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Abstract

:

Utility-scale solar photovoltaics (PV) is the largest and fastest-growing sector of the solar energy market, and plays an important role in ensuring that state and local jurisdictions can meet renewable energy targets. Potential adverse environmental impacts of utility-scale solar PV are well-documented, and the effects of diverse mitigation and dual land use strategies under the banner of ’low-impact solar’ are justly receiving more attention; this article seeks to contribute to improving understanding of this topic. Capital costs for different PV configurations are well-documented; however, operation and maintenance (O&M) costs for vegetation management at low-impact utility-scale solar PV sites are not as well-understood, particularly as they compare to costs for sites that use more conventional ground cover practices, such as turfgrass or gravel. After a literature review of different vegetation strategies and O&M cost considerations, we collected data from utility-scale solar PV O&M stakeholders, including site owners/operators, O&M service providers, vegetation maintenance companies, and solar graziers, on costs and activities associated with vegetation management at low-impact, agrivoltaic, and conventional PV sites. In this paper, we perform data analysis to detail the per-activity and total O&M costs for vegetation management at PV sites with different ground covers and management practices, providing the most comprehensive and detailed assessment of PV vegetation O&M costs to date. For the 54 sites included in our analysis, we found that while the per-acre and per-kilowattdc (kWdc) costs for individual activities, such as mowing, trimming, and herbicide application at native or pollinator friendly ground covers, were lower than at turfgrass sites, the total combined vegetation O&M costs were slightly higher; this is presumably because more individual activities are required for the first 3–5 years of vegetation establishment. Qualitative results include recommendations from data providers for site and system design, and ongoing vegetation management operations.
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1. Introduction


Utility-scale solar photovoltaics (PV) is the largest and fastest-growing segment of the United States and global energy markets [1]. Although the term ‘utility-scale’ is not officially associated with a precise minimum site size or electrical capacity, convention followed in the United States by industry groups and the US Department of Energy (DOE) commonly uses 1 megawattdc (MWdc) as the threshold for distinguishing smaller and commercial-scale solar from utility-scale solar [2,3]. Though some very large rooftop systems (if connected to the utility side of the customer’s meter) could technically be considered ‘utility-scale PV,’ common industry parlance associates ‘utility-scale’ with ‘ground-mounted systems’—systems that are installed directly into or on top of soil at ground level. Ground-mounted utility-scale systems are the focus of this article.



Industry trends and projections raise questions about utility-scale PV land use and availability in the coming years and decades. Several studies have been carried out on the land requirements of utility-scale PV. Ong et al. (2013) quantify land use ranges of 7.5–8.3 acres/MWdc [4]. Bolinger and Bolinger’s recent work proposes benchmarks of 2.86 acres/MWdc for fixed systems and 4.17 acres/MWdc for tracked systems, but those figures account for only the area on which the panels are located and not the overall project footprint, so inherently the figures are underestimated [5]. Cropland-integrated agrivoltaics projects have larger ranges of PV land densities, from 3.5–16.4 acres/MWdc [6,7]. The US Department of Energy’s Solar Futures Study (2021), using a multiplier of 6.6 acres per MWdc, calculated that in 2050, roughly 10.3 million acres (0.5% of the land in the contiguous United States) would be needed to accommodate solar development in the highest PV deployment scenario of 1.57 terawatt (TWdc) [1]. If a significant portion of new utility-scale PV projects were built as crop agrivoltaics in the coming decades, this number could edge closer to 1.0%, albeit with lower impacts on cropland displacement.



Although this scenario represents a small fraction of total US lands, concerns about land use changes from widespread solar deployment impacting the environment and competing with other land uses (e.g., agriculture) should be addressed. Despite the myriad economic, environmental, and public health benefits of solar generation [8], if utility-scale PV is not developed carefully, utility-scale PV installations could also have some adverse impacts on the environment and on local communities [9]. Such impacts include decreased biodiversity on previously undisturbed land through habitat damage; loss and fragmentation from vegetation removal, land grading, soil compaction, and installation of infrastructure such as fencing; soil erosion by high winds or water as a result of extensive landscape modification; and effects of other land use and land cover changes [9].



Low—Impact Solar and Related Terms


The recent proliferation of alternative land design and management practices in utility-scale solar merits a short overview. ’Low-impact solar’ represents a suite of best practices during the development, construction, and operation phases of a PV project to mitigate ecological impacts. Both NREL (2021) and the Nature Conservancy in North Carolina (2019) provide definitions of such best practices to support local fauna, flora, and water resources on utility-scale PV sites [10,11]. The US Environmental Protection Agency’s (EPA) definition of low-impact development is hydrology-focused (“systems and practices that use or mimic natural processes that result in the infiltration, evapotranspiration, or use of stormwater in order to protect water quality and associated aquatic habitat [12]).” However, publications show that low-impact practices, when applied specifically to PV projects, go beyond water resources—they emphasize the biodiversity of the soil and air, and focus on aiding pollinator populations as well as minimizing grading and soil disturbance and compaction on sites. Apart from these publications, there does not yet seem to be any legally binding quantitative set of regulations based on the term ‘low-impact solar’ by any public jurisdiction in the United States. Moreover, the term ‘ecovoltaics’ is used in a similar fashion as ‘low-impact solar’ and also merits a precise definition [13,14]. In the absence of a well-established opposite label, we use here the term ‘conventional utility-scale solar’.



The term ‘pollinator-friendly solar’ is another label popular in the United States. It is applied to PV projects that host vegetation conducive to recovering and/or maintaining robust local pollinator populations. Unlike low-impact criteria, several cases of official criteria have already been published by public entities in the United States to verify a PV site’s pollinator-friendly status, often via ‘pollinator scorecards’ [15]. Most if not all tenets of pollinator-friendly PV can be considered to fall under the umbrella of ‘low-impact solar.’ Moreover, a site may feature non-flowering native vegetation and grassland species and, therefore, be considered ‘native’ but not necessarily pollinator-friendly.



The European Environmental Bureau recently opted to officialize the term ‘nature-positive renewables,’ to encompass an even larger set of best practices than low-impact practices; these best practices extend to grid management, permitting, industrial ecology (manufacturing and recycling), and community engagement, across all renewable energy sources [16].



‘Agrivoltaics’ (also known as ‘agri-PV’) typically refers to the practice of integrating PV into farming areas that harness photosynthesis, be it for plant crops (crop agrivoltaics) or grasses for livestock to graze (grazing agrivoltaics). In Europe, agrivoltaics is closely associated with PV sites from which a saleable agricultural revenue stream exists. In contrast, in the United States and China, many formats of pollinator-friendly, low-impact, and ecovoltaic PV projects (in which no direct agricultural revenue streams exist) are also often included within agrivoltaics. Furthermore, in the United States, the term ‘dual-use solar’ is often used as a synonym for agrivoltaics [17]. ‘Agrisolar’ is a broader umbrella above agrivoltaics that includes PV installations on rooftops and other nonfarmable surfaces on agricultural properties. Combining environmentally unfriendly agricultural practices with conventional solar on a site could lead to an agrivoltaics or agrisolar project that is neither nature-positive nor low-impact; such practices are represented by the orange-striped area in the Figure 1 Venn diagram.



Although low-impact solar practices have been documented [11,18], the cost trade-offs of these practices are not well understood. One hypothesis is that low-impact solar will have higher upfront capital expenditures (CAPEX), but that these will potentially be offset by a reduction in operation and maintenance (O&M) costs over the life of the project; these long-term cost reductions originate from reduced O&M events over time, with vegetation establishment or potential increased energy yields from microclimate changes underneath the panels [19].



Our study provides an overview of the differences in O&M practices and costs associated with different ground cover types at PV sites, and seeks to add to literature by assessing individual and total vegetation O&M costs by practices at sites with different ground covers. Our cost analysis compares low-impact native vegetation management, low-impact grazing practices, and O&M costs at utility-scale solar PV facilities to conventional sites, which feature turfgrass or gravel ground cover. Along with ground cover, our analysis looks at geography, site configuration, panel height, and size of facilities to see if those are a determinant of total O&M costs. We collected data from solar industry partners and other stakeholders, and analyzed them to evaluate the economic trade-offs of various approaches to vegetation management. Our analysis is then contextualized by a review of previously reported costs for utility-scale solar PV vegetation management and gaps therein. We then discuss the utility-scale PV landscape that addresses state and local perspectives.





2. Solar PV Vegetation Management Background


Once a utility-scale solar PV facility is commissioned, ongoing activities are required to optimize financial and technical performance over its lifetime. These activities fit into the broad categories of operation (remote monitoring and control of the power plant) and maintenance (groundskeeping; equipment cleaning; and diagnosis, troubleshooting, and repair and/or replacement, as required, of equipment), collectively known as operation and maintenance (O&M). Keeping O&M costs low, while minimizing system downtime and ensuring optimal system performance, is one of the primary objectives of solar plant asset managers. Besides the core O&M activities of ensuring electromechanical functionality, vegetation management—which is often lumped into the general category of site maintenance, along with module cleaning and snow removal—is critical to prevent shading of PV arrays and interference with equipment that can reduce PV generation and impact the reliability of PV modules. Common vegetation and ground cover management strategies are introduced in this section.



2.1. Vegetative Cover and Gravel


The most common approach to vegetation management at utility-scale PV sites in the United States is planting turfgrass. Turfgrass is planted to prevent erosion, comply with stormwater permits, and limit invasive species growth. The turfgrass is generally mowed (or grazed) at least one to three times annually, depending on solar exposure, shading, and annual rainfall. Lower-cost grass species, such as perennial turfgrass, perennial or annual ryegrass, cereal rye, winter rye, barley, oats, and millet, are used on PV sites for quick stabilization of soil disturbed during construction. For simplicity’s sake, such steady-growth, low-biodiversity vegetative cover strategies are collectively referred to as ‘turfgrass’ in this article (Figure 2).



In this paper, we contrast turfgrass with low-growth, high-biodiversity vegetative cover, which ideally involves a diverse mix of native, naturalized, and functional plants that reach low mature heights within a few years of planting, crowd out weeds, and, thus, eventually require reduced regular trimming. We refer to this vegetative cover as ‘native vegetation’ in this paper, and we categorize this ground cover in low-impact solar. Native vegetation can often incorporate low-growth forb species to establish habitat for pollinators and other beneficial insects.



Gravel—of varying particle diameters—has also been used to a lesser extent as ground cover on utility-scale PV projects, mainly in the dry, arid Western United States where vegetation establishment may present cost and establishment concerns. However, the use of gravel is becoming less common, especially on large sites. In contrast to the often-cited challenges in re-establishing vegetation following construction, gravel has been described as “quick and easy to install, though expensive” [20]. Increasingly thick gravel layers may proportionally minimize weeds and erosion, but they add to cost [21,22]. In the ground cover section of a guide to PV O&M best practices, in response to a survey of industry practices, respondents described gravel as “expensive and problematic” because “it creates uneven work surfaces, changes runoff coefficients, and does not provide a long-term weed abatement solution” [20].



[image: Sustainability 15 05895 g002 550] 





Figure 2. Turf grass (top), pollinator habitat (middle), and bare ground (bottom) under solar PV systems. (top) Photo by Werner Slocum, NREL 65337, (middle) photo by Werner Slocum, NREL 65625, and (bottom) photo by Joe DelNero, NREL 68429 [23]. 
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2.2. Grazing Agrivoltaics


Due to their size, demeanor, and grazing habits, sheep are a common solution for vegetation management on standard low-cost utility-scale solar PV sites. Sheep grazing for vegetation management on solar sites has gained popularity due to public interest and its minimal impact on traditional PV operations and design (Figure 3). Up from an estimated 5000 acres in 2018, sheep grazing is now carried out on “tens of thousands of acres” of PV sites in the United States [24]. Various species of grazing animals can be found on PV sites with varying vegetation types. Cattle are less commonly used, as they can require elevated panels and additional protective measures, which can be costly.



Solar grazing is typically (though not exclusively) carried out as a form of ‘target grazing,’ defined by Launchbauch and Walker as “the application of a specific kind of livestock at a determined season, duration, and intensity to accomplish defined vegetation or landscape goals” [25].



Macknick et al. [17] emphasizes that “every solar facility under consideration for grazing should develop a Prescribed Grazing Plan (PGP, or strategic grazing plan). Each PGP will create a framework for the grazing partners to follow during a solar facility’s operation, and to aid in planning. Graziers should use the PGPs to gauge their stocking rates, their timing of the graze and rest periods, the class of animals used, vegetation standards, soil conditions, and other details of the livestock management. Following the PGP, including regular forage testing, can provide a grazing partner with feedback during and in between each season. This planning and feedback steers graziers toward practices that will result in healthier plant communities and healthier soils: reducing the risk of erosion and overgrazing. PGPs should guide grazing partners to determine how much grazing versus mechanical treatment is needed at a facility, which leads to more predictable vegetation management” [17]. Prescribed grazing plans can be found on the American Solar Grazing Association’s website as well as with the USDA National Resource Conservation Service’s Pasture Condition Scoresheet. Several past studies cited in this study also provide information on prescribed grazing plans [17,22,26].




2.3. Crop Agrivoltaics


‘Crop agrivoltaics,’ in which plant crops are cultivated beneath or between PV arrays, is quickly gaining popularity around the world, with France, Italy, Germany, China, and Japan playing pioneering roles during the last decade [27]. A growing number of universities and small farms have been hosting crop agrivoltaics test sites for over a decade. Since 2018, Massachusetts’ subsidies [28] have enabled the construction of the first commercial crop agrivoltaics projects in the United States. As of the end of 2022, there are a minimum of 13 operational crop agrivoltaic sites in the U.S., with a combined capacity of roughly 10 MWdc [29]. Agrivoltaics (whether crop or grazing) can alternatively be classified by the PV mounting systems used, which are generally divided into two broad categories: elevated and inter-row. Elevated systems (typically 7 to 15 ft hub heights) require higher CAPEX investment because additional structural support is required (Figure 4); this extra cost can affect the economic viability of PV projects.



Due to a small sample size in the United States, elevated agrivoltaics and crop agrivoltaics projects were not included in the data gathered for this article; however, qualitative observations are offered later in the article. Crop compatibility with different PV mounting structures and climates, and the resulting effects on O&M budgets and overall project revenue streams, thus remain outside the scope of this report.




2.4. Literature Review—Vegetative O&M Costs


Although some past publications have reported overall O&M costs, specific quantification of the vegetation management component has been rare. Some costs reported are for mowing, vegetation management, or vegetation abatement and module cleaning only; others are for turnkey comprehensive ‘overall’ PV O&M, with various inclusions and exclusions.



Enbar et al. 2016 noted that “unearthing accurate PV O&M cost data is fraught with challenges” [30]. From interview and survey results, “[overall O&M] typically accounts for between 1 and 5% of a MW-class plant’s total lifetime expenditure,” and annual expenditures for <1-MWdc projects varied from $10/kWdc/yr to over $45/kWdc/yr. For >1-MWdc projects, the reported O&M budget range (without cost-plus items) was between $10/kWdc/yr and $25/kWdc/yr. The wide range of responses, the authors noted, was the result of various plant characteristics, business interests, more and less vigorous approaches to O&M, and contractual variation [30].



Enbar et al. 2016 also stated that the budget range for vegetation management is $0.50–$–1.80/kWdc/yr, depending on site characteristics and size (in acres) [29]. Moreover, climate was also shown to play a role, with the issue of fast-growing vegetation being more common in warm and humid locations. Regarding frequency of maintenance, pollinator sites were expected to require two visits per year in the first year—in the spring and fall—to carry out mowing and vegetation management, one visit during year two, two visits during year three, and one visit per year thereafter [31]. These frequencies, as well as initial vegetation establishment costs, varied widely based on site-specific factors, such as local climate, site characteristics, and seed mixes; however, on average, the CAPEX to establish vegetation (e.g., seeds and labor) for a 5-acre project was about $2500/acre, with the cost per acre decreasing as project size increased [31].



In response to a question about the frequency of vegetation abatement and grass or weed cutting included in maintenance services contracts, 45% of respondents across sectors in Brehaut (2015) reported that such activity is contractually required zero times per year, 18% reported one time per year, 18% reported twice each year, and 18% reported three or more times per year; these responses highlight the lack of consensus and inherent variability for these activities [32]. Though Brehaut (2015) included O&M costs reported for sites 1–50 MWdc in size, the ‘basic plan’ survey group excluded module cleaning and vegetation abatement (except those reporting the highest prices). Brehaut includes one anecdotal account of a 35-MWdc plant in Texas where weeds can grow a foot every three weeks and reach a height of several feet, and which can cost $1500/MWdc or more per mow. Another case cited is that of a 25-MWdc plant in Florida, where quarterly grass cutting is required at $1000/MWdc per mow, for an annual cost of $4000/MWdc [32]. A large range of costs for different O&M cost categories was noted. This wide range of costs was one driving factor for our research; no studies that broke out individual practices for vegetation management on solar sites existed. To address this gap, we conducted a survey of practitioners to provide a better understanding of the cost ranges and drivers for vegetation management for different ground cover types and management practices.





3. Materials and Methods


3.1. Data Collection and Analysis


From June 2019 through April 2020, data on solar PV vegetation management practices, activities, and costs were collected from solar PV owners/operators, O&M service providers, vegetation maintenance companies, and solar graziers. Participants were invited to provide data over the phone, by completing a Google form, or by entering data into a Microsoft Excel spreadsheet form and returning it by email. During initial phone calls with data providers in May and June 2019, it was determined that most providers would collect data on activities and costs from April through October of that year—the month of the year during which most participants actively manage vegetation on their sites—and provided it to the National Renewable Energy Laboratory (NREL) in November 2019. Two data providers also provided cost data from 2018.



For nine sites, both the site operator and the vegetation maintenance company reported data. For one data provider who provided both qualitative and quantitative responses, we were unable to verify the quantitative activity cost data and included only qualitative responses.



A second round of outreach. which expanded the data sets to include additional low-impact and traditional sites, was conducted in February 2020. At NREL’s request, the American Solar Grazing Association and the Solar Energy Industry Association notified their respective members by email about the opportunity to participate in the project, and those interested in participating contacted NREL by email. In total, nine organizations provided activity and cost data for 54 sites and of 78 observations (for 24 sites, data were provided for both 2018 and 2019); for one organization, only qualitative responses to questions about low-impact vegetation management practices were included in the analysis.



Data providers were asked to report which ground cover was deployed (native vegetation/pollinators, solar grazing, turfgrass, gravel, and other), the year the vegetation management practice began, the year activities were completed, and the costs incurred (See Appendix A). Three data fields specific to grazing were added: type of grazing (continuous or rotational), number of adult sheep per acre, and type of fencing inside the perimeter (permanent or temporary). For sites where one maintenance activity was ‘grazing’, the practice for that site was categorized as ‘sheep grazing’ regardless of ground cover (native vegetation or turfgrass).



For each practice, data providers were asked to report up to four associated activities and costs. For example, if the vegetation management practice listed for a given site was ‘native vegetation/pollinators,’ activities listed might include ‘mowing,’ ‘weeding,’ ‘herbicide application,’ and ‘site monitoring/vegetation assessment.’ For the practice of ‘sheep grazing,’ activities might include ‘sheep tending’ and ‘fencing.’ Although most respondents provided cost data per activity, one provided combined costs for all activities per site. Thus, for four observations regarding the practice of using ‘turfgrass,’, only the ‘total combined maintenance cost’ was provided.



For each activity, respondents indicated how often it was completed and the cost per event or year. As a basis for comparison, activity costs were converted into $/acre/year and $/kWdc/year for each activity, and the total combined cost per site. The total combined cost per site included costs for the activities provided at each site. As not all activities were completed at every site, the sum of the aggregated costs for each activity did not equal the total combined cost per site.



For the data collected, we performed initial statistical analysis of the different vegetation O&M costs by activity to discover if ground cover or management type was a determinate of total O&M costs. We then examined if different site characteristics (region, site size, hydrology, panel type, panel height, and panel spacing) had an impact on O&M costs on site. These data were then summarized to present a per activity and total O&M cost by vegetation ground cover, to inform solar site and vegetation ground cover designs.




3.2. Site Characteristics


Solar PV sites in the data set represented a diversity of regions, site sizes (acres), and hydrologic/fluviometric/climatic conditions. States where sites are located were categorized by region according to the US Department of Agriculture’s (USDA) Agricultural Research Service regions [33]. Most sites are located in the Midwest (36 sites, or 67%), followed by the Northeast (11 sites, 20%), the Southeast (four sites, 7%), and the Pacific West (three sites, 6%); none of the sites are located in the Plains region. Approximately one-third of sites in the data set are 20 acres or smaller, the middle third are 21–50 acres, and the top third of sites by size are greater than 50 acres. Twelve sites (22%) were reported to be dry, 24 (44%) were mesic, 10 (19%) were wet, and hydrology was not reported for eight (15%).



For array type, slightly more sites have fixed arrays (54%) than trackers (44%). Minimum PV array height is evenly distributed across four categories, from 18 inches or fewer up to 36 inches. Among row distance categories, the greatest number of sites (22 sites, or 41%) had a row distance of 25–28 feet, followed by 20 feet or fewer (15 sites, or 28%), and, finally, 32 feet apart (10 sites, or 13%) (Table 1, part f).



For most sites in the data set (52%), the ground cover established was native vegetation and/or pollinator mixes, followed by sheep grazing management practices (28%). Turfgrass and gravel was established at 17% and 4% of sites, respectively (Table 1, part g). Most vegetation management practices reported began in 2016 or later; the earliest one began in 2012, one began in 2013, and two began in 2015. Previous land use for most sites was agricultural, with some sites being partially wooded and/or including wetlands. A few reported miscellaneous previous land use, such as abandoned agricultural, hay, or open/wooded. One site was previously used as a landfill.



Site and system size data are presented in Table 2. The median site size was approximately 30 acres, and the median system size was 6.4 MWdc. The median DC/AC ratio for sites in the data set was 1.3, which is consistent with the study by Feldman and Margolis [34], and the median land use ratio was 5.35 acres per MWdc, which is consistent with land use estimates from Ong et al.’s study [4].





4. Results


4.1. Cost Differences in O&M by Ground Cover


Based on the data collected, the lowest vegetation O&M cost was turfgrass, with a mean cost of $265/acre/yr ($1.51/kWdc/yr) and a median cost of $184/acre/yr ($0.94/kWdc/yr) (Table 3, Figure 5). Gravel and sheep grazing mean costs were lower than native vegetation mean costs, but median values were similar among the three when evaluated per land area. Mean values for sheep grazing per unit of PV capacity ($1.55/kWdc/yr) were nearly identical to turfgrass. Across most metrics, native vegetation cover was among the most expensive ground cover; it also showed the largest range and standard deviation of management costs. This result may be skewed by the limited data available for turfgrass sites, but it is consistent with anecdotal evidence that native vegetation sites are more expensive to establish in the first 3–4 years, with expectations that the cost of maintenance eventually declines. Most of our data were collected within the first 4 years of ground cover establishment, so we were unable to assess long-term cost impacts. Based on the small sample size, we were unable to assign any statistical significance to these cost results, but these overall costs by practices can be utilized by developers and planners as a range for vegetation O&M costs.



As for the site characteristics’ impact on total vegetation O&M costs, project size and height did not have a large impact on these costs (see Appendix B).




4.2. Individual Activity Costs by Ground Cover


Total sitewide costs represent the sum of the costs of individual activities on each site. The total number and types of activities varied greatly across sites. Individual activity costs by practice in $/acre/year and $/kWdc/year are presented in Table 4 and Table 5; cost per activity is shown in Figure 6 and Figure 7.



For mowing, the median cost for sites where native vegetation was the management practice used was $121/acre ($0.74/kWdc), $113 ($0.74/kWdc) for sheep grazing, and $203 ($1.16/kWdc) for turfgrass. For weeding, trimming, and site maintenance, the costs of these individual activities were lower for the low-impact practices than for turfgrass. For herbicide application, gravel had the highest median cost at $293/acre ($1.75/kWdc), followed by turfgrass at $157 ($0.91/kWdc), native vegetation at $122 ($0.61/kWdc), and sheep grazing at $75 ($0.44/kWdc). Grazing and fencing are activities usually only associated with the practice of sheep grazing. As the data indicate, both mowing and grazing are employed at some sheep grazing sites. While the median total cost per acre was highest for gravel, at $293/acre (where herbicide application was the only activity), the total cost per acre was the same for native vegetation and sheep grazing, at $281/acre ($1.66/kWdc and $1.28/kWdc respectively); this figure is not much lower than gravel, but 52% higher than turfgrass, at $184/acre. In general, the cost of individual activities is lower for native vegetation and sheep grazing; however, as more individual activities are employed for these practices, the total cost for low-impact sites in this data set is higher than for turfgrass.



For our data, we quantified the average vegetation management events per year by different ground cover types (Table 6). The percentage of individual cost data points collected by ground cover/management type is shown in Figure 8.



Along with overall O&M costs at these sites, we also presented qualitative questions to our survey respondents; we then used their answers to determine the drivers of vegetation management costs.




4.3. Qualitative Drivers of O&M Costs


The qualitative impacts, or drivers, of O&M costs and vegetation management events drawn from interviews and data analysis are summarized in Table 7. These reflect the differences of O&M practices across different ground cover types, and help inform the underlying cost variations across and within practices.



Whether mowing, string-trimming, grazing, or cultivating crops, precautions must be taken to prevent damage to the PV equipment. Grazing animals can interact with the array and cause damage to PV modules and electrical systems, mowing can propel rocks into modules or hit above ground infrastructure, and crop cultivation can have farm equipment or workers impact the array. Raising the height of arrays and increasing the inter-row spacing are currently the most common design-level tactics to reduce these risks; however, these practices can add to overall costs and reduce energy density, leading to reduced energy generation per unit of land area. Proper training of O&M staff can further reduce the risk of incidents.





5. Discussion


The results of this analysis are intended to inform decision making and analyses about low-impact solar and vegetation management practices at utility-scale solar PV facilities for solar owners/operators, O&M service providers, and vegetation maintenance companies. Major strides toward standardizing and mainstreaming low-impact practices (particularly on sensitive sites), along with a broad nationwide ramp-up in related research, education offerings, cross-sector collaboration, and public outreach, will be needed to fill the gaps presented in this analysis.



One current challenge with vegetation management strategies is the disconnect between upfront capital (CAPEX) costs and potential impacts on operating costs. Developers commonly sell projects with low-CAPEX design elements that can lead to costly impacts on O&M over the lifetime of the PV system, which can be 25–40 years. Subtleties such as low array heights may pass undetected through the design and construction phases. However, once solar plants are built, such plant features can be prohibitively expensive to correct, and can end up commanding additional O&M funds that were never considered in the original levelized cost of electricity (LCOE) calculations; this hurts the overall profitability of the asset. As these assets are often sold to other asset managers before, during, and after construction, continuity of the vegetation management plan throughout the development process can be difficult.



Considering the data presented in this article, it may seem straightforward to conclude turfgrass is the preferred ground cover, with its lower CAPEX and O&M. The higher cost figures cited on native vegetation could affect choices of PV asset decision makers. However, the native metrics we obtained are skewed toward the more expensive first 4 years of operation, which represent only 10–16% of the overall service life of a project. Moreover, many of these sites carry the burden of first-mover trial and error, as represented by the large range of values for native vegetation cost values. Practices are rapidly evolving as firms learn from mistakes and implement innovative solutions that harness the inherent stability of highly evolved ecosystems. Vegetation management costs across all ground cover types remain a minor contributor to overall PV system costs. Other driving factors related to permitting, social license to operate, ground cover resilience, visual impacts, and individual company standards often outweigh potential cost differences. Moreover, the variability within each ground cover type and individual activity highlights that site-specific conditions for any solar project in any region are the primary drivers of extremely low or high costs for O&M, not the ground cover type itself.



5.1. Toward New Approaches to Low-Impact Construction


Most of the conversations and research about low-impact solar (including this article) have focused on ongoing vegetation management and reestablishing ecosystems, rather than successfully leaving sites largely intact during construction. Although the argument has been made that plowing compacted cropland soil on a PV site may be a legitimate approach to de-compact soils over which heavy-duty construction vehicles have passed [18], this approach may be less viable on more sensitive ecosystems. Alternative machinery and techniques can be explored to minimize soil compaction and damage to existing vegetation. To aid the push toward greatly reducing or even eliminating grading altogether, many PV mounting system manufacturers are developing solutions that are more terrain-flexible, allowing installation on uneven ground and steeper site slopes. Such practices could lead to savings on capital investments, which could spur innovation and adoption of such eco-friendly practices. Further research and demonstration of the efficacy and cost impacts of low-impact construction practices is needed.




5.2. Clarifying the Resource Value of Different Ground Covers across Geographies


Although much of the work on native vegetation and solar O&M has focused on the attractiveness of eventual low-to-zero maintenance, the correlation of high precipitation and increased vegetative growth may make the establishment of low-growth vegetation more challenging, and perhaps impractical, in wet regions; these regions are under-represented in this report. Indeed, in high-precipitation ecosystems, regular, sensible management of abundant regular- or high-growth, high-biodiversity vegetative cover (via grazing by wild or farm animals, integration within a low-impact farming system, or other yet unexplored possible formats) could theoretically merit a low-impact solar label.



Continued research on the individual species encountered and planted on PV sites across the broad vegetative cover spectrum, and across the various biomes of the United States and the world, is also encouraged. Further work toward tightening the definition of ‘low-impact solar’, with particular emphasis on the light green areas noted in Figure 9, is crucial as well.



Consistently growing vegetative cover (whether turfgrass or native) has traditionally been a liability (i.e., an outlay of capital to pay for mowing or grazing services) to PV O&M managers. Furthermore, PV operators have expressed concerns about obtaining insurance at PV sites with perceived higher fire risks from buildup of vegetation leading to grassland fires. However, vegetation can also be viewed as an asset, as it provides hay, silage, fodder, pasture, and/or other products—perhaps to the point where vegetation off-takers could pay site owners for access to the greens, as opposed to the current mainstream practice of site owners paying for vegetation management. If animals providing fur, hide, dairy products, or meat are ingesting the vegetation as their primary form of nutrition as part of an agricultural operation, it could be argued the grass could be considered a crop; thus, the system could be considered ‘agrivoltaic.’ The nomenclature around agrivoltaics is highly nuanced and much discussed, as has already been shown [35]. Regardless of whether the animals eat the fresh biomass directly from the ground, or it is mechanically harvested, baled, and then served to them later as hay, grasses on PV sites can serve as a valuable raw material to contribute to food security and local economies.



Moreover, ground cover planted with pollinator habitat, native vegetation, and other plant life that provides habitat to beneficial insects, can serve to benefit local food economies. These pollination and predation benefits are augmented by other ecosystem services provided by solar sites, which can benefit the surrounding agricultural land [36,37,38].



As robots and automated equipment have recently made strides in reducing the person-hours required to clean PV modules, utility-scale autonomous self-charging lawnmowing robots could be another alternative (or complement) to manual mowing or grazing. Closer comparisons of these various vegetation trimming solutions, including total costs, life cycle analysis, energy conversion efficiency, and social considerations, are encouraged. Discussions on the use of grass as a valued feedstock may also naturally veer into the ongoing debates about energy, food production, and land use in general.



For ultra-arid extreme desert regions with very sparse vegetative cover and low water availability, it may not be possible to establish vegetative cover, requiring either gravel or leaving the ground bare. Further research is needed on the compatibility of specific xeriscape plant species, to what extent the presence of the PV modules may increase their probability of survival, and any cooling benefits the vegetation might provide to the PV. This should complement existing agrivoltaics drylands studies, such as those of Barron–Gafford [19]. For soils with very low fertility (regardless of the local precipitation profile,) amendments to boost nutrient content may be considered, but will increase upfront ground cover costs.




5.3. Agrivoltaics and the Public Sector


Whether harvesting hay or other vegetation—from fruits and vegetables to large-scale agronomic crops—agrivoltaics presents a long list of challenges and opportunities to valorize the land beneath and between PV arrays for food production, increasing land-use efficiency. Agrivoltaics also ideally benefit ecosystems that can reduce competition with other land uses. Although careful arrangements of PV modules can replace or complement overhead crop protection systems for high-value crops (and thus incentivize dual use), the temptation to forego farming of extensive lower-value crops for PV installations has become a social challenge in some regions. Because the per-acre revenue of PV generation usually exceeds that of low-value crops, many farmers—whether as PV asset owners themselves or as recipients of land lease payments by PV asset owners—have traditionally seen incomes suddenly jump and land management responsibilities disappear upon commissioning a PV project. If this phenomenon only plays out on a small percentage of all farms, local food security setbacks may be negligible; however, if the practice expands to the point that it affects a region’s ability to make a significant contribution toward feeding itself, backlash could be seen from local communities. This has already become the case in countries such as Italy, Germany, and France, where the clash between ambitious PV targets and national agricultural autonomy have required legal action to keep farming active on PV sites [39]. Designing PV arrays to be compatible with farming and agricultural activities is not overly complex in principle, but there can be substantial capital cost differences between agrivoltaic configurations and the lowest-cost conventional ground-mounted PV projects, where O&M cost differences are muted. Further research is needed to determine the O&M trade-offs of different configurations and land uses as these practices continue to evolve.




5.4. Conclusions


In this article, we performed data collection and analysis to quantify O&M costs for vegetation management at low-impact utility-scale solar PV sites. We detailed the vegetation O&M costs by individual activity for different ground cover types, and performed summary statistical analyses for different site characteristics. For the 54 sites included in our analysis, we found that while the per-acre and per-kWdc costs for individual activities, such as mowing, trimming, and herbicide application, at native vegetation and sheep grazing sites were lower than at turfgrass sites, the total combined costs were slightly higher, presumably because more individual activities are required. We also found that project size and panel height did not have a large impact on the overall vegetation O&M costs at these sites. This analysis was the first to breakout the individual O&M costs by ground cover type though, based on the small sample size, we were not able to make any statistically significant findings. The authors hope that this analysis will be used as an initial estimate of vegetation O&M costs at utility-scale solar sites, but longer and more detailed studies are needed to advance this analysis.



Mainstreaming low-impact principles in utility-scale PV will be crucial to ensuring the extensive solar deployment expected in the coming years on rangeland and farmland is carried out with a sound ecological foundation, and has buy-in from local stakeholders. There will be cost trade-offs in the capital and operating costs required to implement low-impact principles into which our analysis sought to provide insight. Reasonable continual tracking of relevant cost data, and subsequent careful analysis and diffusion of findings, can greatly support the capacity-building needed to make this a reality.
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Appendix A. Data Collection Fields


Data providers also shared observations about solar PV vegetation management practices and activities during phone conversations, email correspondence, and in response to the following open-ended questions on the data form and follow-up email:




	-

	
Have you incurred any unexpected costs related to this practice? What were they, and what was the total amount?




	-

	
If mowing is listed, have you noticed a change in mowing frequency over time?




	-

	
What hazards have you encountered (e.g., mower kicked up rocks and broke panels)?




	-

	
What benefits have you experienced as a result of using this practice?




	-

	
What challenges have you encountered related to the use of this practice?




	-

	
Were any modifications made to system design or permitting to accommodate low-impact O&M? If so, what specific costs were associated with those modifications (CAPEX), and what has been the impact on O&M cost (OPEX)?









Site details



	-

	
Data provider




	-

	
Site name or designation




	-

	
Site state




	-

	
Site county




	-

	
Geo location latitude




	-

	
Geo location longitude




	-

	
Site size (acres)




	-

	
System size (MWac)




	-

	
System size (MWdc)




	-

	
DC/AC ratio (used 1.3 where MWdc not provided)




	-

	
Land use ratio (acre/MWac)




	-

	
Land use ratio (acre/MWdc)




	-

	
Site terrain and slope (flat, hilly, rocky)




	-

	
Site hydrology (wet, mesic, dry)




	-

	
Average precipitation (inches)precipitation (inches)




	-

	
Growing zone




	-

	
Previous land use (e.g., agriculture)




	-

	
Month site was constructed (indicates topsoil preservation)




	-

	
Seeding (pollinator or turf)




	-

	
Type of array (fixed or tracking)




	-

	
Height of panels (lower edge, in inches)




	-

	
Distance between rows (pole to pole, in feet).







O&M Practice



	-

	
What ground cover O&M practice(s) are employed at the site?




	-

	
Year practice began (e.g., year seeded or first year of grazing)




	-

	
Year activities were completed, and costs incurred.







Sheep Grazing Only



	-

	
Type of grazing (continuous or rotational)




	-

	
Number of adult sheep per acre (count lambs at 1/2 an adult)




	-

	
Type of fencing within the perimeter (permanent or temporary).







Activities



	-

	
What O&M activities does this practice require (up to four per site)? If “other”, please write in.




	-

	
Please provide additional details about this activity.




	-

	
How often is this activity completed (or list dates)?




	-

	
What is the cost associated with this activity?




	-

	
What is the cost unit ($/acre)?




	-

	
How often is this cost incurred (or list dates)?




	-

	
Frequency per year




	-

	
Cost per year ($/yr)




	-

	
Activity cost ($/acre/yr)




	-

	
Activity cost ($/MWdc/yr)




	-

	
Total combined cost ($/acre/yr)




	-

	
Total combined cost ($/MWdc/yr)




	-

	
Have you incurred any unexpected costs related to this practice? What were they, and what was the total amount?




	-

	
If mowing is listed, have you noticed a change to mowing frequency over time?




	-

	
What hazards have you encountered (e.g., mower kicked up rocks and broke panels)?




	-

	
What benefits have you experienced as a result of using this practice?




	-

	
What challenges have you encountered related to use of this practice?








Appendix B. Costs by Site Characteristics


Panel height does not have a large impact on O&M costs by practice.
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Figure A1. O&M costs ($/kWdc/yr) by panel height. Dots indicate values outside of the 5th and 95th percentiles. 
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Though costs are more variable for smaller projects, they are not significantly affected by project size.
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Figure A2. O&M costs ($/kWdc/yr) by site size (acres). Dots indicate values outside of the 5th and 95th percentiles. 
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Figure 1. Venn diagram of low-impact solar and related terms. Image (by authors, NREL). 
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Figure 3. Sheep grazing on a solar array. Photo from source: American Solar Grazing Association. 
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Figure 4. Crop Agrivoltaics in Massachusetts. Photo by Dennis Schroeder, NREL 53069 [23]. 
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Figure 5. Total O&M costs by practice in $/acre/year (top) and $/kWdc/year (bottom). Dots indicate values outside of the 5th and 95th percentiles. 
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Figure 6. Activity cost by practice ($/acre/year), 2018 and 2019. Dots indicate values outside of the 5th and 95th percentiles. 
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Figure 7. Activity costs by practice ($/kWdc/year), 2018 and 2019. Dots indicate values outside of the 5th and 95th percentiles. 
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Figure 8. Percentage of individual cost data points collected by ground cover type. 
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Figure 9. Variations of vegetated ground cover. 
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Table 1. Site and system characteristics.






Table 1. Site and system characteristics.





	
a.

	
Region

	
#

	
%

	
b.

	
Site Size

	
#

	
%

	
c.

	
Hydrology

	
#

	
%




	

	
Pacific West

	
3

	
6

	

	
≤5 acres

	
4

	
7

	

	
Dry

	
12

	
22




	

	
Plains

	
0

	
0

	

	
6–10 acres

	
9

	
17

	

	
Mesic

	
24

	
44




	

	
Midwest

	
36

	
67

	

	
11–20 acres

	
6

	
11

	

	
Wet

	
10

	
19




	

	
Northeast

	
11

	
20

	

	
21–50 acres

	
19

	
35

	

	
Not reported

	
8

	
15




	

	
Southeast

	
4

	
7

	

	
>50 acres

	
16

	
30

	

	
Total

	
54

	
100




	

	
Total

	
54

	
100

	

	
Total

	
54

	
100

	

	

	

	




	
d.

	
Panel type

	
#

	
%

	
e.

	
Panel height

	
#

	
%

	
f.

	
Row distance

	
#

	
%




	

	
Fixed

	
29

	
54

	

	
≤18″

	
14

	
26

	

	
≤20′

	
15

	
28




	

	
Tracking

	
24

	
44

	

	
19–24″

	
12

	
22

	

	
21–24′

	
3

	
6




	

	
Not reported

	
1

	
2

	

	
25–30″

	
16

	
30

	

	
25–28′

	
22

	
41




	

	
Total

	
54

	
100

	

	
31–36″

	
10

	
19

	

	
29–32′

	
5

	
9




	

	

	

	

	

	
Not reported

	
2

	
4

	

	
>32′

	
1

	
2




	

	

	

	

	

	
Total

	
54

	
100

	

	
Not reported

	
8

	
15




	

	

	

	

	

	

	

	

	

	
Total

	
54

	
100




	
g.

	
Ground cover

	
#

	
%

	
h.

	
Year started

	
#

	
%

	
i.

	
Previous land use

	
#

	
%




	

	
Native vegetation/

	

	

	
2012

	
1

	
2

	

	
Agriculture

	
25

	
46




	

	
pollinators

	
28

	
52

	

	
2013

	
1

	
2

	

	
Ag, partially wooded,

	

	




	

	
Sheep grazing

	
15

	
28

	

	
2015

	
1

	
2

	

	
and/or wetland

	
17

	
31




	

	
Turf grass

	
9

	
17

	

	
2016

	
8

	
15

	

	
Misc. (abandoned ag,

	

	




	

	
Gravel

	
2

	
4

	

	
2017

	
23

	
43

	

	
hay, open/wooded)

	
4

	
7




	

	
Total

	
54

	
100

	

	
2018

	
12

	
22

	

	
Landfill

	
1

	
2




	

	

	

	

	

	
2019

	
7

	
13

	

	
Not reported

	
7

	
13




	

	

	

	

	

	
Not reported

	
1

	
2

	

	
Total

	
54

	
100




	

	

	

	

	

	
Total

	
54

	
100
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Table 2. Site and system size summary.
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	Site Size

(acres)
	System Size (MWac)
	System Size (MWdc)
	DC/AC Ratio
	Land Use Ratio (acre/MWac)
	Land Use Ratio (acre/MWdc)





	Mean
	55.30
	8.42
	10.96
	1.34
	7.16
	5.39



	Median
	29.81
	4.38
	6.40
	1.30
	7.00
	5.35



	Min
	4.00
	0.75
	0.98
	0.96
	2.53
	1.95



	Max
	425.00
	58.00
	78.00
	1.56
	12.00
	12.00
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Table 3. Vegetation O&M costs by ground cover type for data collected.






Table 3. Vegetation O&M costs by ground cover type for data collected.





	
Ground Cover

	
Total Combined Maintenance Cost






	
Native vegetation (28 sites)

	
$/acre/yr

	
$/kWdc/yr




	

	
Mean

	
353

	
2.23




	

	
Median

	
281

	
1.68




	

	
Min

	
55

	
0.334




	

	
Max

	
1333

	
16




	

	
STD

	
439

	
5.87




	
Sheep grazing (15 sites)

	
$/acre/yr

	
$/kWdc/yr




	

	
Mean

	
307

	
1.55




	

	
Median

	
281

	
1.28




	

	
Min

	
10

	
0.55




	

	
Max

	
853

	
3.28




	

	
STD

	
258

	
0.87




	
Turfgrass (9 sites)

	
$/acre/yr

	
$/kWdc/yr




	

	
Mean

	
265

	
1.51




	

	
Median

	
184

	
0.94




	

	
Min

	
35

	
0.18




	

	
Max

	
796

	
5.71




	

	
STD

	
257

	
1.97




	
Gravel (2 sites)

	
$/acre/yr

	
$/kWdc/yr




	

	
Mean

	
293

	
1.75




	

	
Median

	
293

	
1.75




	

	
Min

	
253

	
1.29




	

	
Max

	
333

	
2.22




	

	
STD

	
23

	
0.27
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Table 4. PV vegetation management activities and costs for low-impact and traditional practices ($/acre/yr).






Table 4. PV vegetation management activities and costs for low-impact and traditional practices ($/acre/yr).
















	
	Mowing
	Herbicide Application
	Weeding
	Trimming
	Grazing
	Fencing
	Site

Monitoring
	Total





	Native vegetation
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr



	Mean
	175
	160
	89
	13
	.
	.
	22
	353



	Median
	121
	122
	93
	11
	.
	.
	14
	281



	Min
	94
	34
	41
	9
	.
	.
	2
	55



	Max
	667
	667
	122
	22
	.
	.
	65
	1333



	25th%
	114
	74
	54
	10
	.
	.
	9
	203



	75th%
	179
	188
	114
	16
	.
	.
	35
	414



	STD
	130
	145
	27
	4
	
	
	17
	285



	Count
	39
	34
	11
	6
	-
	-
	24
	41



	Sheep grazing
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr



	Mean
	95
	99
	.
	42
	224
	55
	59
	307



	Median
	113
	75
	.
	50
	194
	56
	16
	281



	Min
	30
	14
	.
	7
	30
	25
	5
	10



	Max
	139
	243
	.
	70
	667
	91
	250
	853



	25th%
	50
	44
	.
	7
	156
	28
	9
	211



	75th%
	127
	149
	.
	70
	275
	77
	42
	354



	STD
	36
	63
	
	25
	141
	22
	57
	180



	Count
	6
	8
	-
	3
	23
	7
	14
	23



	Turf grass
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr



	Mean
	243
	164
	368
	140
	.
	.
	53
	265



	Median
	203
	157
	368
	140
	.
	.
	43
	184



	Min
	120
	110
	279
	55
	.
	.
	29
	35



	Max
	445
	231
	457
	225
	.
	.
	107
	796



	25th%
	152
	132
	279
	55
	.
	.
	36
	120



	75th%
	333
	196
	457
	225
	.
	.
	60
	307



	STD
	97
	35
	71
	67
	
	
	20
	180



	Count
	4
	4
	2
	2
	-
	-
	6
	13



	Gravel
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr
	$/acre/yr



	Mean
	.
	293
	.
	.
	.
	.
	.
	293



	Median
	.
	293
	.
	.
	.
	.
	.
	293



	Min
	.
	253
	.
	.
	.
	.
	.
	253



	Max
	.
	333
	.
	.
	.
	.
	.
	333



	25th%
	.
	253
	.
	.
	.
	.
	.
	253



	75th%
	.
	333
	.
	.
	.
	.
	.
	333



	STD
	
	32
	
	
	
	
	
	32



	Count
	-
	2
	-
	-
	-
	-
	-
	2
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Table 5. PV vegetation management activities and costs for low-impact and traditional practices ($/MWdc/yr).






Table 5. PV vegetation management activities and costs for low-impact and traditional practices ($/MWdc/yr).
















	
	Mowing
	Herbicide

Application
	Weeding
	Trimming
	Grazing
	Fencing
	Site

Monitoring/
	Total





	Native vegetation
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr



	Mean
	1132
	1058
	528
	77
	.
	.
	129
	2233



	Median
	743
	612
	450
	70
	.
	.
	93
	1658



	Min
	246
	187
	252
	55
	.
	.
	12
	334



	Max
	8000
	8000
	759
	103
	.
	.
	438
	16,000



	25th%
	654
	350
	404
	61
	.
	.
	45
	1123



	75th%
	1010
	1267
	686
	102
	.
	.
	213
	2252



	STD
	1665
	1779
	149
	17
	
	
	114
	3392



	Count
	39
	34
	11
	6
	-
	-
	24
	41



	Sheep grazing
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr



	Mean
	429
	567
	.
	168
	1009
	232
	256
	1550



	Median
	466
	445
	.
	200
	962
	194
	78
	1278



	Min
	115
	81
	.
	44
	115
	106
	26
	547



	Max
	706
	1680
	.
	259
	2564
	405
	1154
	3282



	25th%
	231
	214
	.
	44
	607
	108
	47
	1013



	75th%
	589
	730
	.
	259
	1246
	394
	176
	2204



	STD
	180
	400
	
	86
	565
	116
	257
	742



	Count
	6
	8
	-
	3
	23
	7
	14
	23



	Turf grass
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr



	Mean
	1225
	1039
	2641
	576
	.
	.
	346
	1513



	Median
	1163
	910
	2641
	576
	.
	.
	269
	944



	Min
	720
	675
	2000
	215
	.
	.
	205
	178



	Max
	1854
	1662
	3282
	938
	.
	.
	769
	5713



	25th%
	728
	696
	2000
	215
	.
	.
	256
	574



	75th%
	1722
	1382
	3282
	938
	.
	.
	308
	2205



	STD
	416
	326
	507
	285
	
	
	122
	1392



	Count
	4
	4
	2
	2
	-
	-
	6
	13



	Gravel
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr
	$/MWdc/yr



	Mean
	.
	1754
	.
	.
	.
	.
	.
	1754



	Median
	.
	1754
	.
	.
	.
	.
	.
	1754



	Min
	.
	1285
	.
	.
	.
	.
	.
	1285



	Max
	.
	2222
	.
	.
	.
	.
	.
	2222



	25th%
	.
	1285
	.
	.
	.
	.
	.
	1285



	75th%
	.
	2222
	.
	.
	.
	.
	.
	2222



	STD
	
	370
	
	
	
	
	
	370



	Count
	-
	2
	-
	-
	-
	-
	-
	2
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Table 6. Average vegetation management events by year by ground cover type.






Table 6. Average vegetation management events by year by ground cover type.





	Veg. Management Event
	Native Vegetation
	Sheep Grazing
	Turfgrass
	Gravel





	Mowing
	2
	1
	1.5
	0



	Herbicide
	1
	1
	1
	2



	Weeding
	1
	1
	1
	0



	Trimming
	1
	1
	2
	0



	Grazing
	1
	1
	0
	0



	Fencing
	0
	1
	0
	0



	Monitoring
	2.5
	3.5
	2
	0
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Table 7. Drivers of O&M costs.






Table 7. Drivers of O&M costs.









	Driver
	Findings from Responders





	Prior land use and soil type
	
	-

	
Prior land use is one of the largest drivers of cost differences for vegetation O&M.




	-

	
Past land use can impact the establishment and survival rate for post-PV construction vegetation establishment.




	-

	
Invasive species that are dormant in the soil may resurface after ground disturbance during construction; they present ongoing problems to manage.




	-

	
On pastures with prevalent invasive species, plowing was noted to exacerbate their presence; broadcast or drill seeding was advised as an alternative to prevent disturbance.




	-

	
On former agricultural production sites, fewer invasives were encountered after plowing and seeding natives, likely due to pesticide residuals.




	-

	
Soil conditions (e.g., sandy, clay-heavy, and rocky soils) can impact seed establishment and should be incorporated into plant designs.









	Vegetation type and establishment
	
	-

	
Whereas turfgrass was typically noted as ‘fast-establishing,’ native species showed an establishment range of 3–10 years.




	-

	
Client and public expectations must be managed before and during the potentially long establishment period of natives.




	-

	
Close observation and care, particularly during the first 3–5 years, is critical for the long-term establishment of native vegetation sites.




	-

	
Several vegetation management contractors noted that, once properly established, native species outcompeted invasives, leading to a major reduction or disappearance of weeds.




	-

	
Spot spraying of invasives and reseeding events may be needed for natives’ success during establishment.




	-

	
Native species may be more expensive and harder to source than turfgrass.









	Mowing
	
	-

	
Mowing is the most common vegetation management practice and takes up the most time on-site.




	-

	
Several observations of reduced mowing events over time for native vegetation were made: 1–3 times/year for the first 3–5 years, followed by strip-mowing to prevent panel shading and leaving center areas untouched.




	-

	
Low array heights and uneven terrain can lead to increased O&M costs and can necessitate equipment purchases.




	-

	
Array heights of 18 inches may reduce CAPEX, but can lead to concerns about mower access.




	-

	
Aboveground cable systems can reduce electrical O&M, but add time for mower access and maneuvering.




	-

	
PV module damage from rocks or other objects flung by mowers is more pronounced at sites with lower array heights.




	-

	
Increased labor costs were noted when string trimmers were needed to abate vegetation underneath an array that was unreachable by mowers.









	Herbicide
	
	-

	
Herbicide application, in varying degrees of intensity, is often carried out to abate invasive species when establishing vegetative ground cover, whether native or turfgrass.




	-

	
When herbicide is not allowed, weeds may be hand pulled, resulting in higher costs.




	-

	
Overapplication of herbicide can lead to erosion concerns at some sites.









	Grazing
	
	-

	
Grazing requires time, resource planning, and management each year.




	-

	
Graziers are typically not present throughout grazing events; grazier assistants (i.e., farm sitters) may also assist as needed.




	-

	
Solar graziers tend to aim to keep their sheep at one site most of the time to minimize the costs associated with moving flocks.




	-

	
Pasture resource availability, human resources, flock size, and other factors influence decisions to move flocks.




	-

	
For rotational formats, fewer sheep (usually one dry ewe per acre) are typically deployed in the first year of operation during vegetation establishment, and 3–4 ewes per acre are deployed in the second and later years; fewer ewes are deployed in drier climates, where vegetation is less lush.




	-

	
For intensive grazing plans, 100 sheep may be able to graze one acre per day for 10–15 days at a time; flock size and duration of grazing may be adjusted based on site size.




	-

	
Water hauling is one of the main costs of sheep grazing.




	-

	
Graziers incur costs to purchase, haul, set up, and take down supplies and equipment, including water tanks, pumps, mineral feeders, and temporary fencing.




	-

	
Drilling wells for on-site water was noted as a primary cost-saving measure to reduce site trips.




	-

	
Temporary fencing must be installed at the beginning of the season; it might need to be moved several times during the season (depending on the site characteristics and grazing strategy), and then removed and dispatched to other sites in the case of more intense grazing strategies.
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