solar and its specific provisions to mitigate solar-PV’s ecosystem impacts.
4. Generating a guide for responsible development of agrivoltaics, a viable strategy for offsetting the ecological impacts of solar PV. 
Chapter 1: Literature Review: Current Understanding of the Ecological Impacts of Utility-Scale Solar Development

A. Introduction

[bookmark: _heading=h.30j0zll]In addition to facing catastrophic climate disasters caused by greenhouse gas emissions, the world faces a looming biodiversity threat. Scientists suggest Earth is well within its sixth mass extinction episode and that looking at purely species extinction is insufficient to express the scale of population losses from local anthropogenic impacts (Ceballos et al., 2017). The same study determined that 32% of all known terrestrial vertebrate species are decreasing, and 40% of the studied mammals have experienced severe population declines, with all species experiencing at least a 30% decline in their geographic range. Other studies have found that, since 1970, wildlife populations have declined by 69%, and the rate of species extinction is 1000 times greater than the normal background rate (Almond et al., 2022; ​​De Vos et al., 2015). While solar energy can reduce carbon emissions that fuel climate change, the necessary land requirements threaten wildlife habitats and must be considered when developing solar projects. 

A comprehensive literature review was conducted using the Web of Science platform to examine the known impacts of solar development. The term “Impacts” was combined with the terms “Wildlife,” “Solar Energy Development,” “Carnivore,” “Predator,” “Mammal,” “Community Solar,” “Solar Facility Arrangement,” “Solar Arrangement,” “Solar Layout,” “Solar Design,” “Distributed Generation,” and “Distributed Solar Generation” followed by searches including the terms “Solar Energy Development,” “Fence,” “Wildlife Friendly Fencing,” and “Solar.” The papers were included in the review if they included the following criteria: (i) English-language publications, (ii) published between 01/01/2000 and 12/01/2023, (iii) published in peer-reviewed scientific journals, (iv) examined actual impacts to wildlife from solar developments in the United States. Seventeen different searches on the Web of Science resulted in 273 papers, of which only 15 were deemed relevant (Table A1 and A2). Additional papers were found by snowballing citations within relevant sources and through discussions with industry experts. The method for literature review was inspired by Kustar A. & Patino-Echeverri D. (2021).  

B. Biodiversity Impacts 

Determining the specific impact of utility-scale solar energy (USSE) development on species biodiversity is still a developing field, and many speculated impacts need to be researched further for concrete conclusions to be drawn. Most published research examines USSE's effect on insects, birds, and bat species. Studies on other species are increasing. However, the studies are restricted mainly to the desert southwest and do not represent the immense diversity of species and ecosystem types within the United States.

One particular set of species, aquatic insects, has been shown to be especially vulnerable to impacts from solar development. Aquatic insect species use the horizontal polarization of light off water bodies to find egg-laying sites (Horváth et al., 2010). Unfortunately, artificial objects made of glass have high horizontal polarization rates and may appear as water bodies to aquatic insects, leading to egg-laying behavior (Horváth et al., 2010). A recent study has found that solar panels are now a new source of polarized light pollution, reflecting up to 100% of polarized light. Aquatic insects, including Mayflies, stoneflies, dolichopodidae, dipterans, and tabanid flies, were attracted to solar panels and exhibited oviposition behavior at a higher rate than water. This indicates that solar panels have the potential to become ecological traps, leading to reproductive failure and mortality for the insect species above. Additionally, aquatic insects present at solar facilities may attract waterbird species that use aquatic insect species as a food source, leading to potential bird mortality (Horváth et al., 2010). In fact, nine out of ten sites surveyed in the Sonoran and Mojave Deserts Bird Conservation Region contained carcasses of water-obligate birds that rely on water for landing and take-off (Kosciuch et al., 2020).

[bookmark: _heading=h.1fob9te]However, not only waterbirds are at risk of being attracted to solar facilities. In southern California alone, bodies of 86 identifiable species representing 17 different taxonomic orders have been found within PV USSE facilities (Kosciuch et al., 2020). The most common species identified were the mourning dove, horned lark, and western meadowlark. Direct bird and bat fatalities at USSE facilities can result from various causes. These fatalities may occur due to collisions with solar collectors, power block structures, project buildings, transmission lines, gen-tie lines, and vehicles within the facility premises (Smallwood, 2022). An initial study attempting a first assessment of direct avian mortality at USSE facilities estimated a max mortality rate of 9.9 birds/MW/year, including birds whose cause of death could not be determined but were found within facility boundaries (Walston et al., 2016). These estimates are low compared to direct mortality rates at fossil fuel plants. According to the study, the fossil fuel mortality estimates are 74.2 birds/MW/year. One caveat of Walston’s analysis is that it considered collection data primarily at concentrated solar power (CSP) facilities. CSPs represent only 1.5 % of the United States' current installed solar capacity and are not viable in many places in the country (Solar Industry Research Data, 2023). 

In 2020, Kosciuch et al. attempted to paint a more accurate picture of PV USSE's impact on bird populations by analyzing data from only PV USSE facilities. Kosciuch’s paper estimated 2.49 birds/MW/year at the high end, much lower than estimated by Walston et al. in 2016. However, this difference cannot be attributed solely to removing CSP facilities from the study. The paper also omitted fatalities caused by the infrastructure associated with the PV USSE facilities (gen-tie lines, fencing, transmission lines). 

To correct certain biases around data collection of bird fatalities, including detection via car rather than foot and omission of deaths caused by associated infrastructure and habitat loss, Smallwood (2022) bridged onsite trials to offsite trial results by measuring detection probabilities across species' body sizes. Smallwood’s analysis increased PV numbers to an estimated 11.61 birds/MW/year, including an estimated 64.61 birds/MW/year for CSP. While these estimates are still much smaller than other human activities, including fossil fuel mortalities, solar sits on the precipice of an unprecedented development explosion. 

As solar facilities continue to be constructed, direct fatality rates may also increase (Walston et al., 2016). These studies do not consider potential indirect fatalities due to land conversion causing habitat loss. The impact of land conversion is very challenging to quantify, and thus, little is understood. However, its impact may be large. Moreover, given that most studies are set in the desert southwest, the actual impact on bird species is still largely unknown. Avian species composition and abundance vary regionally and may result in variations in mortality rates (Walston et al., 2016). More monitoring of USSE facilities before and after construction is needed to understand the true impact. 

C. Connectivity 

One of the most prominent potential harms of USSE development is habitat fragmentation and reduced connectivity (Lovich & Ennen, 2011). USSE facilities often take up hundreds or even thousands of acres and are surrounded by miles of chain link fencing that can bar wildlife movement throughout the facility (Leskova et al., 2022). Habitat fragmentation can reduce gene flow, weakening a population's genetic strength (Lovich & Ennen, 2011). Despite the potential for significant impacts on animal species requiring connected habitat patches, relatively little research has gone into quantifying the extent of the effect (Levin et al., 2023). This report will cover two recent studies examining the impacts of USSE on the Pronghorn (Antilocapra americana) and the Florida Panther (Puma concolor). 

1. Pronghorn (Antilocapra americana): Sawyer et al. 2022

The open plains and rangelands of the Intermountain West are becoming a hotspot for USSE thanks to their flat, open landscape and close relation to states with renewable energy portfolio standards. Unfortunately, the areas targeted for USSE development are the preferred habitat of the Pronghorn. Pronghorn are a wide-ranging species with distinct migration patterns, making the risk of fragmentation due to solar development in the area high. 

To study this potential impact on pronghorns, researchers examined GPS data collected from 30 pronghorns before and after the Sweetwater Solar Facility (80MW) construction, the first USSE built in Wyoming. To evaluate habitat loss and barrier effects caused by the Sweetwater Solar Facility, researchers used the GPS data collected to estimate utilization distributions (UDs). The highest 30% of UD values were deemed high-use areas. Following the construction of the USSE facility, UD values were recalculated and compared to UD values prior to construction. The researchers found that within 1-2 km of the facility, high-use areas were reduced by 40%, and within 3 km, high-use areas were reduced by 34%. Additionally, the pronghorn studied were estimated to have lost 12% of their average summer range and 10% of their average winter range, cumulating to 2.3 km2 of lost habitat. Researchers speculated that the habitat loss is due to either direct barrier effects of the facility or a behavioral response to the facility that modified the pronghorn's movement throughout the area. 

In addition to the loss of habitat, during one of the pronghorn herd migration events, several hundred individuals came into contact with the northern boundary of the USSE facility. The facility had been designed with an angled fence in the southwest corner to prepare for this encounter. The angled fence was intended to herd pronghorns to move around the facility's west side and prevent pronghorns from moving east and into Highway 372, which borders the eastern side of the USSE facility. However, several hundred pronghorns ended up moving east and onto the highway, posing a danger to motorists on the road and pronghorns. While vehicle collisions were avoided, several pronghorns died after becoming entangled in fencing attempting to flee the highway. In response, a 50m wide corridor between the solar facility and the highway was implemented to avoid another incident, though the effectiveness has not yet been documented. 

2. Florida Panther (Puma concolor) Leskova et al. 2022

The Florida panther's breeding populations currently occupy less than 5% of their historic range. As such, they require adequate habitat corridors to connect breeding populations and produce viable offspring. USSE development in Florida thus poses a significant threat.

To estimate how 45 built, under construction, and proposed USSE facilities (35-75 MW) in Florida may impact the population connectivity of the Florida panther (Puma concolor), researchers modeled panther movement using Circuitscape rather than on-the-ground GPS tracking seen in the pronghorn study. Circuitscape is a software that uses electrical theory to model areas in the landscape that provide the least resistance to movement (Anantharaman et al., 2020). Areas with a high “current density” are predicted to have lower resistance and are more suitable for animal movement. (For more information on Circuitscape, see Chapter 2: Circuitscape Analysis)

The study showed that the effective resistance to panther movement across Florida increased by 0.07% following the modeled installation of all 45 USSE facilities. The most significant impacts on effective resistance occurred when facilities were located within major corridors critical to movement, especially in corridors with little neighboring habitat for the panthers to utilize as alternative routes. Solar development caused current density to increase even over 10 km from the USSE facilities, meaning that panthers would have to cover much greater distances to travel between core areas. 

The model also showed that of the 45 constructed or planned facilities, nine reside within major corridors, 26 are located in rural areas with weaker current densities than the major corridors but could still support panther movement, and only 6 have almost no impact on the connectivity of core areas. The siting locations support the idea that USSE facilities are biased toward rural and undeveloped lands with the potential to provide movement habitats for panthers. Overall, the research called for more initial siting consideration of potential habitat connectivity impacts not only within the confines of the facility's footprint but within the greater surrounding area.

D. Siting Decisions 

Developers can employ multiple strategies to mitigate the known impacts on biodiversity and habitat connectivity. Some have already been implemented at existing utility-scale solar facilities, while others remain in progress. The most simple and likely effective solution for developing USSE with limited ecological impact is to site solar on degraded lands, ranging from retired fossil fuel facilities to lands more moderately impacted by human development (old pasture or degraded agricultural land). Siting on these degraded lands is a strong alternative to building on prime wildlife habitat. 

Developing on degraded lands may involve extensive planning and modeling to determine the best siting locations. Researchers in Arizona used publicly available data, the GAP Analysis Project from the United States Geological Survey, to understand areas of high biodiversity and habitat value. They accumulated hundreds of habitat usage models for vertebrate species to identify the areas that would cause the most significant ecological damage if developed into solar facilities. By incorporating existing data into the planning stages of USSE projects, developers can often avoid the greatest wildlife impacts (Thomas et al., 2018).

A meta-analysis of the ecological impacts of USSE further backs up this assertion and provides alternative siting options. The authors recommend employing one of the many dual-use opportunities solar facilities allow. Planting pollinator habitats or utilizing agrivoltaics are solutions that maintain energy productivity while supplementing additional services and protecting intact habitats (O’Leary et al., 2017). More detailed recommendations for agrivoltaics development can be found in Chapter 4: A Guide to Agrivoltaic Development. In addition, adding ecological value through restoration is an opportunity to go beyond just avoiding negative wildlife impacts by building additional habitat to benefit species. 

The Topaz Solar Farm, Panoche Valley Solar Farm, and the California Flats Solar Project in the San Joaquin Desert are rare examples of restoration in practice for USSE development. Solar construction can cause initial damage to the land that, regardless of the level of habitat integrity, is difficult to avoid. Soil compaction (Hromada et al., 2020), dust accumulation (Nordberg et al., 2021), erosion (O’Leary et al., 2017), and the crushing of animal burrows (Nordberg et al., 2021) are common outcomes, especially in arid regions. Some of the land at these facilities was heavily tilled and degraded former agricultural land (The 550MW Topaz Solar PV Farm, California 2023), and restoring the areas to high-quality habitat for the San Joaquin kit fox (a federally endangered species) was a top priority. They accomplished this through two primary mechanisms: installation of artificial burrows and active vegetation management (Cypher et al., 2021). 

[bookmark: _heading=h.3znysh7]Developers for seven USSE facilities in the San Joaquin Desert surveyed for existing dens and burrows before construction and avoided damage whenever possible (Cypher et al., 2021). Additionally, artificial burrows were installed to increase habitat suitability, create structural heterogeneity, and mitigate any initial impacts. Native vegetation management was also vital for restoring the habitat and has been noted as a critical driver of colonization by wildlife within fenced areas (Leskova et al., 2022; Brooks, 1999). It is known that constructing solar facilities on arid landscapes can increase vegetation growth rates (Xia et al., 2022). Therefore, the native grasses within Topaz Solar Farm were periodically left open to sheep grazing to keep them at the preferred height for the San Joaquin kit fox (<5 cm), while other sites required only marginal buffer grazing or more intense mowing to accomplish the same result. It is important to note that vegetation management for other facilities would vary significantly depending on the location; the low-growing vegetation of the San Joaquin Desert made restoration feasible, as native vegetation would not interfere with the panels themselves. Vegetation management in forested areas might be more challenging to balance with solar development. 

E. Spatial Arrangement 

[bookmark: _heading=h.2et92p0]A less documented strategy for mitigating wildlife impacts is optimizing the spatial arrangement of a USSE facility. As mentioned previously, the sheer size of some facilities can disrupt habitat connectivity for some species. Breaking up these large parcels into smaller blocks of solar panels could provide two benefits. First, developers could site these smaller parcels on patches of degraded lands and avoid a large facility encroaching onto prime wildlife habitat. Second, these smaller solar facilities would have no functional impact on a wildlife corridor or could be sited to avoid these “pinch points” altogether. While reasonable in theory, comparing the effects of solar arrangements has never been empirically studied. 

[bookmark: _heading=h.tyjcwt]Researchers have often sought to inform development decisions by analyzing corridor sizes for species often impacted by USSE facilities. Developers of USSE facilities in the Mojave Desert were required to leave suitable habitat corridors between the solar facilities and existing barriers (roads, golf courses, towns) to mitigate their destruction of viable Mojave Desert Tortoise habitat. Hromada et al. (2020) discovered that the corridors of about 700 m to 2 km wide were approximately the size of a typical home range for the Mojave Desert Tortoise and could be a suitable corridor size between solar facilities. They also stressed that these corridors must remain intact and non-degraded to continue to support wildlife movement. However, there may be unintended consequences of mimicking the size of natural corridors but lining them with impermeable fencing or other movement barriers. Tortoises that frequently encountered roads and fences had greater home ranges, meaning they were more actively working to find new habitats and exhibited pacing behavior. Future studies are required to determine if this will have a long-term impact on individual fitness and overall species viability (Hromada et al., 2020). These are large corridors, and it may not be possible for developers in non-desert regions where land is not as readily available to design facilities with these accommodations. 

[bookmark: _heading=h.3dy6vkm]Unsurprisingly, a study of Eastern box turtles at the Brookhaven National Laboratory Solar Farm on Long Island showed that the thinnest corridors (<50 m) were never used despite splitting the facility into six distinct parcels. Only the largest gap between parcels, approximately 300 m, was ever explored by the tracked turtles (Dougherty et al., 2023). The layout of Topaz Solar Farm and California Valley Solar Ranch were planned more intentionally, as the massive 550 and 250 MW solar facilities were divided into multiple blocks to accommodate the pronghorn and elk movement patterns. San Joaquin kit foxes were documented utilizing the space outside the solar facilities, so the large corridors were adequate to support at least some species (Cypher et al., 2021). Large corridors are likely necessary to truly support the movement of medium to large-sized vertebrates between solar facilities. This would require significant planning and goes beyond simply cutting out single rows of panels to create narrow strips of habitat that could only theoretically support movement. While maintaining large corridors is a logical decision that will likely benefit wildlife movement, there is no evidence that siting multiple PV facilities with large corridors in between is less impactful than aggregating the panels into a single, condensed block. 

F. Wildlife-Friendly Fencing 

Beyond the siting and arrangement of solar facilities, installing wildlife-friendly (also known as permeable) fencing is a crucial solution for increasing the habitat suitability within the facilities. The use of permeable fencing is seldom explored in empirical studies. No studies are available on the effects that permeable fencing might have on a species' population. However, there is evidence that permeable fencing at solar facilities has encouraged wildlife use. 

[bookmark: _heading=h.1t3h5sf]Permeable fencing also reduces the need to translocate individuals during construction. Translocation has been an oft-used strategy for removing vulnerable individuals from construction zones and relocating them to more viable habitats. The results, at best, have been mixed. Some studies have found low survival rates of translocated individuals, especially when they are not given time to adapt to the release site (Cypher et al., 2021). Desert tortoises have particularly struggled with translocation, and reptiles and amphibians have generally not fared well (Agha et al., 2020). Attum and Cutshall (2015) further showed that translocated turtles expanded their home ranges in new territories to compensate for insufficient resources. Other sources have demonstrated that introducing new individuals to habitats already at carrying capacity risks introducing disease and social disruption (Cypher et al., 2021). Conversely, other research found no significant differences in desert tortoise mortality or growth after five years (Cypher et al., 2021) and concluded that box turtles adapted well to their new environments (Henriquez et al., 2017). 

[bookmark: _heading=h.4d34og8]Rather than work to find new habitats for endangered species, developers of seven large solar facilities in the San Joaquin Desert (​​Topaz Solar Farms, California Valley Solar Ranch, Panoche Valley Solar Farm, California Flats Solar Project, Lost Hills/Blackwell Solar Facility, Wright Solar Park, and Maricopa Sun Solar Complex) installed wildlife-friendly fencing and saw immediate benefits. Each of these solar facilities had a larger link size (15x15 cm) or a 12-15 cm gap at the bottom of the fence, sometimes with an additional ground-level pole to discourage digging. Not only did San Joaquin kit foxes use the solar facilities, but they exhibited similar survival rates, reproductive success, and litter size compared to foxes at reference sites. The only major difference was that home ranges were larger within some solar facilities, but this may be due to temporarily lower prey densities post-construction (Cypher et al., 2021). Box turtles within solar facilities have shown similar trends, as they utilized periodic gaps in fencing to colonize the Brookhaven facility but also demonstrated larger home ranges (Dougherty et al., 2023). 

[bookmark: _heading=h.2s8eyo1]If developers are concerned with general ecosystem health, they need to consider which local fauna may benefit most from permeable fencing and which may be hindered. As Cypher et al. (2021) emphasize, permeable fencing must be paired with native vegetation management to not only allow wildlife access but also encourage wildlife utilization. Opening up solar facilities with unsuitable habitat for wildlife is less likely to be utilized and may not provide any benefits at all. These considerations are especially tricky for development in non-desert areas, where maintaining native vegetation (i.e., forests) at a solar facility is economically and logistically impossible. In the case of the San Joaquin kit fox, the 15 cm link size was intentionally used to exclude their larger predators and protect the endangered species. This may not be the desired result when planning for other species assemblages in different ecosystems. 







G. Summary of Design Recommendations

In summary, when developers are looking to establish solar facilities with minimal ecological impact, they should adhere to the following guidelines:

1. The first, most important, decision a developer can make is to site:
a. Outside of prime wildlife habitat
b. Outside of known wildlife corridors

2. When possible, restore area to resemble adjacent native habitat

3. Open up solar facility to wildlife movement with permeable fencing

4. Optimal facility arrangement for wildlife is not clear, but small corridors are likely insufficient for mimicking natural habitat

5. Exact design plans will always depend on target species

H. Areas for Future Research
1. BACI Studies 
As solar energy advances rapidly, one of the greatest needs is consistently implementing before-after-control-impact (BACI) studies. BACI studies have long been considered the best study design for determining the impact of development (Brown & Green, 1980). Many have suggested the need to develop BACI studies or, at minimum, baseline inventory measures before development (Smallwood, 2022; Lovich & Ennen, 2011). However, establishing studies before development is highly challenging, requiring both knowledge of where developers plan to place the project (information many developers hold close to their chest) and long-term data within these areas (Agha et al., 2020). 

In a 2020 review of the current understanding of USSE on wildlife conservation, only five studies, representing 2% of the studies reviewed, were BACI studies. Of those five, only three were in the United States, and all analyzed wind development (Mcnew et al., 2014; Shaffer & Buhl, 2015; Lebeau et al., 2017). Since then, this report, along with an extremely comprehensive systematic map analysis by Lafitte et al. (2023), has identified three BACI studies on USSE (Smith et al., 2020; Sawyer et al., 2022; Edalat & Stephen, 2022). This showcases that, despite progress, there is still a critical need to implement these types of studies. Without BACI studies, the true impact on wildlife will remain unknown. To ensure ecologically friendly siting and design for USSE facilities, the implementation of BACI studies must increase. 

2. Diversity in Study Species and Locations

Most of the studies on wildlife impacts focused on insects or birds, with the rest often covering rare, threatened, or endangered species. Endangered species are frequently studied because mitigating the impacts against them is required by regulation (Cypher et al., 2021; Hromada et al., 2020). However, these species may not always fill keystone roles within the ecosystem, and it could also be valuable to analyze the effects of solar on ecosystem engineers or apex predators. More empirical studies must be conducted on other large vertebrates in different locations to verify existing conclusions. 

[bookmark: _heading=h.17dp8vu]The desert southwest was also heavily overrepresented in ecological impact studies. This limited study area is primarily due to the largest USSE facilities in the United States occurring in this region, as well as stricter regulatory requirements for monitoring endangered species on public land (Cypher et al., 2021; Hromada et al., 2020). While the information regarding the impact of solar on wildlife corridors in these areas is promising, it is necessary to determine whether the same patterns hold in forested ecosystems, which comprise 35% of the land cover in the United States (Perry et al., 2022). Solar development within or adjacent to forested ecosystems also presents fundamentally different challenges for mitigating impact. In the desert southwest, it was possible to restore former agricultural land to native grassland and quickly turn solar facilities into viable habitats for local species. However, restoring degraded lands to forested ecosystems is less compatible with solar development. It is likely even more critical that developers avoid siting on pristine habitats, and if they do wish to restore degraded lands, they will likely have to explore other options. For example, developers could consider restoring the habitat to the native Piedmont prairie, a grassland ecosystem that once dominated much of the Southeast (The Piedmont Prairie, n.d.). It would be valuable for future studies to examine the ecological impacts of solar development when the restored ecosystem within the facility does not match the hardwood forests of the surrounding area, but it still might provide value to wildlife. 

3. Land Sparing vs. Land Sharing

Finally, this review shows a gap in the literature regarding the debate of land sparing vs. land sharing in the context of solar development. Large corridors are likely necessary to act as functional habitats for medium to large-sized vertebrates. However, it is not clear that breaking up USSE facilities is optimal in the first place. It is possible that aggregating a facility into a single block of panels may have a lesser impact and reduce overall fragmentation of pristine habitat. The analysis described in the next chapter attempts to answer this question.



Chapter 2: A Comparative Analysis of Utility-Scale and Distributed Generation Solar Development on Habitat Connectivity of the Bobcat (Lynx rufus)

A. Introduction

In December 2021, the Biden administration outlined ambitious carbon emission reduction targets for the United States. The administration aims to reach carbon neutrality by 2050 and reduce greenhouse gas emissions to half of 2005 levels by 2030 (The United States Government, 2021). Achieving these goals requires a swift and substantial shift from fossil fuel generation to renewable energy sources. In response, U.S. solar PV is projected to grow from 3% of the electricity supply in 2020 to 45% by 2050 (NREL, 2021). Unfortunately, as utility-scale solar energy (USSE) development proliferates, the current research on its ecological impacts is lagging. 

Most published research is restricted to the desert southwest and examines USSE facilities' impact on insects, birds, and bats. (e.g., Smallwood, 2022; Lovich & Ennen, 2011; Kosciuch et al., 2020; Kagan et al., 2014). Despite the lack of extensive research, one of the many identified potential harms of USSE development is habitat fragmentation and reduced connectivity (Lovich & Ennen, 2011). USSE facilities often take up hundreds or even thousands of acres and are surrounded by miles of chain link fencing that can bar wildlife movement throughout the facility (Leskova et al., 2022). Habitat fragmentation can reduce gene flow, weakening a population's genetic strength (Lovich & Ennen, 2011). One potential solution is distributing megawatts attributed to one large USSE facility across many smaller solar facilities to facilitate greater movement permeability (Sawyer et al., 2022). However, no empirical studies assess the impact of solar facility arrangements.

To fill this research gap, a geospatial analysis using Circuitscape was conducted to explore the impacts of 1) varying solar arrangements and 2) siting decisions on animal movement and habitat connectivity. The analysis will help answer whether developing a series of small, distributed generation solar facilities in between habitat patches will provide better outcomes for habitat connectivity than siting a single, large solar facility. This is, in effect, the opposite of the famous “SLOSS” debate in ecology - whether a single large or several small nature reserves can support the greatest number of species (first proposed by Diamond, 1975). In addition, the analysis controls for initial habitat suitability by assessing siting inside and outside a critical habitat corridor. This control is vital for confirming that any habitat connectivity change was due to a different facility arrangement rather than just a change in siting location.

USSE and distributed generation choices were modeled for their impacts on the movement of the bobcat (Lynx rufus) in Southeastern Ohio. The bobcat is a medium-sized predator ubiquitous across nearly the entire United States (Bobcat - Lynx rufus, n.d.). It was selected due to their geographic abundance, large individual range, and importance in regulating prey populations and maintaining relative trophic stability (Forshee, n.d.). 

For a more in-depth dive into the potential ecological impacts of USSE solar and proposed solutions, see Chapter I: Current Understanding of the Ecological Impacts of Utility-Scale Solar Development. 

B. Methods and Data
1. Overview of Methodology
Figure 1 displays an overview of the methodology used to determine the impact of solar facility arrangement and siting on bobcat habitat connectivity. First, natural habitat characteristics (Brown) and nine years of bobcat sighting data were used to create a resistance layer (Red). A resistance layer is a data layer representing the movement difficulty for a target species (bobcat) in every cell within the study area. The first resistance layer created represents a “no development” choice. Subsequent analyses of differing development choices required the original resistance layer to be uniquely edited to represent the updated landscape following mock development. To do this, utility-scale solar footprints (Grey) were incorporated directly into the resistance layer as areas that excluded bobcat movement. The parcels used to represent distributed generation development were derived using Transect (Transect Inc., 2016), an online solar development tool, by inputting a set of land constraints (Purple) (see Table 1 for a full list of constraints). Once Transect identified land parcels suitable for distributed generation, they were added to the resistance layer. Once a unique resistance layer was created for each solar development choice, protected areas (Green), used as sources for bobcat movement, were added to the model. The resistance layers and the protected areas data were input into Circuitscape, a habitat connectivity software (Orange). The outputs of running Circuitscape were visual representations of resistance to bobcat movement and an objective measurement of movement difficulty across the landscape and between specific protected areas (Yellow). Each of these analysis steps is outlined in more detail below.  

[image: ]

Figure 1. The workflow followed to assess the impact of solar facility arrangement and siting on bobcat habitat connectivity. 

[bookmark: _heading=h.3rdcrjn]Circuitscape is a free, open-source software package to model connectivity across a landscape using algorithms from electronic circuit theory (Anantharaman et al., 2020). Circuitscape has been applied to a variety of connectivity studies: understanding habitat connectivity for European hedgehogs in urban environments (Braaker et al., 2014), assessing the impacts of roads on caribou movement (Fullman et al., 2020), and determining functional connectivity for woodland birds in the UK (Grafius et al., 2017). Circuitscape and circuit theory's strength is the ability to simultaneously consider all possible pathways across a landscape. There are two critical inputs to Circuitscape: a resistance layer and a set of focal nodes. A resistance layer is a raster dataset where the value of each pixel represents the degree to which the landscape facilitates or impedes movement. Focal nodes represent either points or regions that act as conductors of the simulated electrical current. Generated current runs between the pairs of focal nodes across the landscape according to the resistance values within the layer, essentially avoiding areas of high resistance while favoring areas of low resistance. For this study, the resistance layer represents landscape characteristics that affect the movement of bobcats, and the focal nodes are habitat areas that act as sources of bobcat movement. Focal nodes are usually larger patches of intact, core habitat and may be owned by public entities or private land management organizations. All original datasets were formatted in ArcGIS Pro (ESRI, 2023) before analysis was conducted in Circuitscape (Anantharaman et al., 2020). 
2. Resistance Layer
The base resistance layer used in all Circuitscape analyses is based on a 2021 paper by Popescu et al. The paper used sighting and radio telemetry data collected by the Ohio Department of Natural Resources, Division of Wildlife (ODOW) between 2010 and 2019 to inform a bobcat habitat suitability model and evaluate macro-scale land cover predictors of occurrence (Wildlife Reporting System, n.d.). Popescu et al. (2021) determined that the four most critical habitat characteristics for suitability were the proportion of forest within 50 km2, the proportion of pasture within 50 km2, the proportion of herbaceous cover within 30 km2, and the distance to roads (km). 
The proportion of forest, pasture, and natural herbaceous cover was calculated using the National Land Cover Database (NLCD). The NLCD is a U.S. Geologic Survey project using satellite imagery (from Landsat) and additional references (e.g., National Wetlands Inventory) to build a map of land cover for the entire United States, divided into 18 distinct classes (e.g., high-density urban development, open water, deciduous forest, etc.) (Earth Resources Observation and Science (EROS) Center, 2018). The focal statistics tool within ArcGIS Pro was used to create three separate land cover layers representing the proportion of forest, pasture, and natural herbaceous cover for each cell within the entire state of Ohio. 
Road data was obtained from the Ohio Department of Transportation (ODOT, 2020). Bobcats are most susceptible to mortality from collisions on high-trafficked roads (Bencin et al., 2019), which Popescu et al. (2021) define as interstates, state routes, and US routes. These three road types were filtered from the ODOT’s road inventory dataset. The distance from the identified high-trafficked roads was then calculated using the Euclidean Distance tool (in kilometers). 
By using the three land cover layers, distance to roads layer, and the nine years of bobcat siting data collected by the ODOW (which we sourced from Popescu et al. (2021)), a habitat suitability layer for the state of Ohio was created using the Presence-Only Prediction (MaxEnt) tool within ArcGIS Pro. The tool uses known occurrence points and explanatory variables to calculate the probability of presence across a study area for a species of interest. The resistance layer was then created by taking the inverse of the presence probability layer and multiplying by 100 using the Raster Calculator ((1 - presence probably) * 100) (Figure 2). 
[image: ]
Figure 2. The original resistance layer represents the difficulty of movement for bobcats across the study area. Lighter regions represent areas of greater resistance, while darker regions represent areas of lower resistance. The black line is the Ohio state boundary.
3. Barriers to Movement

a. Utility-Scale Solar 
All operating, under construction, and planned USSE facilities within Ohio were reviewed to select a USSE facility for the analysis. Given the objective of modeling development impacts on bobcat habitat, the aim was to locate a USSE within generally viable bobcat habitat. The western foothills of the Appalachian Mountains in Eastern Ohio are far less urbanized and contain much more intact forest cover than the northwest part of the state, making it a better habitat for bobcats. This was confirmed by examining the previously created resistance layer (showing lower resistance in Eastern Ohio) and raw NLCD data (greater forest, pasture, herbaceous cover, less urban cover). 
[bookmark: _heading=h.26in1rg]All USSE shapefiles were from the Ohio Power Siting Board (OPSB) and downloaded from the ArcGIS Online Portal (Ohio Power Siting Board, 2024). Overall, there were 49 USSE facilities statewide, with five located in Eastern Ohio. Of these five, Dixon Run Solar in Jackson County was selected. The facility is anticipated to be 140 MW and was approved for development in Fall 2023. The developers had planned for construction to begin in Q2 of 2023 (Sun Energy 1, n.d.), but according to the OPSB website, the project is still in the “Pre-Construction Phase” (Ohio Power Siting Board, 2024). Dixon Run was one of the only seven USSEs with a project footprint containing at least 50% forest cover. Additionally, it is located close to multiple protected areas. 
Dixon Run was incorporated into the resistance layer by converting all cells within the project footprint to NODATA values, which represent infinite resistance to bobcat movement. This was done by adding together the original resistance layer and a raster layer of the Dixon Run footprint using the Raster Calculator and then utilizing the Reclassify Tool to convert the cells within Dixon Run. Additional details can be found in the Appendix (Model A.7).
b. Distributed Generation Solar
Available parcels for distributed generation were selected via the solar development platform Transect. Transect provides a variety of geospatial datasets (aspect, slope, wetlands, roads, military bases, airports, and many more) to help developers identify parcels suitable for solar development based on parameters provided by the user. Additionally, it can be used to understand potential regulatory roadblocks and evaluate risk before physically examining the landscape/contacting landowners. After consulting with Scott Starr, Managing Partner at Highline Renewables, a set of criteria was determined for realistic community solar development within Ohio. These criteria are detailed in Table 1.
Table 1. Siting constraints for community solar implemented for parcel search within Transect.
	Substation Distance (Miles)
	Parcel Min (Acres)
	Parcel Max (Acres)
	Landowners
	Buildable Area (Acres)
	Floodplains 100 Year

	< 3
	10
	50
	N/A
	> 10
	Exclude

	Floodplains 500
	Wetlands
	Waterways
	Max Slope
	Aspect
	High Developed

	Exclude
	Exclude
	Exclude
	12%
	N/A
	Exclude

	Med Developed
	Low Developed
	Open Development
	Trees
	Farmland
	Hydric Soils

	Exclude
	Include
	Include
	Exclude
	Include
	Include

	Species Critical Habitat
	Protected Areas
	Military Bases
	Indigenous Lands
	Airports + Setback
	Cemeteries

	Include
	Excluded
	Exclude
	Include
	Exclude
	Exclude

	Roads
	Railways
	Transmission Lines
	Substations
	Power Plants
	National Conservation Easement Database

	Exclude
	Exclude
	Exclude
	Exclude
	Exclude
	Exclude

	Wells
	Pipelines
	Include Water Concerns
	
	
	

	Include
	Include
	Checked
	
	
	



The criteria were used to search for parcels within a 15-mile radius of Dixon Run Solar (~39.002°, -082.512°) suitable for community solar. The search resulted in 99 suitable parcels for development, with 2008 buildable acres. This provides enough land to match the 140 MW output of Dixon Run Solar, even with a conservative estimate of ten acres per MW (Wyatt & Kristian, 2021). Buildable area shapefiles from the 99 parcels were exported from Transect and imported into ArcGIS Pro. The shapefiles were then incorporated into the resistance layer using the same process done for Dixon Run Solar. Additional details can be found in the Appendix (Model A.8).
c. Relocated Utility-Scale Solar
A Circuitscape analysis was also run with Dixon Run Solar's footprint placed in an alternative location to control for location-based effects and compare them to the different arrangement effects. After obtaining the distributed generation parcels from Transect, it was clear that they would fall in very different locations within the study area than Dixon Run Solar. Therefore, it was valuable to place the footprint of Dixon Run Solar within the geographic center of the largest patch of distributed generation parcels (approximately 38.894°, -082.318°; Figure 3). These parcels represented nearly 90% of the buildable area within the study region. This alternate arrangement made it possible to compare the effects of facility arrangement on habitat connectivity by siting a utility-scale facility and distributed generation facilities in the same general area. The new Dixon Run location was incorporated into the resistance layer by converting all cells within the project footprint to NODATA values, as in 2a and 2b. 
[image: ]
Figure 3. Visual representation of the relocation of Dixon Run Solar’s original footprint (Orange) to its new location (Yellow) at the geographic center of the distributed generation parcels (Black). The distributed generation parcels were located within a 15-mile radius of Dixon Run (dashed black line). The solid black line is the Ohio state boundary, and the green regions are nearby protected areas (i.e., focal nodes; see section 5: Focal Nodes below).
4. Area of Interest
To best understand the impact of utility vs. distributed generation solar on habitat connectivity, a 20-mile radius around Dixon Run was used to determine the area of interest for the Circuitscape inputs. One USSE facility likely has little impact on statewide habitat connectivity, but limiting the scale to a few miles around the facility may exaggerate the impact. The 20-mile radius around Dixon Run Solar was chosen for multiple reasons. The area was suitably large to accommodate alternative development to distributed solar, contained multiple large-scale protected areas to serve as focal nodes, and was large enough to support the typical movement of an individual bobcat.
5. Focal Nodes
Protected areas acted as the focal nodes for bobcat dispersion. Protected area shapefiles were obtained from the US Protected Areas Database (PAD-US), created by the U.S. Geological Survey (Ogletree et al., 2022). The dataset was publicly available and downloaded for Ohio from the ArcGIS Online Portal. In total, over 8,000 protected area parcels were located in the state of Ohio. However, multiple parcels were geographically distinct yet considered the same feature. For example, a single feature, “Wayne National Forest,” encompassed multiple distinct areas dozens of miles apart. The Multipart to Singlepart tool was used to split these features into individual polygons. Within 20 miles of Dixon Run Solar, six distinct protected areas (or multiple adjacent protected areas) were identified. Adjacent protected areas were merged within the Modify Features menu, and the six nodes were converted to raster format using the Feature to Raster tool. Details on the focal nodes can be found in Table 2. 
Table 2. Land management details for the focal nodes surrounding Dixon Run Solar.
	Node #
	Name
	Owner
	Area (acres) sq m

	1
	Wayne National Forest
	U.S. Forest Service
	243,197.77

	2
	Gavin Plant
	American Electric Power
	6,651.16

	3
	Vinton Furnace State Forest, Vinton Furnace Wildlife Area
	Ohio Department of Natural Resources
	12,332.86

	4
	Lake Katherine Dedicated Nature Preserve
	Ohio Department of Natural Resources
	1,990.45

	5
	Broken Aro, Buckeye Furnace, Flint Run Wildlife Areas
	Ohio Department of Natural Resources
	2,988.99

	6
	Cooper Hollow Wildlife Area
	Ohio Department of Natural Resources
	5,900.91



6. Final Layer Processing and Circuitscape Analysis
The resistance layer for all four choices (no development, USSE, distributed generation, and relocated USSE) and focal nodes raster were clipped to the 20-mile radius around Dixon Run Solar, representing the area of interest. All geospatial datasets were projected to NAD 1983 State Plane Ohio South FIPS 3402, converted to ASCII files (required by Circuitscape), and contained a final resolution of 40 m. One Circuitscape run in pairwise mode using eight cell neighbors was conducted for each development situation. The Circuitscape user guide (McRae et al., 2013) describes pairwise mode best:
“In the pairwise mode, connectivity is calculated between all pairs of focal nodes (points or regions between which connectivity is to be modeled) supplied to the program in a single input file. For each pair of focal nodes, one node will arbitrarily be connected to a 1-amp current source, while the other will be connected to the ground (p. 5).”
The primary output of pairwise mode is a current density map, which indicates the amount of current flowing through each pixel between focal nodes. It is important to note that while these values are recorded in amps, the same units that measure current values for electricity, the amps recorded in Circuitscape are simply part of the simulation and are unrelated to any actual power generation. The values represent the ease of bobcat movement through the area and potential corridors between nodes. Current density maps were calculated for the entire study area for each solar development choice. The Raster Calculator tool was used to subtract current maps from one another to determine the change in habitat connectivity. This helped assess how solar development (Dixon Run or Distributed Generation) altered connectivity when transitioning from a baseline (no development) to a development choice. Circuitscape automatically calculates effective resistance between each pair of nodes, which is output as a matrix. Effective resistance is the theoretical “difficulty” for an animal to move between two core areas within the landscape. This is an objective method for determining the impact of a barrier (i.e., solar development) on a critical movement corridor. Since there were 15 pairs of nodes for each development choice, effective resistances for the most impacted pairs are presented in the results. Full resistance tables can be found in the Appendix. Overall resistance across the study area for each development choice was also calculated and linearly rescaled for ease of interpretation. 
     C.   Results 
All four development choices differed in habitat connectivity, both visually and in terms of effective resistance. Current density maps for each option are in Figure 4. 

The current density map for the no-development choice reveals key habitat corridors within the study area (Figure 4a). Nodes 5 and 6 appear particularly important for maintaining North-South connectivity within the study area. The abundance of suitable habitat (areas of low resistance) in the region's center helps facilitate theoretical movement between nodes 3 and 1. The western area also appears essential, as it provides another North-South corridor outside the more active central area (Figure 4a). 

Due to the placement of Dixon Run, the corridor between nodes 5 and 6 appears strongly impacted by development (Figure 4b). Although the corridor is wide due to generally strong habitat suitability, the sheer size of Dixon Run forces a redirection of movement to either side. This shrinks the overall corridor size and requires intense movement just outside of the Dixon Run Boundary (Figures 4b and 5). The change in current density between development choices can be found in Figure 5. The development of Dixon Run increased effective resistance between nodes 5 and 6 by 12.94% (Table 3). It also impacted connectivity between nodes 4 and 5, increasing the effective resistance by 1.24% (Table 3). This is visually evident in Figures 4b and 5. 

The impact of distributed generation on habitat connectivity was less significant than the impact of the development of Dixon Run. Most parcels sited for distributed generation are present in regions with lower overall current (Figure 4c). Nevertheless, this impacted the corridors between nodes 1 and 2 and nodes 2 and 6. The development of distributed generation increased effective resistance between these pairs by 3.02% and 1.02%, respectively. A smaller number of parcels were located in the Northeast portion of the study site but did not significantly change effective resistance between nodes within that region. 

The difference rasters seen in Figure 5 show that the changes in current density between the Dixon Run and distributed generation choices are relatively isolated to the two regions of the study area described above. Dixon Run redirects the current flow between nodes 5 and 6, and distributed generation fragments the flow between nodes 1 and 2, 2 and 6, and to a lesser extent, 2 and 3. However, these impacts were not equal. The corridor between nodes 5 and 6 is more intact, with effective resistance values closer to 6 ohms, while the corridors between 1 and 2 and 2 and 6 range between 8 and 9 ohms. In other words, the development of Dixon Run is affecting a higher quality habitat corridor than distributed generation. As a result, the increase in overall resistance of the study area to bobcat movement is greater for Dixon Run than distributed generation. Construction of Dixon Run causes a 2.43% increase in overall resistance across the landscape, while distributed generation causes just a 0.93% increase in resistance (Table 4). 

Although unrealistic for actual solar development, relocating Dixon Run Solar to the lower quality habitat area used for distributed generation drastically improved habitat connectivity compared to its original siting location. The relocated Dixon Run development choice increased effective resistance by a slightly lesser degree than distributed generation both between the focal node pairs (1 and 2, and 2 and 6; Table 3) and across the overall landscape (Table 4). However, as the difference in overall effective resistance was less than 0.33%, it is difficult to determine the significance of this discrepancy. 
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Figure 4a. Current density (amps) map representing modeled bobcat movement through the study area without solar development. Warmer colors represent high movement corridors between core habitat patches (white), while cooler colors represent lower usage areas.

[image: ]

Figure 4b. Current density (amps) map representing modeled bobcat movement with the establishment of Dixon Run Solar. Warmer colors represent high movement corridors between core habitat patches (white), while cooler colors represent lower usage areas. 
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Figure 4c. Current density (amps) map representing modeled bobcat movement under a distributed generation development choice. Warmer colors represent high movement corridors between core habitat patches (white), while cooler colors represent lower usage areas. 
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Figure 4d. Current density (amps) map representing modeled bobcat movement after Dixon Run Solar was relocated to an area of high distributed generation. Warmer colors represent high movement corridors between core habitat patches (white), while cooler colors represent lower usage areas. 
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Figure 5. Change in current density (amps), representing modeled bobcat movement, after a theoretical transition from (left) No Development to Dixon Run Solar and (right) No Development to Distributed Generation. Lighter colors represent an increase in current density, and cooler colors represent a decrease in current density. 
















Table 3. Effective resistance values between notable pairs of focal nodes and the corresponding change in effective resistance (%) from a No Development choice. 

	Development Choice
	Node A
	Node B
	Effective Resistance (ohms)
	Change in Effective Resistance (%) from No Development Choice

	No Development
	5
	6
	6.061
	N/A

	No Development
	4
	5
	7.647
	N/A

	Dixon Run Solar
	5
	6
	6.845
	+12.94%

	Dixon Run Solar
	4
	5
	7.742
	+1.24%

	No Development
	1
	2
	8.366
	N/A

	No Development
	2
	6
	8.601
	N/A

	Distributed Generation
	1
	2
	8.619
	+3.03%

	Distributed Generation
	2
	6
	8.784
	+2.12%

	Dixon Run (Relocated)
	1
	2
	8.556
	+2.28%

	Dixon Run (Relocated)
	2
	6
	8.732
	+1.52%




Table 4. Average effective resistance for the entire study area for all four development choices.

	Development Choice
	Average Effective Resistance (ohms)
	Average Effective Resistance (Rescaled)

	No Development
	7.729
	100

	Dixon Run Solar
	7.904
	102.43

	Distributed Generation
	7.801
	100.89

	Dixon Run (Relocated)
	7.778
	100.60


      D.  Discussion 

1. Assumptions
A variety of assumptions were made to execute this analysis. Differing solar arrangements within the same landscape have never been studied empirically, so this analysis is specific to a particular species and region. Below are seven key assumptions critical to the results and their implications.
a. All focal nodes (protected areas) are equally important as facilitating points of bobcat movement. Running Circuitscape in pairwise mode acts under the assumption that movement between each pair of nodes is similarly relevant for constructing a cumulative current map and calculating overall effective resistance. It is possible that bobcats would be far less inclined to pass through a particular protected area for any number of reasons (smaller size, fencing, nearby human activity, etc.).
b. Circuitscape uses electric current as a proxy for animal movement, which may not represent bobcats' tendencies. This analysis assumes that bobcats will strongly prioritize lower-energy paths to navigate between protected areas, but they may favor more circuitous routes around barriers (e.g., solar facilities). Bobcats may completely avoid proximity to solar facilities rather than travel along their edges. 
c. For this analysis, solar facilities were assumed to be completely impermeable to bobcat movement. Gaps in fencing (whether intentionally created or from normal wear and tear) could drastically change movement patterns. 
d. Because it was impossible to determine in Transect, it was assumed that all distributed generation parcels had power line hookup capabilities. In practice, developers would likely not target parcels of land without connection to power lines. 
e. Although all areas modeled for distributed generation met the development criteria, it is unlikely that all or even most parcels would be available for solar development due to landowner unwillingness, permitting restrictions, or the discovery of protected species. It may take a wider radius larger than 15 miles to redistribute megawattage from a utility-scale solar facility. 
f. In addition, it was assumed that approximately ten acres of land is needed for every 1 MW of generation. This estimate was derived from an NREL finding that small (1-20 MW) solar PV projects required 8.3 acres/MWAC. The distributed generation parcels in this analysis would likely fall within 1-5 MW, so the conservative estimate of ten acres per MW was used, as smaller projects typically require more land per MW (Ong et al., 2013). 
g. Relocating Dixon Run Solar to the distributed generation area is unrealistic. It is extremely unlikely that the entire footprint is available for development, and portions of the footprint violate the development principles utilized for identifying the distributed generation parcels (Table 1). Nevertheless, it is a viable strategy for assessing the impact of facility arrangement, as this analysis is not intended to inform actual solar development in this region. 

Despite these key assumptions, this analysis is intended to provide an initial comparison of how utility-scale and distributed solar developments impact animal movement and habitat connectivity and still provides a useful example of siting implications. 

2. Findings and Recommendations

The first key finding of the analysis is that effective resistance between nodes 5 and 6 increased by 12.94% following the development of Dixon Run Solar. The pre-development current map (Figure 4a) reveals that Dixon Run will be situated in one of the most important corridors for bobcat movement in Southeast Ohio. After the Dixon Run construction, this corridor split into two, with both sides being much narrower than before (Figure 4b). Species have been shown to have minimum corridor width requirements, and if corridors become too narrow, target species may cease to use them (Hromada et al., 2020; Dougherty et al., 2023). Additionally, narrower corridors increase species susceptibility to future anthropogenic development. If development occurs on either side of Dixon Run Solar, there is potential for the corridor to become impassable and restrict direct movement between nodes 5 and 6. This finding showcases how critical it is for developers to consider ecological impacts, especially on animal movement, when siting USSE facilities. 

The next, and perhaps the most important result following the analysis, is the increase in overall effective resistance across the study area post-development of Dixon Run Solar, especially compared to when the megawattage is distributed across the landscape. The construction of Dixon Run caused a 2.43% increase in effective resistance compared to a 0.89% increase in resistance with modeled distributed generation (Table 4). This finding supports the claim that splitting up large USSE facilities into smaller sections reduces the impact on connectivity and fragmentation. This is an important finding as it presents a new way to look at both solar siting decisions and the benefits of distributed solar. 

Note: Results were reported to two decimal places because of the precedent set by Leskova et al. (2022); they conducted the only other study that assessed solar development's impact using Circuitscape. Without a BACI study showing the movement patterns of bobcats in relation to actual solar facilities, it is difficult to estimate the amount of error in the effective resistance measurement. 

Despite impacting overall effective resistance less than Dixon Run, distributing solar into smaller subsets creates more edges and, thus, more edge effects. Edges are the boundaries between two vegetation types and usually contain soil characteristics and species (both plant and wildlife) different from the interior of habitat patches (Kremsater & Bunnell, 1999). Edge effects are a frequently studied concept in ecology and can have positive and negative effects on organisms, depending on the species. Invasive species are sometimes best accustomed to colonizing edge habitats and can quickly establish populations at vegetation boundaries (Holway, 2004; McDonald & Urban, 2006). Edges also leave nesting birds susceptible to brood parasitism or nest stealing by other opportunistic birds. Researchers have found that brood parasitism rates were greater for grassland (Patten et al., 2006) and forest-dwelling bird species (Lloyd et al., 2005) at edges rather than within the interior of habitats. However, edge effect studies usually involve analyzing the impacts on habitat patches when adjacent to developed land (e.g., agriculture, roads, and other infrastructure). If developers are able to restore solar facilities by planting native vegetation, they may decrease the edge effects caused by construction. Future field studies are required to understand the edge effects of community solar development.

Despite these potential edge effects, the overall impact on bobcat movement in this study is reduced by redistributing the megawattage. However, a caveat is that the redistributed generation parcels are mostly within areas with low suitability for bobcat movement. To select the most realistic and feasible parcels for distributed generation development, restrictions such as excluding tree cover and including farmland (Table 1) may have skewed the suitable sites away from bobcat habitat. While this model represents good due diligence by a developer, it does not allow for a perfect comparison to Dixon Run, as Dixon Run is situated within a major bobcat corridor. 

To examine if the difference in effective resistance is due to the distributed spatial arrangement or simply siting outside of a prime bobcat corridor, an additional Circuitscape analysis was run with the footprint of Dixon Run shifted to where the majority of the distributed sites were located. After moving the footprint of Dixon Run, the increase in effective resistance was relatively similar to the distributed sites. This demonstrates that the impact on habitat connectivity did not rely strongly on the arrangement of solar facilities but was more defined by the initial siting location. However, relocating Dixon Run solar is unrealistic, as the distributed generation parcels were sited on much smaller parcels of land between areas of human development. In other words, reducing wildlife impact was only possible due to distributed generation, so a more spread-out facility arrangement was critical for avoiding a key wildlife corridor. When determining facility arrangement, developers must consider species-specific habitat use characteristics. If they are siting within an area with poor habitat suitability, the arrangement may not be as critical because movement will already be limited. If developers are forced to site within an existing corridor, the size and arrangement of facilities could have devastating effects if they create a pinch point functionally insufficient for species movement. 
Another development decision is fencing design, which may impact wildlife's ability to utilize the facility. Depending on the link size and height of the fencing, certain species may be able to move through the facility. Future analysis will adjust fence permeability to gauge how variations in design may impact the current density and effective resistance within the facilities and across the landscape. 

Overall, this analysis revealed that the development of Dixon Run significantly impacts a key bobcat corridor in southwest Ohio. The initial finding suggests that by splitting the total power generation of Dixon Run into smaller distributed solar facilities in more responsible locations, overall effective resistance to bobcat movement can be reduced, and greater connectivity can be facilitated. These findings show how important both siting and design decisions can be to local wildlife. Further analyses with additional species are required to tease out the relative importance of facility location and arrangement on habitat connectivity. 


























Chapter 3: Analysis of State Community Solar Markets: Insights from Maryland and Ohio with Recommendations for Future Policy Development

A. Introduction:

Distributed generation (DG) refers to the decentralized production of electricity from various sources, often renewable, located near or at the point of consumption (Environmental Protection Agency, 2023). DG systems are typically connected to the local energy distribution network, allowing electricity generation on a smaller scale than centralized or utility-scale power plants (EPA, 2023). This approach can enhance energy efficiency, grid resilience, and the integration of clean and sustainable energy sources into the overall energy system. Recognizing these benefits, the Inflation Reduction Act (IRA) offers lucrative tax credits for community solar facilities. These facilities, defined as those with a maximum output of 5 MWAC, must serve low-income residents or be located in low-income areas (H.R.5376, 2022).  Driven by the IRA, the U.S. community solar market is expected to increase 118% over the next five years (Wood Mackenzie, 2023).

Community solar projects are enabled through federal and state legislation, which ensures developers meet regulatory requirements and receive appropriate compensation for the project to be financeable. At the start of 2022, 22 states and Washington, D.C. had enacted legislation that supports the development of community solar projects (NREL, n.d.). State community solar programs vary by type, encompassing mandated community solar deployment, incentives to facilitate deployment, policies that streamline the deployment process, or some combination of these approaches. While community solar projects are located in 39 states, Washington D.C., and Puerto Rico, nearly three-quarters of the total market is centered in four states: Florida, Minnesota, New York, and Massachusetts (NREL, n.d.). These states view community solar as a crucial tool to ensure that all consumers, including low and moderate-income (LMI) households, can share the benefits of having access to clean and reliable electricity. 

However, developers face considerable regulatory risk when bidding on state-level community solar programs because the regulatory landscape and program requirements can vary widely between states, and developers typically invest significant capital in a project before knowing its eligibility for state programs (NREL, 2015). As a result, the provisions within state community solar programs significantly influence the attractiveness of developing a community solar project in a specific state. Throughout the development process, certain phases carry higher risks to developers, including interconnection costs and timelines, zoning and permitting, and subscriber acquisition. Navigating these challenges requires regulatory certainty in state markets, particularly regarding program capacity caps, eligibility criteria, incentive structures, and regulatory timelines. By establishing clear and consistent guidelines, states can reduce uncertainty and mitigate risks for developers. A robust and supportive regulatory environment encourages competition and innovation within community solar markets, ultimately driving down costs and increasing consumer accessibility. Therefore, emerging state community solar markets serve as critical drivers for stimulating developer interest and driving the adoption of solar energy at the local level. 

B. Maryland:

Maryland has a history of supporting solar generation and has set an ambitious goal of 100% renewable generation by 2035 (100% clean energy by 2035, 2018). In 2015, the Maryland state legislature enacted H.B.1087, establishing the state’s first community solar pilot program. The pilot program, split among four investor-owned utilities (BGE, Pepco, Delmarva Power, and Potomac Edison), placed statewide capacity caps at 418 MW, with 125 MW set aside for LMI customers (M.D. H.B.1087, 2015). Additionally, each project was limited to 2 MW. However, the program allocated separate capacity for systems built on Brownfields, parking lots, or industrial areas. Notably, the program prohibited the co-location of contiguous facilities, which prevented the clustering of multiple projects to circumvent the 2 MW project size cap and ensure fair distribution of solar resources across the state. As a direct result of the pilot program, nearly 90,000 customers in Maryland benefit from clean and affordable energy provided by community solar (Laughlin, 2023).

While the pilot program successfully jumpstarted Maryland’s community solar market, its capacity caps, ambiguous interconnection process, and a lack of ecologically friendly siting incentives posed challenges to its continued growth and development. In passing H.B.908 in 2023, Maryland legislators enacted a permanent community solar program, improving the pilot program in several key ways. First, the program allows unlimited statewide community solar capacity and increases individual project size to 5 MW (M.D. H.B.908, 2023). This helps accommodate a larger number of projects and improves the certainty of projects being accepted in a timely manner. Second, the program allows contiguous development of up to 10 MW for projects co-located with Brownfields, industrial zones, parking lots, or farmland (M.D. H.B.908, 2023). These projects are further incentivized by exempting them from county or municipal property tax. By optimizing land use and leveraging underutilized areas, this approach minimizes environmental siting impacts and encourages co-located projects. Third, the program prioritizes benefits for marginalized communities by requiring 40% of a project’s output to serve LMI subscribers (M.D. H.B.908, 2023). Moreover, the 2023 bill introduces consolidated billing and allows LMI eligibility based on self-attestation, reducing financial barriers to entry and participation. Fourth, the program improves transparency by publishing and updating the queue of projects daily (M.D. H.B.908, 2023). Lastly, it mandates that the distribution utility completes project interconnection within a reasonable timeframe, thereby ensuring adherence with federal and state regulations during the interconnection process. 

Despite these improvements, additional legislation should be enacted to provide additional incentives that encourage ecologically friendly siting practices, including agrivoltaics. For example, Colorado approved SB 23-092, which authorizes the Agricultural Drought and Climate Resilience Office to award technical assistance and incentives, in the form of grants, for conducting new or ongoing demonstrations of the potential benefits and tradeoffs of agrivoltaics (C.O. S.B.23-092, 2023). The legislation places particular emphasis on agrivoltaic projects that showcase the ability to mitigate and adapt to hazardous events related to drought or the climate. Moreover, any project that receives grant funding from the office must consult with the Division of Parks and Wildlife director regarding the impacts on soil health, native vegetation, endangered species, wildlife migration corridors, and vulnerable ecosystems.

Notably, the act requires the formation of a stakeholder group composed of producers of the top ten agricultural commodities in Colorado and representatives from the solar industry. This collaborative effort aims to devise practical solutions that optimize the ecological and agricultural benefits of agrivoltaic systems. Moreover, personal property used for agrivoltaics qualifies for a property tax exemption if it incorporates novel designs or technologies that enhance the potential of agrivoltaics. These may include elevating panels at least 6 feet, using translucent panels, optimizing solar tracking, adopting row spacing that enables agricultural activities, supporting livestock, incorporating innovative racking structures, and integrating traditional agricultural infrastructure on the property (C.O. S.B.23-092, 2023). However, eligibility for this exception is contingent upon the system also minimizing soil compaction and mitigating environmental impacts on nearby ecosystems and native vegetation.  

[bookmark: _heading=h.lnxbz9]The passage of HB 908 represents a pivotal moment for the Maryland community solar market and paves the way for a more robust and inclusive solar market. By intentionally prioritizing benefits for marginalized communities and improving transparency within the interconnection process, Maryland has created an equitable community solar market that provides regulatory certainty for developers. However, as demonstrated by the progress in Colorado with SB 23-092, there is room for improvement. Drawing inspiration from Colorado’s SB 23-092, policymakers in Maryland must build upon its existing program by expanding incentives for agrivoltaics and encouraging practices that mitigate land degradation. In doing so, Maryland can propel its community solar agenda forward, fostering sustainability, resilience, and equitable access to clean energy for its residents.

C. Ohio:

Introduced in June 2023, Ohio’s proposed Community Solar Pilot Program aims to facilitate the adoption of solar energy in the state through clear regulations and incentives. The program defines community solar facilities as a single solar generating entity that is located in Ohio, has at least three subscribers, has a capacity of no more than 10 MWAC, and has no single subscriber holding more than 40% interest (O.H. H.B.197, 2023). Facilities cannot be developed on the same contiguous parcel developed, owned, or operated by the same entity unless it is located on a distressed site. Entities that develop on distressed sites, including brownfields, solid waste facilities, energy communities, and land owned by metropolitan housing authorities or a land reutilization corporation, are eligible for a grant under the Brownfield Remediation Program (O.H. H.B.197, 2023). These grants will help cover costs associated with the construction and remediation of distressed sites.

The pilot program allocates a total of 1,750 MW of capacity, with 500 MW and 250 MW reserved for redevelopment on distressed sites and distressed sites in the Appalachian region, respectively (O.H. H.B.197, 2023). The remaining 1000 MW will be awarded annually in increments of 250 MW chunks until a total of 1000 MW from such facilities is certified. This distribution ensures a balanced approach that fosters both environmental and equity benefits across diverse communities. The program also encourages stakeholder collaboration and transparency of program rules and regulatory timelines. The Ohio Public Utilities Commission is required to facilitate a working group consisting of distribution utilities, consumer advocates, community solar industry representatives, and other interested parties to create rules for the development of community solar facilities (O.H. H.B.197, 2023). These include rules to approve or deny facility applications within 90 days, implement consumer protections to ensure subscribers receive savings effectively and equitably, and modify existing interconnection standards to streamline and reduce the costs associated with connecting projects efficiently to the distribution network. 

While Ohio’s Community Solar Pilot Program effectively promotes consumer protections for subscribers and offers straightforward timelines, it distinguishes itself from other state markets by emphasizing the development of solar facilities on distressed sites. The economic, social, and environmental challenges associated with distressed sites have been a longstanding concern in Ohio, which is reflected in the pilot program (Dylewski, 2002). Indeed, Ohio’s abundance of industrial sites presents ample opportunities for development on distressed land. However, the pilot program could further enhance its impact by incorporating more provisions that encourage LMI community participation. Any future permanent community solar program in Ohio should mandate or prioritize projects that reserve a significant percentage (40%) of its output for LMI subscribers, encourage LMI participation without financial barriers, and simplify billing and payment collection. 

[bookmark: _heading=h.35nkun2]Moreover, Ohio’s pilot program notably lacks incentives to encourage low-impact solar development and ecologically friendly land use practices. This could include providing grants or tax credits to projects that minimize disruption to the landscape and preserve native vegetation and habitats. Similarly, offering streamlined permitting processes for projects meeting stringent environmental criteria would encourage developers to adopt environmentally sustainable practices. By integrating such incentives, Ohio can support community solar growth while simultaneously promoting environmental stewardship. Additionally, considering Ohio’s ample farmland, there is potential for including agrivoltaic systems in a permanent community solar bill. Ohio is established as a leading state in agricultural services, boasting 75,000 farms and ranking third nationally in tomato production, fourth in operations with sheep, and fifth in bell pepper yield and dairy operations (National Agricultural Statistics Service, n.d.). This agricultural landscape offers a promising foundation for integrating agrivoltaic systems to maximize land efficiency and environmental benefits.

Table 5. Range of state policies to incentivize community solar adoption.

	State
	Program Cap
	Project Size Cap
	LMI Provisions
	Agrivoltaics Provisions
	Distressed Site Provision
	Low-Impact
Siting Provisions

	Maryland
	Unlimited
	5 MW
	40% capacity
	Yes
	Yes
	No

	Ohio
	1,750 MW
	10 MW
	250 MW to Appalachian region
	No
	Yes
	No

	Minnesota
	ᐧ100 MW in 2024-2026
ᐧ 80 MW in 2027-2030
ᐧ 60 MW in 2031 and after
	5 MW
	30% capacity
	No
	Yes
	Yes

	Illinois
	400 MW
	5 MW
	37.5-40% of state’s annual budget towards LMI
	Yes
	Yes
	No

	Colorado
	Unlimited
	10 MW
	5-15% capacity
	Yes
	No
	Yes

	Massachusetts
	3,200 MW
	5 MW
	5% capacity
	Yes
	Yes
	Yes




D. Recommendations:
Several recommendations can be drawn from the provisions of existing state markets to improve future community solar policy legislation. First, standardizing terminology, definitions, and requirements across states is essential to create consistency and clarity in community solar legislation. Table 5 illustrates the substantial variation in the definition of community solar facilities and the corresponding requirements that must be met across different states. Uniformity would help developers navigate the landscape of various state policies more effectively, reducing confusion and streamlining the implementation of community solar facilities. Second, states should incentivize low-impact, ecologically friendly siting practices to minimize environmental degradation and habitat disruption. Policymakers should implement policies that offer grants, tax credits, and other financial incentives to projects that preserve topsoil and vegetation, support native habitats, and employ innovative land use practices, such as agrivoltaics. Third, community solar programs should prioritize participation from marginalized communities and ensure frontline communities have full access to the program's benefits. While most states require that a percentage of the facility’s output be allocated to LMI communities, many states do not meet the recognized 40% LMI participation threshold, which is considered essential for an equitable community solar program (DenHerder et al., 2020). Finally, transparency and efficiency in the interconnection process, as exemplified by Maryland’s daily publication of project queues and timely interconnection mandates, are crucial to provide regulatory certainty for developers and ensure the timely implementation of community solar projects. By incorporating these recommendations into future policy creation, states can accelerate community solar adoption and advance their renewable energy agendas sustainably and equitably. 

















Chapter 4: Literature Review: The Role of Agrivoltaics to Reduce Solar-PV Land Use Impacts

A. Introduction:

As explored in Chapters 1 and 2, distributed solar PV generation can mitigate habitat fragmentation and improve habitat connectivity for various species. However, expanding distributed solar facilities poses challenges to traditional land use practices and requires innovative solutions to reconcile conflicting demands on land resources. Agrivoltaics is the integration of solar photovoltaic (solar PV) systems with agricultural practices and an emerging solution to the growing conflict between land use for food production and energy generation. With the growth of solar PV worldwide, the competition for land resources intensifies, particularly in agricultural regions where optimal conditions for solar installations coincide with prime farmland (Nonhebel, 2005). This dilemma is further exacerbated by population growth projections, posing challenges to food security and sustainable land management practices. Agrivoltaics offers a compromise, providing mutual benefits to land owners and developers across the food-energy-water nexus (Barron-Gafford et al., 2019).

[bookmark: _heading=h.1ksv4uv]Farmlands have long been desirable locations for solar development due to their abundance of solar irradiance, flat and clear-cut surfaces, stable soils, existing connections to the grid, and access roads (Macknick et al., 2022). Agrivoltaics provides a potential solution to land use conflict, allowing the co-use of land and mutual benefits to both developer and farmer. Despite its promising potential, its widespread adoption faces challenges such as resistance to new solar development within traditional farming communities and implementation hurdles. This section reviews current literature to elucidate the benefits and constraints of implementing agrivoltaic systems. It seeks to summarize the state-of-the-art knowledge on the potential of agrivoltaic systems to simultaneously enhance agricultural productivity and renewable energy generation while addressing land use, water management, and sustainability challenges.

B. Agriculture:

1. Air Temperature and Humidity:
Research on the impacts of agrivoltaics on air temperature and humidity reveals varied findings. While Marrou et al. found no significant difference in mean daily air temperature readings between agrivoltaic and open plots in France, Adeh et al. observed a drop in air temperature and humidity under PV compared to open areas in Oregon (Marrout et al., 2013; Adeh et al., 2018). Discrepancies in findings may stem from differences in configuration; for instance, Marrou et al. had higher ground clearance (4 m vs 1.1 m), allowing for natural convection, which prevents significant changes in air temperature and humidity. However, findings from a study in Germany with a similar agrivoltaic configuration to Marrou et al. revealed a decrease in air temperature under PV, suggesting that factors beyond ground clearance may contribute to variations in air temperature and humidity within agrivoltaic systems (Weselek et al., 2019). Nonetheless, cooler air temperatures can provide favorable growing conditions, mitigating plant heat stress, particularly during hot summer months. 

2. Soil Temperature, Moisture, and Erosion:
Multiple studies indicate that daily average soil temperatures under PV are significantly lower compared to plots exposed to full sunlight (Marrout et al., 2013; Armstrong et al., 2016). One study showed that soil temperature is more sensitive to shading by PV panels than air temperature (Marrou et al., 2013). This reduction in soil temperature under PV can have significant implications for agricultural productivity, water retention, and soil health. Moreover, shading from PV panels can increase soil moisture levels by up to 15% and maintain similar moisture levels to control plots after two days of daily irrigation (Barron-Gafford et al., 2019). However, high rainwater runoff from the panels can cause erosion, especially during the early stages of agricultural production (Santra et al., 2020). Overall, the impacts of lower soil temperature and increased soil moisture on crop production depend on various factors such as crop type, soil type, weather conditions, and management practices. While erosion can pose challenges for crop production, these conditions provide opportunities for improved soil water availability and enhanced crop yields. 

3. Water Use Efficiency:
Agrivoltaics can potentially improve water use efficiency, particularly in regions facing water scarcity. By mitigating direct irradiation through shading, agrivoltaic systems reduce evapotranspiration and enhance water conservation. Studies indicate that irrigation needs can be reduced by up to 20% under PV panels, with a minor tradeoff of 10% in lettuce yield (Elamri et al., 2018). Similarly, a study of agrivoltaic systems growing jalapeno and cherry tomatoes found water use efficiency increased by 157% and 65%, respectively, under PV panels compared to open plots (Barron-Gafford et al., 2019). Another study demonstrated increased soil water retention and improved maize yields in non-irrigated agrivoltaic systems (Amaducci et al., 2018). Findings from Marrou et al. show a significant decrease in evapotranspiration of 10-30% under PV arrays with partial shading exposure, further highlighting the water-saving benefits of agrivoltaic systems (Marrou et al., 2013). In the context of global warming and water resource scarcity, the potential to improve water use efficiency can offer a sustained advantage in the future.

4. Crop Suitability:
A variety of crops have been utilized in agrivoltaic systems with mixed results. An examination of food production in Arizona showed chiltepin peppers had 3x greater fruit production under PV panels compared to open plots (Barron-Gafford et al., 2019). Similarly, they found cherry tomatoes yield twice as much fruit under PV while jalapeno fruit production was equal across PV and open treatments. Marrou et al. found that lettuces and cucumbers grew at the same rate under PV as the full sun treatment during their period of maximum vegetative growth. However, the growth rates were reduced under PV at the beginning of their plant cycles, suggesting special attention should be given to the shading distribution during juvenile crop stages (Marrou et al., 2013). According to another field experiment, sweetcorn's average fresh weight and stover biomass (used in ethanol production) in the low-density PV configuration was larger than in high-density and open treatments (Sekiyama et al., 2019). This result is significant due to the commercial viability of corn and because corn is typically a shade-intolerant crop.

However, a study of another commercially viable crop, durum wheat, demonstrated that yields were reduced in full-density and half-density PV configurations by 19% and 8%, respectively (Dupraz et al., 2011). Weselek et al. monitored harvestable yields of winter wheat, potato, and grass-clover in Germany between 2017 and 2018 in agrivoltaic and open plots. They found that winter wheat and potato yields were lower in agrivoltaic plots compared to open in the first year, while yields were greater in agrivoltaic plots in 2018 (Weselek et al., 2021). Meanwhile, grass-clover yields were lower in the agrivoltaic treatment in both years. These results are notable given the summer of 2018 was significantly hotter and drier than 2017, suggesting that growing conditions are more favorable in agrivoltaic systems under hot and dry conditions (Weselek et al., 2021). 

5. Siting and Configuration:
The successful implementation of agrivoltaic systems relies on strategic site selection and configuration planning. One key consideration is whether to utilize ground-mounted or stilt-mounted PV panels. Ground-mounted panels have been utilized in several studies and offer easier maintenance access while tending to be more cost-effective to install. In order to incorporate farming equipment for harvesting, ground-mounted panel rows should be spaced 6 m apart (Dupraz et al., 2011; Weselek et al., 2021). Stilt-mounted panels, on the other hand, allow standard farming equipment to pass below the stilts to harvest crops (Marrou et al., 2013). An overhead clearance of at least 4 m enables enough space for farming equipment to pass underneath the panels (Dupraz et al., 2011). Moreover, a stilt-mounted configuration maximizes land use compared to ground-mounted, in which the land directly underneath the panels cannot be utilized (Dinesh et al., 2016). While both ground and stilt-mounted configurations have been shown to bear positive results, their choice ultimately depends on specific site characteristics, cost and maintenance considerations, and the desired land utilization underneath the panels.

The density of PV panels must also be carefully considered. Full-density configurations optimize electricity production, while low-density configurations increase the amount of incident radiation to the crops. Indeed, low-density configurations can provide 60% to 85% of the solar radiation of open-sun conditions (Dupraz et al., 2011; Dinesh et al., 2016). Most crops require either strong or moderate light to grow beneath PV systems. When crop-available radiation is reduced by more than 50%, it constrains photosynthetic rates and negatively affects crop yields. Thus, panel spacing of 2 m or greater ensures the minimal required solar radiation for adequate crop growth under PV systems (Sekiyama et al., 2019; Marrou et al., 2013; Dinesh et al., 2016; Majumdar et al., 2018). By carefully evaluating and optimizing these configurations, agrivoltaic systems can achieve a balance between energy production and agricultural productivity. 

6. Power Generation and Efficiency:
Power generation and efficiency in agrivoltaic systems are influenced by various factors, including system configuration and environmental conditions. The configuration of PV panels, whether full density or half density, significantly affects power generation. Studies have shown that full-density configurations consistently double the electricity production per m2 compared to low-density configurations (Sekiyama et al., 2019; Dinesh et al., 2016). However, a conventional PV facility, with a spacing of 1.25 m, produces roughly double the electric output per m2 than a full-density configuration spaced at 3.2 m (Dinesh et al., 2016). Thus, agrivoltaic systems have inherent trade-offs between maximizing power generation through higher panel density and the need to promote agricultural productivity.

Environmental factors such as temperature and dust accumulation also influence power generation and efficiency in agrivoltaic systems. Overheating PV panels reduces the module’s efficiency over time, while properly cooled modules can produce 27% more electricity (Rahman et al., 2015). During periods of high solar irradiance, module surface temperature can be 5 to 8 oC higher than the ambient air temperature (Roy et al., 2017). An analysis of the effects of PV panel temperature on power generation and efficiency in an agrivoltaic system reveals that during the primary growing season, the daytime panel temperature was 8.9 oC cooler compared to conventional PV systems, resulting in improved performance (Barron-Gafford et al., 2019). However, dust accumulation on the panel surface negatively impacts the system’s power output (Majumdar et al., 2018; Roy et al., 2017; Sekiyama et al., 2019). Indeed, it has been observed that daily power output falls by 7.70 W and efficiency drops by 1.47% when dust is left to accumulate on the panels (Rahman et al., 2015). Thus, dust suppression and mitigation measures must be implemented, particularly with livestock and when using farming equipment. Innovative designs that integrate the water used for cleaning the panels with crop irrigation can effectively preserve both PV and water-use efficiency (Patel et al., 2018)

7. Economic Considerations:
[bookmark: _heading=h.44sinio]In assessing the economic viability of agrivoltaic systems, several vital considerations come into play. The Land Equivalent Ratio (LER), a measure of land use efficiency, is determined by comparing the combined yield of crops and electricity generation in an agrivoltaic system to the yield of each alone on separate plots of the same size (Gomez-Casanovas et al., 2023). This measurement provides insight into the overall productivity of the land. Agrivoltaics consistently positively impacts LER, with an increase of 35-73% in land productivity (Dupraz et al., 2011; Majumdar et al., 2018; Guerin et al., 2019). Thus, a well-designed agrivoltaic system can address the challenges associated with land use competition while providing an additional income stream for landowners. When total revenue from combined crop and power generation is evaluated, agrivoltaic systems often surpass single land use scenarios. For example, a 3 MW agrivoltaic system in India delivered substantial income, 98% from electricity sales, alongside earnings from cultivating various crops: turmeric, ginger, bottle gourd, and lady finger (Patel et al., 2018). Similarly, lettuce production alongside a low-density configuration in Michigan yielded $17,000/ha/year from lettuce and $80,000/ha/year from electricity production (Dinesh et al., 2016). Solar electricity production accounted for 82.5% of total farm income in this case. 
[bookmark: _heading=h.716otyx61muo]
[bookmark: _heading=h.yoxsxl7o83rw]Nonetheless, operational and capital costs also play a crucial role in the viability of agrivoltaics. While operational costs for agrivoltaic and conventional PV systems are comparable, the initial capital expenditure for agrivoltaics tends to be up to 38% higher, primarily due to higher labor and planning expenses (Schindele et al., 2020). Despite this, it has been shown that the initial investment in an agrivoltaic system can be recouped within nine years, compared to eight years for traditional ground-mounted systems (Agostini et al., 2021). Ultimately, local and state incentives will play a major role in expanding agrivoltaic development as it expands and matures.

8. Social and Environmental:
Agrivoltaics holds promise for generating a wide array of social and environmental benefits. A well designed agrivoltaic system can stimulate job creation and bolster community income. The installation, maintenance, and operation of agrivoltaic systems necessitate a diverse workforce, including solar technicians, agronomists, and farm laborers. Thus, employment opportunities range across various skill levels and sectors. Additionally, the income generated from agrivoltaic projects contributes to the economic vitality of rural communities, particularly in agricultural regions where farming has traditionally been the primary economic engine (Boyd, 2023). Agrivoltaics has the potential to garner significant public support due to the economic benefits to the community and the dual benefits of renewable energy generation and agricultural production (NREL, 2022). By emphasizing that agrivoltaics can preserve the farming traditions of communities while providing additional revenue streams to support farming practices, public support is likely to increase.

On environmental outcomes, agrivoltaics offers substantial advantages regarding reduced emissions, efficient land use, and ecological balance. By displacing fossil fuel-based electricity generation, agrivoltaic systems can reduce greenhouse gas emissions while simultaneously enabling agricultural activities. In addition to climate change mitigation, agrivoltaic systems support climate adaptation. As discussed above, the microclimate conditions created in agrivoltaic systems improve plant resilience to heat stress and drought, thereby enabling adaptation to climate change and extreme weather. Moreover, agrivoltaic systems optimize land use by utilizing the same land area for both energy and agricultural production. This dual-use approach enhances land use efficiency and minimizes land competition, addressing land use conflict and ecosystem degradation concerns. It has been shown that as the size and quantity of solar PV systems increase, there is a corresponding escalation in land transformation and utilization, raising concerns regarding impacts on landscape conservation and ecosystem health (Scognamiglio, 2016). Incorporating distributed agrivoltaic systems helps alleviate environmental risks associated with flora and fauna control, soil and water management, and resource use.

C. Livestock:

[bookmark: _heading=h.2jxsxqh]Agrivoltaic systems are increasingly being deployed in innovative ways that extend beyond traditional agriculture. Integrating livestock grazing into agrivoltaic systems presents a compelling dual land-use strategy with multiple benefits. Beyond improving land productivity, grazing livestock with PV production serves as a natural vegetation control method, addressing concerns of vegetation overgrowth that can hinder PV performance. These systems can also improve well-being by providing consistent shade for the animals. However, this approach requires careful consideration of the mounting system design to accommodate the size and behavior of the animals.

1. Sheep and Lambs:
[bookmark: _heading=h.z337ya]Sheep and lambs are favored for integration into agrivoltaic systems due to their ability to navigate easily beneath conventional PV structures without causing damage to the equipment. An investigation into herbage yield, lamb growth, and foraging behavior revealed notable findings. Conducted over two years in Oregon, Andrew et al. compared lamb growth and pasture production between solar pastures and traditional open pastures. In line with the findings of other studies, high LER values suggest that land productivity for pasture production and lamb production is significantly higher compared to single-use systems (Andrew et al., 2021). Despite a 38% lower herbage yield in solar pastures, lamb liveweight remained similar in both treatments, indicating a higher forage quality under the PV panels offset the lower herbage yield (Andrew et al., 2021). Moreover, the cool microclimate under the panels benefited the livestock by providing shade, resulting in lambs in open pastures consuming significantly more water than those in the solar pasture. Similarly, a study at the Animal Biometeorology Lab of Sao Paulo State University compared animals' preference for shade provided by PV or a traditional 80% cloth blockage. They observed that sheep spent less than 1% of their time under the cloth block compared to 38% under the PV panels (Maia et al., 2020). They also noticed that the animals spent a significant amount of time lying under the shade from PV, a behavior known to indicate thermal comfort (Maia et al., 2020). In addition to highlighting the potential of agrivoltaics to enhance animal welfare, the researchers also demonstrated that the electricity produced from the panels generated $740 in yearly savings. These findings underscore the benefits of integrating sheep into agrivoltaic systems, emphasizing minimal trade-offs and improved animal welfare. 

2. Cattle:
[bookmark: _heading=h.3j2qqm3]The application of agrivoltaic systems to provide shade for cattle in dairy herds has emerged as a strategy to mitigate heat stress and improve the overall well-being of the animals. A study in Minnesota examined how shading from a ground-mounted PV system impacts dairy cow fly counts, respiration rates, milk production, and body temperature during the summer months. The results show that cows co-located with PV exhibit lower respiration rates, lower body temperatures, and fewer signs of discomfort, indicating reduced heat stress compared to cows in the open sun treatment (Sharpe et al., 2021). Moreover, the researchers found no differences in fly prevalence, milk production, fat and protein production, or drinking habits between the two treatments (Sharpe et al., 2021). A similar study examined the effects of PV shading on heifers, young female cattle that have not produced offspring. The researchers observed that the heifers’ body temperature, skin temperature, and respiration rates were notably lower when located beneath the shade compared to when they were in pasture without PV shade (Faria et al., 2023). Reduced panting behaviors further supported the reduced heat load on the cows. 

The installed capital costs of cattle-grazing systems are traditionally more expensive than conventional solar PV structures and sheep-grazing systems because of the need to elevate the panels and reinforce the system structure. A report by NREL found that animal grazing incurs additional costs from site investigation, fortified support structures, fencing, and water well setup compared to conventional set-ups (Horowitz et al., 2020). Despite these additional costs, there are certain benefits from reduced site preparation expenses. Tasks like clearing, scrubbing, soil compaction, and soil stripping are minimized in cattle-grazing systems, offering cost savings in these areas (Horowitz et al., 2020). While the upfront investment for cattle-grazing systems may be higher, the potential long-term benefits on land utilization and animal well-being warrant consideration.

D. Discussion:
Implementing agrivoltaics presents a compelling approach to addressing the complex challenges at the intersection of food production, energy generation, and land management. The literature reviewed demonstrates that agrivoltaic systems significantly benefit agricultural productivity, renewable energy generation, and ecosystem and livestock health. By integrating solar PV systems with agricultural practices, agrivoltaics provides a viable compromise that allows for the co-use of land while delivering mutual benefits to both landowners and developers.

The performance of agrivoltaic systems is influenced by a variety of factors, including shading distribution, crop sensitivity to shading during different growth stages, environmental conditions, and system configuration. While discrepancies exist, the results suggest that agrivoltaic systems offer the greatest benefits under certain conditions, such as hot and dry climates, where the shading provided by PV panels mitigates the harmful effects of excessive heat and water stress on crop productivity. Thus, agrivoltaics has the potential to help farmers adapt to climate change and improve crop yield in extreme weather, such as droughts and heat waves.  Further research is needed to understand better the interactions between crops and agrivoltaic systems to maximize crop production and energy generation benefits. For example, most agrivoltaic systems with crop production are designed to be compatible with the growth of various crops and harvesting practices. Tailoring system design to benefit specific commercially viable crop types, such as corn and wheat, could help optimize yield and system design costs. In addition, livestock grazing systems require careful consideration due to potential infrastructure damage, with sheep grazing being the most compatible, though research on other livestock is ongoing. Future research priorities include developing frameworks to evaluate financial performance, the continued assessment of crop and grazing suitability in various contexts, understanding stakeholder perceptions, and formulating tailored incentives to spur the adoption of agrivoltaics.

Distributed solar generation development on agricultural land offers many advantages to landowners and farmers, spanning both economic and environmental realms. Primarily, these installations enable on-site electricity generation, lowering energy expenses and enhancing the system's economic viability. This additional revenue stream can improve landowners' income stability. Beyond financial gains, low-impact solar arrays serve as effective windbreaks that protect topsoil from erosion while also offering shade and shelter for livestock. The shaded conditions beneath the panels open new agricultural markets for shade-tolerant crops that thrive in such conditions. Notably, incorporating native vegetation within and around solar arrays preserves the natural habitat of local flora and fauna, supporting vital ecosystem services. Collectively, these benefits underscore the value of distributed solar design as a sustainable approach that enhances land stewardship and resilience while providing economic benefits for landowners.

The advantages of dual land use strategies extend beyond landowners. They also benefit project developers, encompassing both financial savings and operational efficiency. By minimizing site preparation and installation expenses, developers can realize significant reductions in capital expenditures (Barbose et al., 2014). Low-impact siting practices decrease these expenses and decrease construction timelines, contributing to overall savings. In addition, low-impact site designs result in lower operation and maintenance costs, owing to minimal maintenance requirements for low-growing vegetation and dust suppression. At the same time, by inherently promoting environmental stewardship, these systems foster a more seamless path to community acceptance and mitigate potential litigation risks during the permitting process arising from excessive ecological impacts (Congressional Research Service, 2021). Ultimately, creating cooler micro-climates beneath solar panels, facilitated by integrating crops or vegetation, enhances solar production by improving panel performance and efficiency. These benefits create a compelling case for low-impact distributed solar generation, presenting developers with a comprehensive framework for cost-effective and environmentally responsible solar development.

Conclusion 

The current US energy system is structured to support extensive, centralized energy generation facilities. These centralized energy facilities are typically sited far from demand centers and require high-voltage transmission lines to move the power from source to sink (EPA, 2024). Due to the increased efficiency and economies of scale, this system has flourished. However, many of the benefits are increasingly outweighed by the immense consequences. The vast majority of centralized energy is generated by burning fossil fuels, causing a litany of environmental impacts, including air and water pollution, habitat destruction, and carbon emissions fueling not only our energy system but climate change, the effects of which are only now being realized. 

In response, through the passage of the IRA, the US government is promoting the clean energy transition, particularly by supporting solar generation. However, the newly constructed large-scale solar facilities are still built within the model of centralized energy generation. For the clean energy transition to successfully reduce fossil fuel emissions and reduce development impacts on localized ecosystems and communities, a shift away from centralized power generation is required. By promoting and establishing distributed generation systems, policymakers and developers can address the negative impacts at the forefront of the solar development boom and ensure that communities benefit from hosting these distributed networks. 

While transitioning from fossil fuels to renewable energy is a massive step towards mitigating climate change and creating healthier environments for all, maintaining the status quo of centralized power generation without seeking alternatives will come with its own unintended consequences. Large utility-sized solar facilities may cause vast ecological impacts, namely avian/insect mortality and habitat fragmentation. Additionally, large facilities face interconnection queue waiting times of five years or more and miss out on providing local communities with potential benefits. Creating initiatives to support distributed solar has the power to address these concerns and provide a new framework for establishing energy networks. Distributed solar facilities can allow animal movement that previously would have been blocked, be more easily interconnected to the main transmission grid, and provide financial and energy security to communities. 

Unfortunately, there is a significant research gap in the quantitative impact of large-scale solar development on ecosystems. Primary research on the subject is limited to studies involving the direct mortality of PV arrays on birds, bats, and insects, which has almost exclusively been conducted in the desert southwest. Minimal studies have begun to address the threat of habitat fragmentation, although preliminary results indicate that the danger of fragmentation is real and must be addressed before facility construction (see Chapter 2, section C). Similarly, the trade-offs of co-locating distributed solar facilities with agricultural activities and their impacts on financial feasibility, crop and livestock production, and power generation are still being elucidated.  Consequently, a much more extensive research effort is needed for developers and policymakers to implement a shift in the current development process. A process that prioritizes economic impacts over ecological and whose rapid solar development is outpacing science. While the rapid expansion of clean energy is critical, extensive research on the impacts is necessary to provide the knowledge required to promote sustainable and equitable development. 

However, research alone will not suffice to drive the adoption of distributed energy generation in an environmentally sustainable manner. Integrating research into tangible development practices will require policies encouraging ecologically friendly solar siting. The risks of industrial solar facilities are already well understood and recognized. Therefore, policy frameworks must prioritize support for decentralized solar facilities that mitigate habitat disruption and promote the development of underutilized spaces. Moreover, policies specifically targeting innovative practices, like agrivoltaics, have the potential to transform traditional land use patterns and foster resilient, regenerative agricultural systems for the future. Despite the fragmented and inconsistent nature of policy provisions and incentives across states, the success of these policy initiatives is evident in the growing state community solar markets that continue to expand access to solar energy for a wide range of consumers. Policymakers should strive to build off successful policies and standardized incentive programs, ensuring consistency and clarity in incentives for stakeholders. 

We find ourselves at a pivotal moment as our energy system undergoes a transformative shift from fossil fuel combustion to carbon-free electricity generation. Can the solar industry emerge as a force that champions both environmental progress and the empowerment of local communities? Or, will the clean energy industry perpetuate a legacy of ecological extraction and community neglect, prioritizing its own interests over the well-being of those directly affected by its operations? The science is clear: Without swift action to accelerate the deployment of carbon-free energy generation, median global temperatures will reach 3.2 °C by 2100.  However, this transition must be navigated thoughtfully, ensuring future climate benefits are not achieved at the expense of ecological integrity and social equity. We must reject the fictitious dilemma between ramping up renewable energy deployment and protecting the environment and vulnerable communities. Distributed energy adoption can foster greater environmental stewardship and social equity by decentralizing energy production and encouraging communities to actively participate in renewable energy initiatives.
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Glossary:

Agrivoltaics - The co-location of photovoltaic solar development (PV) and any form of “agriculture” on the same parcel of land. For agrivoltaics, “agriculture” includes but is not limited to: crops, livestock management, beekeeping, and establishment of pollinator habitat.

Community Solar - A specific form of distributed generation that allows multiple community members to collectively benefit from a shared solar installation, expanding access to clean energy and supporting local renewable initiatives.

Distributed Generation - Decentralized production of electricity from various sources, often renewable, located near or at the point of consumption

Ecological Impacts - Any change to components of native ecosystems (e.g. plants, animals, soils, hydrology) caused by an outside force. In the case of this report, the outside force is usually solar development.

Geospatial Analysis - Any analysis that uses or scrutinizes location-based data.

Habitat Connectivity - The ability for organisms to move between patches of land.

Habitat Fragmentation - The splitting of habitat into smaller, more disconnected patches, often due to habitat destruction or human development.  

Solar Development - The establishment of any form of solar energy on a piece of land (distributed generation, concentrated solar power, USSE etc.) 

Wildlife/Habitat Corridor - A strip of land suitable for wildlife movement. 












Appendix

Ecological Impacts Literature Review

Table A.1. Detailed table of Web of Science search methodology. Additional papers were obtained by snowballing citations within the following sources.

	Search #
	Date Range 
	Keywords
	# of Total Results
	# of Relevant Results
	# of Unique Results (not found in a previous search)

	1
	01/01/2000 - 12/01/2023
	Wildlife, Solar Energy Development, Impacts
	73
	13
	13

	2
	01/01/2000 - 12/01/2023

	Carnivore, Solar Energy Development, Impacts 
	0
	0
	0

	3
	01/01/2000 - 12/01/2023

	Predator, Solar Energy Development, Impacts 
	0
	0
	0

	4
	01/01/2000 - 12/01/2023

	Mammal, Solar Energy Development, Impacts 
	7
	1
	1

	5
	01/01/2000 - 12/01/2023

	Wildlife, Community Solar, Impacts
	43
	0
	0

	6
	01/01/2000 - 12/01/2023

	Mammal, Community Solar, Impacts 
	9
	0
	0

	7
	01/01/2000 - 12/01/2023

	Wildlife, Solar Facility Arrangement, Impacts 
	0
	0
	0

	8
	01/01/2000 - 12/01/2023

	Wildlife, Solar Arrangement, Impacts 
	1
	0
	0

	9
	01/01/2000 - 12/01/2023
	Wildlife, Solar Layout, Impacts
	1
	0
	0

	10
	01/01/2000 - 12/01/2023
	Wildlife, Solar Design, Impacts
	55
	7
	1

	11
	01/01/2000 - 12/01/2023
	Mammal, Solar Design, Impacts
	10
	1
	0

	12
	01/01/2000 - 12/01/2023
	Carnivore, Solar Design, Impacts 
	0
	0
	0

	13
	01/01/2000 - 12/01/2023

	Wildlife, Distributed Generation, Impacts
	27
	0
	0

	14
	01/01/2000 - 12/01/2023

	Wildlife, Distributed Solar Generation, Impacts 
	2
	0
	0

	15
	01/01/2000 - 12/01/2023

	Wildlife, Solar Energy Development, Fence
	20
	5
	0

	16
	01/01/2000 - 12/01/2023
	Wildlife Friendly Fencing, Solar
	0
	0
	0

	17
	01/01/2000 - 12/01/2023
	Wildlife Friendly Fencing
	25
	0
	0



Table A.2. Complete list of studies that assessed the impact of solar development on wildlife within the United States. The full list of criteria can be found in the Chapter 1 Introduction. 

	Title
	Year
	First Author
	Specie(s)
	Location(s)
	Type of Study

	Wildlife Conservation and Solar Energy Development in the Desert Southwest, United States
	2011
	Lovich, J.E.
	Many
	Many
	Literature Review

	Wind, sun, and wildlife: do wind and solar energy development 'short-circuit' conservation in the western United States?
	2020
	Agha, M. 
	Many; case studies on Desert Tortoises and Sage Grouse
	Many
	Literature Review

	Utility-scale solar impacts to volant wildlife
	2022
	Smallwood, K.S.
	Birds, Bats
	California Desert
	Literature Review

	Solar energy development impacts flower-visiting beetles and flies in the Mojave Desert
	2021
	Grodsky, S.M.
	Beetles, Flies, Moths, Wasps
	Mojave Desert
	Control-Impact Observational Field Study

	A preliminary assessment of avian mortality at utility-scale solar energy facilities in the United States
	2016
	Walston, L.J.
	Birds
	Southern California Desert
	Meta-Analysis

	Genetic identification of avian samples recovered from solar energy installations
	2023
	Gruppi, C. 
	Birds
	Southern California Desert
	Impact-Only Field Study

	Solar Farm Development Impacts on Eastern Box Turtle (Terrapene carolina) Home Ranges
	2023
	Dougherty, R.P. 
	Box Turtle
	Long Island, New York
	Control-Impact Field Study

	Trade-offs between utility-scale solar development and ungulates on western rangelands
	2022
	Sawyer, H.
	Pronghorn
	Southwestern Wyoming
	BACI Study

	Observations of Greater Sage-Grouse at a solar energy facility in Wyoming
	2022
	Gerringer, M.B.
	Greater Sage-Grouse
	Southwest Wyoming
	Impact-Only Observational Field Study

	What evidence exists regarding the effects of photovoltaic panels on biodiversity? A critical systematic map protocol
	2022
	Lafitte, A.
	Many 
	Many
	Systematic Map

	Partial shading by solar panels delays bloom, increases floral abundance during the late-season for pollinators in a dryland, agrivoltaic ecosystem
	2021
	Graham, M. 
	Insects
	Southern Oregon
	Impact-Only Field Study

	Using movement to inform conservation corridor design for Mojave desert tortoise
	2020
	Hromada, S.J.
	Mojave Desert Tortoise
	California and Nevada Desert
	Observational Field Study

	Sustainability of utility-scale solar energy - critical ecological concepts
	2017
	Moore-O’Leary K.A.
	Many
	Many
	Literature Review

	Environmental impacts of utility-scale solar energy
	2014
	Hernandez, R.R.
	Many
	Many
	Literature Review

	Vulnerability of avian populations to renewable energy production
	2022
	Conkling, T.J.
	Birds
	California Desert
	Meta-Analysis











Agrivoltaics Literature Review

Table A.3. Detailed table of Web of Science search methodology. Additional papers were obtained by snowballing citations within the following sources.

	Search #
	Date Range 
	Keywords
	# of Total Results
	# of Relevant Results
	# of Unique Results (not found in a previous search)

	1
	01/01/2011 - 12/01/2023
	Agrivoltaics
	291
	17
	17

	2
	01/01/2011 - 12/01/2023
	Agrophotovoltaics
	29
	11
	3

	3
	01/01/2011 - 12/01/2023
	Agrivoltaics, crops
	129
	34
	9

	4
	01/01/2011 - 12/01/2023
	Agrivoltaics, economics
	10
	5
	3

	5
	01/01/2011 - 12/01/2023
	Agrivoltaics, livestock
	4
	2
	2




















GIS Analysis 

ArcGIS Pro Models

Bobcat Resistance Layer Creation
[image: ]Model A.1: Created binary rasters for the three land cover classifications described as the most predictive of bobcat presence in Ohio by Popescu et al. (2021). 

[image: ]Model A.2: Used the Focal Statistics tool to calculate the percent land cover within a 50 km2 radius for Forest and Pasture and 30 km2 for Herbaceous Vegetation. Based on the findings of Popescu et al. (2021). 

[image: ]Model A.3: The High Traffic Roads (Interstates, US Routes, and State Routes) were extracted from the Ohio Department of Transportation’s Road Inventory (ODOT, 2020). 

[image: ]
Model A.4: Created a raster measuring the Euclidean distance, in km, from the nearest High Traffic Road. 
[image: ]
Model A.5:  The “Presence-only Prediction (MaxEnt)” tool within ArcGIS Pro was run using the four key variables influencing bobcat probability (percent forest cover within 50 km2, percent pasture within 50 km2, percent herbaceous within 30 km2, and distance from high traffic roads in km) and bobcat sighting/telemetry data (Wildlife Reporting System, n.d.). The output is a map of Ohio displaying bobcat probability across the state. 
[image: ]Model A.6: The bobcat probability raster (Model A.5) was inverted and multiplied by 100 to create a raster ranging from 0.001 to 100, representing the expected resistance to bobcat movement across the state. The processing extent was sufficiently large to encapsulate our six focal nodes (see Model A.10). 























Incorporating Development Choices into the Resistance Layer

The following three models were created to combine the solar development choices with the resistance layer to input into Circuitscape. No model was necessary for the “No Development” choice, as the final product of Model A.6 satisfied the resistance input.

A. Dixon Run Solar

[image: ]
Model A.7: The Dixon Run shapefile was incorporated into the bobcat resistance layer (see Model A.6), with all values within the footprint of Dixon Run being converted to NO DATA, representing infinite resistance to movement. 











B. Distributed Generation

[image: ]
Model A.8: The distributed generation parcels were incorporated into the bobcat resistance layer (see Model A.6), with all values within distributed generation parcels being converted to NO DATA, representing infinite resistance to movement. The distributed generation parcels were downloaded directly from the online tool Transect and represented the constrained parcel search results detailed in Chapter 2.
















C. Relocated Dixon Run Solar

[image: ]
Model A.9: The relocated Dixon Run shapefile was incorporated into the bobcat resistance layer (see Model A.6), with all values within the relocated footprint of Dixon Run being converted to NO DATA, representing infinite resistance to movement. Note: The footprint of Dixon Run was relocated by utilizing the “Modify” tool within the Edit Features pane. The feature was “Moved To” the geographic center of the distributed generation parcels using the “Calculate geometry attributes” tool. (These steps cannot be incorporated into ModelBuilder but produce the “DixonRun_Relocated” shapefile).














Focal Nodes Layer

[image: ]Model A.10: A protected areas dataset for Ohio was used to create “Focal Nodes” for the Circuitscape analysis. It was derived from the USGS’ PAD-US dataset, representing all US-protected lands submitted by their managing agencies (Ogletree et al., 2022) (e.g., federal or state gov., NGO, private, etc.) The Focal nodes are the areas between which effective resistance and current flow are calculated. For this analysis, this means they act as the natural areas in which changes to bobcat movement between each natural area are examined. 







Circuitscape Settings

[image: ]

Figure A.11. Settings used for each Circuitscape analysis. Resistance data was added at a final resolution of 40 m. When resistance layers included solar facility footprints, the cells within footprints were assigned a value of NO DATA to simulate infinite resistance to bobcat movement. 
[image: ]

Figure A.12. Additional options used for each Circuitscape analysis. 






Effective Resistance Matrices

Table A.4. Four tables showing the effective resistance values for each pair of focal nodes as well as an overall landscape resistance value for each solar development choice (A - No development, B - utility-scale solar development at Dixon Run, C - distributed generation, and D - relocated Dixon Run Solar). The overall resistance value (bottom) was calculated by taking the average of the percentage difference (5th column) of effective resistance for each pair of nodes (3rd column) between the no development choice (A) and each alternative development choice (B, C, D) and then adding 100. This methodology was adapted from Leskova et al. 2022. 

	A. No Development

	Node1
	Node2
	Eff_Resist
	Difference from NoDev
	%Diff from NoDev

	1
	2
	8.37
	NA
	NA

	1
	3
	8.17
	NA
	NA

	1
	4
	8.52
	NA
	NA

	1
	5
	7.38
	NA
	NA

	1
	6
	4.17
	NA
	NA

	2
	3
	7.07
	NA
	NA

	2
	4
	11.38
	NA
	NA

	2
	5
	8.49
	NA
	NA

	2
	6
	8.60
	NA
	NA

	3
	4
	7.70
	NA
	NA

	3
	5
	5.42
	NA
	NA

	3
	6
	7.88
	NA
	NA

	4
	5
	7.65
	NA
	NA

	4
	6
	9.10
	NA
	NA

	5
	6
	6.06
	NA
	NA

	
	
	
	
	

	Overall Effective Resistance =  100





	B. Utility-Scale Development at Dixon Run Solar

	Node1
	Node2
	Eff_Resist
	Difference from NoDev
	%Diff from NoDev

	1
	2
	8.39
	0.03
	0.31

	1
	3
	8.25
	0.08
	0.92

	1
	4
	8.61
	0.08
	0.96

	1
	5
	7.71
	0.33
	4.48

	1
	6
	4.22
	0.06
	1.34

	2
	3
	7.09
	0.02
	0.30

	2
	4
	11.44
	0.06
	0.55

	2
	5
	8.67
	0.18
	2.09

	2
	6
	8.77
	0.16
	1.91

	3
	4
	7.72
	0.02
	0.26

	3
	5
	5.48
	0.07
	1.24

	3
	6
	8.19
	0.31
	3.99

	4
	5
	7.74
	0.09
	1.24

	4
	6
	9.45
	0.35
	3.84

	5
	6
	6.84
	0.78
	12.94

	
	
	
	
	

	Overall Effective Resistance =  102.43
















	C. Distributed Generation

	Node1
	Node2
	Eff_Resist
	Difference from NoDev
	%Diff from NoDev

	1
	2
	8.62
	0.25
	3.03

	1
	3
	8.29
	0.12
	1.41

	1
	4
	8.57
	0.04
	0.49

	1
	5
	7.45
	0.07
	0.98

	1
	6
	4.19
	0.03
	0.62

	2
	3
	7.13
	0.06
	0.84

	2
	4
	11.47
	0.10
	0.84

	2
	5
	8.58
	0.09
	1.07

	2
	6
	8.78
	0.18
	2.12

	3
	4
	7.71
	0.02
	0.20

	3
	5
	5.43
	0.02
	0.34

	3
	6
	7.94
	0.06
	0.81

	4
	5
	7.65
	0.01
	0.07

	4
	6
	9.12
	0.02
	0.20

	5
	6
	6.08
	0.02
	0.36

	
	
	
	
	

	Overall Effective Resistance =  100.89
















	D. Relocated Dixon Run Solar

	Node1
	Node2
	Eff_Resist
	Difference from NoDev
	%Diff from NoDev

	1
	2
	8.56
	0.19
	2.28

	1
	3
	8.25
	0.08
	1.00

	1
	4
	8.56
	0.03
	0.38

	1
	5
	7.43
	0.06
	0.75

	1
	6
	4.19
	0.02
	0.49

	2
	3
	7.10
	0.03
	0.42

	2
	4
	11.44
	0.06
	0.57

	2
	5
	8.55
	0.06
	0.66

	2
	6
	8.73
	0.13
	1.52

	3
	4
	7.70
	0.01
	0.11

	3
	5
	5.42
	0.00
	0.06

	3
	6
	7.91
	0.03
	0.43

	4
	5
	7.65
	0.00
	0.03

	4
	6
	9.11
	0.01
	0.11

	5
	6
	6.07
	0.01
	0.21

	
	
	
	
	

	Overall Effective Resistance =  100.60
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