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Abstract
Over the next 20 years, land in the San Joaquin Valley (SJV) will undergo its most extensive
change since it was first converted into irrigated farmland. California’s Sustainable
Groundwater Management Act (SGMA), which was passed in 2014 to reduce groundwater
overdraft, will lead to temporary fallowing and permanent retirement of hundreds of
thousands of acres of irrigated agricultural land. Many landowners will be making difficult
decisions about transitioning their land to alternative uses. This could potentially make
available critical landscapes for habitat restoration. It is also an opportunity to advance the
state’s ambitious goals to decarbonize the economy; meeting these goals will require
significant amounts of utility-scale solar energy (USSE) to be sited in the Valley. In this
project, we conduct a spatial-economic analysis to determine the extent to which retired
farmland could be converted to USSE or to conservation based on the relative profitability of
these choices. We find that solar is more profitable than conservation on approximately 61%
(130,000 acres) of predicted retired lands, conservation is more profitable on 19% (41,000
acres) of the retired lands, and neither option is profitable on 20% (43,000 acres) of the
retired lands. Finally, we identify potential policy measures that will increase the
compatibility of solar development and conservation.
Key words: agriculture, groundwater, SGMA, agricultural retirement, utility-scale solar,
conservation, easements, upland species, habitat
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1. Project Objectives
1. Analyze the viability of new solar development and conservation as alternative land
uses for degraded or formerly irrigated lands in the San Joaquin Valley for various
key stakeholder groups considering anticipated land-use changes and other
socioeconomic factors.
2. Assess potential strategies for The Nature Conservancy (TNC) and other conservation
organizations to leverage new solar development to achieve upland species
conservation goals by aligning policy and stakeholder interests and quantifying the
potential impact of those strategies in terms of its relation to TNC’s habitat
conservation goals for the region.
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2. Background and Significance
2.1 Literature review
The southwestern United States is in its worst megadrought in over 1,200 years.1 The strains
on human and natural systems are increasingly evident as society’s needs for energy, food,
water, and natural areas compete. Climate change intensifies this competition, resulting in
actions such as the push for renewable energy sources, one of which is solar generation.2 The
San Joaquin Valley (SJV) of California illustrates the dilemma of competing land uses due to
a heavy agricultural footprint and interest from the utility-scale solar energy (USSE) industry
and conservation organizations. In this region, water availability greatly determines which
land uses are feasible.

2.1.1 Study Area
Our study area encompasses the SJV; specifically, it includes Fresno, Kern, Kings, Madera,
Merced, Stanislaus, and Tulare Counties, with small parts of Mariposa, San Benito, San
Joaquin, and San Luis Obispo Counties included as well. The region is relatively dry with
annual precipitation of about 25 cm per year and temperatures ranging from about 3.7°C to
26.1°C on average.3 The region is characterized by hot, dry summers and cool, foggy
winters; precipitation falls predominantly as winter rain. Arid soils occupy the region with a
few wetlands and riparian areas. The land is highly impacted by human development,
especially agriculture, and erosion from surrounding mountains has produced highly fertile
soil.4

2.1.2 Groundwater Depletion
Water is particularly scarce in the southern SJV and is supplemented by imports from the
Sacramento–San Joaquin Delta for agricultural uses, which dominate overall water demand.
Farmers also rely on groundwater to meet irrigation needs, and for decades have pumped
water exceeding the rate at which it can be replenished.5–7 The result is widespread overdraft
of groundwater basins in the region; the SJV has the largest groundwater deficit in the state.6
In 2014, California passed the Sustainable Groundwater Management Act (SGMA) to
combat severe groundwater overdraft. This legislation is expected to bring sweeping changes
across the SJV as residents and farmers are required to reduce groundwater use to rebalance
aquifer deficits. One estimate suggests that 535,000 acres or more of existing irrigated
farmland in the SJV will need to be temporarily fallowed or permanently retired by 2040 to
achieve groundwater sustainability.8 This accounts for 10-20% of all irrigated farmland in the
SJV. Many stakeholders do not want to retire productive agricultural land since it plays such
a critical role in the local and regional economy. However, they recognize that the water
supply cannot sustainably support the existing irrigated agricultural footprint.6,9 Thus, water
districts and landowners are faced with land use decisions to maximize financial returns and
minimize water use. Strategic land-use change is the Valley’s best hope for minimizing
financial losses, restoring groundwater levels, and managing environmental objectives.
SGMA creates a structure for local management of groundwater resources. California has
defined basin and subbasin boundaries, and it has prioritized those basins according to the
The California Solar-Conservation Nexus
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severity of overdraft. The law requires local agencies in high and medium priority basins to
balance pumping and recharge by first forming Groundwater Sustainability Agencies (GSAs)
and then by creating and adopting Groundwater Sustainability Plans (GSPs) to ensure proper
long-term resource management. Most basins must come into compliance by 2042; the
basins identified as critically overdrafted were given an earlier deadline of 2040.10
In the southern SJV (defined here as the Tulare Lake hydrologic region), there are six
critically-overdrafted, high priority subbasins across Fresno, Kings, Tulare, and Kern
counties.11 These include Westside (5-022.09), Kings (5-022.08), Tulare Lake (5-022.12),
Kaweah (5-022.11), Tule (5-022.13), and Kern County (5-022.14) (Figure 1). There are also
two medium priority basins in the region - Pleasant Valley (4-006) and White Wolf
(5-022.18). The high priority basins were required to submit GSPs as of January 2020.12

Figure 1. Critically overdrafted groundwater basins in the southern San Joaquin Valley. Adapted from
a map produced by the California Department of Water Resources (2020).

GSPs provide a detailed outline for how to achieve groundwater sustainability, defined by
SGMA as “management and use of groundwater in a manner that can be maintained during
the planning and implementation horizon without causing adverse results.”10 These adverse
results include: 1) the drawdown of groundwater to unacceptably low levels, 2) the reduction
of storage in an aquifer, 3) the degradation of water quality, 4) allowing seawater intrusion, 5)
causing land to subside, or 6) using groundwater in ways that reduce other people’s surface
water or harm ecosystems.13
The region suffers from poor groundwater quality, especially in lower-income, rural
communities. In some places, groundwater has become unsafe to drink due to nitrate
contamination stemming from heavy agricultural fertilizer use; in other places, wells have
dried up altogether.14
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2.1.3 Agricultural and Economic Implications of SGMA
Hanak et al.7 explore approaches for addressing key water challenges in the SJV. Without
significant water trading rights, the southern region of the SJV, especially agricultural lands
in Kern County, will be disproportionately impacted by SGMA. With only local trading,
approximately 750,000 acres would need to be fallowed; the southeastern SJV may see losses
around $840 million (14% of total crop revenue) and Kern County may lose nearly $790
million (20% of total crop revenue). These losses, combined with others throughout the
region, result in a total loss of $2 billion across the entire Valley. The best approach to spread
out losses in crop acreage and decrease losses in revenue includes a Valley-wide water
trading program. Under this scenario, the expected total annual crop revenue losses drop to
$1.3 billion. This scenario would also result in an overall increase in farm profits by $225
million; farmers in the northwest where farming is less profitable would gain from selling
water and those in the Kern Basin would gain from keeping more cropland in production.
Overall, acreage losses would drop by only 25,000 acres for a total of 725,000 acres of land
requiring fallowing, but the losses would be considerably more balanced across the region
and crop revenue losses would be much smaller.
Infrastructure advancements, improving groundwater recharge, and increasing efficiency of
water use technologies can significantly improve the outlook across the SJV. With a
combined portfolio of strategies, land fallowing drops to 535,000 acres from 750,000 acres,
losses from all agricultural sectors fall 26% from $5.3 billion to $3.9 billion, annual declines
in gross domestic product drop 36% from $2.1 billion to $1.3 billion, and job losses drop
40% from 21,000 to less than 13,000.7

2.1.4 Solar Development in the San Joaquin Valley
Solar developers are increasingly siting solar farms in the SJV.15 In 2018, Senate Bill 100
(SB-100) was signed into law to ensure that California achieves 100% clean energy by
2045.16 The interest of solar companies in buying or leasing land to site USSE presents a
potentially profitable opportunity for landowners, while potentially providing a funding
source to restore habitat in the Valley through on-site mitigation or off-site habitat
protection/restoration. The California Farm Bureau, which promotes directing solar
development away from productive farmland and important habitat, illustrates the different
views of stakeholders.17,18 A recent estimate predicts 235,000 acres of irrigated SJV farmland
may be converted to USSE development.19 Practices on solar development sites such as land
grading, vegetation management, and other activities can make the areas minimally suitable
for species.20,21 However, there is also growing evidence that solar can be co-sited with
agriculture, grazing, pollinator habitat, and other compatible and beneficial uses.22
i. Regulatory, Technical, and Economic Constraints
Solar implementation in the SJV faces regulatory review, in addition to economic and
technical constraints. A lengthy permitting process can be expensive, through direct costs for
staff time, labor scheduling, capital investments, and indirectly by introducing uncertainty to
partners and investors. Additional economic considerations include proximity to
transmission, ability to obtain a power purchase agreement, permitting factors, predetermined
zones for solar development, electricity costs, and land prices. Solar electricity costs in
California have been dropping as solar is expanding; the average installed prices for
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utility-scale and commercial projects in 2010 and 2017 were $4.50/watt and $1.56/watt,
respectively.23 The size of the solar project will also influence its costs. Projects that are over
20 megawatts (MW) generally have higher costs because of environmental review,
mitigation, and transmission upgrades.24
At the state level, environmental permitting requirements are primarily dependent upon the
California Environmental Quality Act (CEQA) and, where federal land is concerned, the
National Environmental Policy Act (NEPA). 24 The CEQA analysis for a solar development
project requires an Environmental Impact Report (EIR), mitigated negative declaration
(MND), or negative declaration to disclose the significant environmental impacts of a
proposed project and how those impacts will be minimized.25 Additional entities with
permitting requirements may include: the California Public Utilities Commission (CPUC) or
publicly owned utilities (POU) Board of Directors for approval of required transmission or
distribution equipment; the U.S. Fish and Wildlife Service (USFWS) for a Federal
Endangered Species Act (ESA) Habitat Conservation Plan (HCP) and Incidental Take Permit
or Biological Opinion and Incidental Take Statement; the California Department of Fish and
Wildlife (CDFW) for a California ESA Incidental Take Permit or Natural Communities
Conservation Plan (NCCP); and/or the California Independent System Operator (CAISO) for
an interconnection agreement.25 The permitting process at the local level for large USSE
projects can be a major impediment as it is often lengthy, complicated, and expensive.26,27
Streamlining this process is recommended and can be accomplished by adopting clear
standards and providing straightforward guidelines for the solar industry to follow to make
the approval process more predictable.
Solar development has also been affected by the Williamson Act, a California law that allows
local governments to sign ten-year contracts with private landowners; landowners receive
lower property tax assessments in return for restricting their land for agricultural use or open
space. Many proposed solar developments in the southern SJV are on lands contracted under
the Williamson Act, yet solar projects typically are not compatible with the requirements of
the Act. In the past, to implement solar on these lands, the contract would have to be
canceled at a high fee. Thus in 2011, new legislation was enacted, reducing the cancellation
fee if a landowner allowed a solar use easement.9 The easement must be located on land with
reduced agricultural productivity and cannot be sited on land designated as prime farmland.
A similar type of agreement, known as a Farmland Security Zone contract, has a minimum
initial term of 20 years. Land restricted by a Farmland Security Zone contract is valued for
property assessment purposes at 65% of its Williamson Act-restricted valuation, or 65% of
its Proposition-13 valuation, whichever is lower.28
One of the technical constraints facing solar development is the lack of adequate
transmission in the SJV.9 Site selection is highly dependent on distance to transmission, as
project developers are especially concerned with economically-feasible access as well as
sufficient capacity to carry the generated power.29 Hence, identification of least-conflict land
for solar without consideration of the availability of future transmission may be ineffective.
Transmission is expected to increase given that current renewable energy planning is based
on the predicted expansion of solar.19 Some large-scale solar development projects, such as
Westlands Solar Park (http://www.westlandssolarpark.com), are installing transmission

The California Solar-Conservation Nexus

5

corridors to support their projects. Reactive installation of transmission, however, can cause
duplicative infrastructure; hence, it is recommended that transmission siting and planning be
driven by policy.29 Further recommendations for improving transmission planning and
capacity include: developing a centralized portal with current and projected
transmission-capacity information that is available to local governments; comprehensive
regional planning among local governments for a more cohesive approach to processing and
permitting solar energy facilities; and urging CAISO, which is responsible for managing
transmission planning for the state, to prioritize new transmission lines and upgrades.29
ii. Overlap with Suitable Habitat
An important consideration in the siting of renewable energy is identifying when optimal
land for solar development overlaps with suitable habitat for special status species. A study
conducted by The Nature Conservancy (TNC) in the western SJV found that many of the
proposed solar development projects, as well as those that were under construction, were
situated within remnant SJV ecosystems.17 Based on the habitat loss in the region, TNC noted
that the remaining habitat was crucial for species and recommended limiting the amount of
solar development that should occur within the western SJV. However, within the
5.7-million-acre study area, TNC was able to identify approximately 400,000 acres of low
conservation value where solar could be developed. In the southern SJV, the optimal solar
land is often agricultural land, which provides a promising opportunity for developing solar
projects on retired agricultural land in this region and the potential to use mitigation offsets or
other mechanisms for habitat conservation.29
iii. Mitigation and Additional Costs
When solar projects cause environmental harm (i.e., developing on land that provides habitat
to endangered or threatened species), the project design must include mitigation measures per
environmental law (i.e., CEQA, CESA, etc.).24 Mitigation ratios dictate the amount of land to
be conserved for each unit (i.e., acre/hectare) of land developed. A mitigation ratio is
determined based on species and habitat type, among other factors. While a large ratio would
protect more land, it may also disincentivize solar developers. Dashiell et al.23 calculate the
mitigation ratio used for low biodiversity land to be 0.13 versus a 2.95 ratio for high
biodiversity land. The same study finds the average time to secure a permit on low
biodiversity sites to be 13 months versus 35 months on high biodiversity sites; however,
permitting times vary and can be much longer if a framework such as an HCP is involved. 23
Mitigation ratios may vary as the development of these ratios involves negotiations with
counties, the CDFW, the USFWS, and/or the Army Corps of Engineers. Ultimately,
mitigation can be a complicated and costly process, which may be improved by coordination
between federal, state, and local agencies, and by reducing mitigation requirements for
projects on least-conflict lands.9
Although conservation through mitigation is cited as a potential way to leverage solar
development to protect habitat, this may not be a viable option for retired agricultural lands.
EIRs for 27 different solar projects that were recently approved in Fresno County did not
reveal any final decisions requiring compensatory mitigation. Many lesser mitigations were
imposed on the projects, such as conducting preconstruction and seasonal surveys for
endangered and threatened species, restricting lighting, erecting wildlife-friendly fencing,
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minimizing rodenticide and herbicide use, capping all vertical pipes, avoiding and creating
buffers around active nests and burrows, banning pets, and, in some instances, relocating
species (i.e., burrowing owls).30 The condition common to the sites was that the land was
previously disturbed agriculture, which describes much of the land in the SJV. Despite the
presence of endangered species on some of the sites, the regulatory authorities believed the
levels of impact on the species would not be significant, thus illustrating the weakness of
protections afforded by existing regulations.
iv. Land Costs
Land prices are a major factor in guiding the placement of solar facilities. In 2018, the
average price of farmland in the SJV was $9,000/acre, with irrigated cropland commanding
$11,740/acre, non-irrigated cropland bringing in $4,900/acre, and pastureland being valued at
$2,700/acre. Water rights strongly influence the values.23 Recently, some of the best farmland
such as irrigated almond groves could be sold for $30,000/acre.31 By contrast, starting an
almond farm from scratch, provided water is available, can cost about $14,000/acre
($6,000/acre to purchase bare farmland plus $8,000/acre in establishment costs). Once
established, the farmers can expect to earn $12,000/acre/yr.31 Such land will likely stay
productive farmland, and solar will be steered to less expensive sites. Solar companies often
find that leasing private land is cheaper than purchasing it, and both are cheaper than leasing
U.S. Bureau of Land Management (BLM) land.23 The Sacramento Bee reported on a case in
which a solar company leased farmland for $1,000/acre/yr, which the farmer claimed was 10
times the income earned from planting wheat.32

2.1.5 Conservation and Habitat Restoration
The SJV has been historically classified as a perennial grassland; however, Germano et al.4
maintain that many parts resembled desert, with sparse native grasses, shrubs, and forbs. As
mentioned, up to 535,000 acres will likely have to be fallowed in the Valley due to SGMA;
the same report predicts 80,000 acres of San Joaquin desert, 20,000 acres of SJV intermittent
wetlands, and 20,000 acres of SJV riparian and floodplain habitat could be restored through
active management.7 For context, the SJV covers 7.1 million acres within which 2.5 million
acres could be suitable habitat for at least one listed species, 1 million acres within five
kilometers (km) of an existing protected area could support at least one listed species, and
100,000 of the 1 million acres that were fallowed more than once between 2011 and 2015
(due to extreme drought conditions in the area) could be restored to suitable habitat in close
proximity to existing protected areas.33 Estimates of acreage needed to restore enough habitat
to delist 11 federally endangered/threatened species varies; Williams et al.34 arrive at 80,300
acres, which is consistent with TNC’s goal of conserving 50,000 to 80,000 acres of upland
habitat in the SJV.
i. Endangered and Threatened Species
Williams et al. refer to the following 11 species: the blunt-nosed leopard lizard (Gambelia
sila), San Joaquin kit fox (Vulpes macrotis), Fresno kangaroo rat (Dipodomys nitratoides),
Tipton kangaroo rat (Dipodomys nitratoides nitratoides), giant kangaroo rat (Dipodomys
ingens), Bakersfield cactus (Opuntia basilaris var. treleasei), San Joaquin woolly-threads
(Monolopia congdonii), Hoover’s woolly-star (Eriastrum hooveri), Kern mallow (Eremalche
kernensis), palmate-bracted bird’s-beak (Cordylanthus palmatus), and California jewelflower
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(Caulanthus californicus). Subsequently, more species have been federally listed, such as the
riparian woodrat (Neotoma fuscipes riparia), riparian brush rabbit (Sylvilagus bachmani
riparius), and Buena Vista Lake shrew (Sorex ornatus relictus).35–38 California lists more
species as endangered, including the Bakersfield smallscale (Atriplex tularensis) and San
Joaquin Valley Orcutt grass (Orcuttia inaequalis).39 If a site has endangered or threatened
species, different stipulations must be met. If the species is federally listed, the developer
must work with the USFWS to determine mitigation ratios and other requirements. If the
species is listed at the state level, the developer needs to work with the CDFW to do the
same. Not all mitigation actions require habitat restoration. For example, relocating
individuals of a species is often a mitigation action.30 Likewise, not all habitat restorations are
in response to mitigation requirements.
Multiple considerations for habitat conservation and restoration must be made given the
specific needs of each species of interest. Some restoration actions are less expensive, such as
simply allowing natural regeneration. Often, grazing can be used to keep out invasive grasses
and still provide good habitat value. In 2004, habitat protection costs for the San Joaquin kit
fox were $150-$900/acre.40 The San Joaquin kit fox, which requires about 600 hectares as a
home range, inhabits grassland, scrubland, oak woodland, alkali sink scrubland, vernal pool
areas, alkali meadows, oil fields, and wind turbine facilities. Kit foxes are less abundant in
row crops, irrigated pastures, orchards, vineyards, and grazed annual grasslands. They prefer
loose soil but are adaptable, and they eat rodents, lagomorphs, birds, and insects. The species
will use man-made dens and prefers dens in flat, well-drained open areas with grass or
scattered brush, avoiding thick brush. The nocturnal giant kangaroo rat is found in the
western SJV on fine sandy loam with sparse grass/forb vegetation. It occupies only 2% of its
former range due to cultivation, rodenticides, and crushing by cattle.41 The Tipton kangaroo
rat is found in Kern, Tulare, and Kings Counties and prefers the arid valley floor in sparse
woody shrubland. The riparian woodrat prefers dense riparian shrub cover; the only known
current population is found on 250 acres at Caswell Memorial State Park.42 The riparian
brush rabbit is also only found at Caswell Memorial State Park.43 The Fresno kangaroo rat
historically had a range of about 888,000 acres, which had contracted in 2010 to 371 acres in
Kings County.44 The Buena Vista Lake shrew occupies only 5% of its historic range in the
Tulare Basin.45 Only 41,300 acres of acceptable habitat remain in the SJV for Nelson’s
antelope squirrel. Blunt-nosed leopard lizards require 500 hectares to support a sustainable
population.46 This species is found in the southern SJV and adjacent western and southern
foothills, occupying only 15% of its historic range.47
ii. Identifying Areas to Preserve/Restore
Lortie et al.46 state that habitat restorations should aim to increase habitat area, improve
connectivity, increase native plant species, and decrease exotic plants, especially focusing on
controlling exotic grasses. Considering the various factors, it may be more beneficial to
direct mitigation activities off-site to expand existing protected areas and create corridors to
connect valuable habitat. High biodiversity areas may include wetlands, important habitat to
kit foxes and other listed species, Carrizo Plain mitigation areas, land within the Grasslands
Ecological Area, or land within one km of the San Joaquin River. Identifying the areas of
most favorable habitat that coincide with the lands most likely to be leased or sold by
landowners is critical to allow conservation organizations to focus protection efforts.
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Likewise, locating the lowest value habitat that coincides with areas of highest solar industry
interest allows governments and organizations to target incentives for siting USSE on those
parcels.17
iii. Other Policies, Incentives and Conservation Tools
Beyond the policies mentioned in Section 2.1.4, additional policies and incentives that affect
stakeholders may include the Migratory Bird Treaty Act, the SJV Upland Species Recovery
Plan, the Federal Clean Water Act, and county general plans, such as the Kern County
General Plan, which guide solar to disturbed lands that do not support state or federal
protected species. Some funds for habitat can be obtained from California’s Proposition 68,
which provides $200 million to restore Central Valley rivers.48 The Conservation Reserve
Enhancement Program (CREP) and Environmental Quality Incentives Program (EQIP) both
provide funds to idle land and decrease the need for irrigation.49,50
If an Initial Study, required by CEQA, finds substantive evidence of potentially significant
environmental effects of a project, an MND or an EIR must be conducted; an EIR can take
over a year to complete. If an HCP or NCCP is prepared, the red tape and delays can be
managed in large projects because local negative impacts are allowable as long as the overall
project protects the species of interest; due to the expense, these are not good for smaller
projects.7,51 Two projects, the Maricopa Orchards Solar Project and the Kern Water Bank,
make use of HCPs. Both an HCP and an NCCP were established for the Kern Water Bank
where the restoration of 17,000 acres of cropland provided habitat for upland and wetland
species and another 3,000 acres was set aside as a conservation bank managed by the CDFW.
Of the SJV’s 202 agricultural and urban water suppliers, a quarter of them had recharge
facilities on their lands in 2017 and expressed interest in developing a similar approach to the
Kern Water Bank to expand their water supply/storage and enhance habitat. Furthermore, the
Kern Water Bank project developed a vegetation management system utilizing grazing of
exotic grasses to control non-native species, pests, and to improve air quality while
expanding habitat for San Joaquin desert species. The CDFW’s Regional Conservation
Investment Strategy (RCIS) has been established as an expedited alternative to NCCPs but
does not provide regulatory insurance for species takes. The Habitat Restoration and
Enhancement Act of 2014 limits the CDFW evaluation and permitting timeline to 60 days for
small projects, and over 24 restoration projects were approved under this regulation by 2016.7
Another tool to facilitate the development of lands supporting or likely to support threatened
and endangered species is the Safe Harbor Agreement (SHA), a voluntary agreement
between a private or non-federal property owner and the USFWS (or NOAA in the case of
marine species or anadromous fish). If the agreed-upon actions of the landowners contribute
to the recovery of an ESA listed species, the government will not require additional or
different management without the landowner’s consent. At the end of the SHA, original
management practices are restored but a net conservation benefit must result. States,
non-governmental organizations (NGOs), soil conservation districts, and other local entities
often act as intermediaries so the USFWS does not have to be closely involved in every
agreement.52
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There are three major conservation tools that land trusts and agencies can employ to protect
land in concert with landowners. First, land can be purchased outright from a landowner (this
is known as a fee simple). Second, a landowner can sell some development rights, retain
other rights and ownership of the land. In this case, the sale will preclude the landowner from
claiming a charitable donation income tax deduction. Finally, a landowner can donate a
conservation easement that stipulates which rights are being donated. The donation allows
the landowner to receive an income tax deduction on the decrease in value of the encumbered
land, as determined by qualified appraisal. The landowner does not receive a payment from
the land trust or agency. In all cases, the conservation organization or agency is responsible
for monitoring the property and ensuring the land is protected in perpetuity. These tools offer
interesting possibilities to landowners in the SJV as they decide how to manage their parcels,
factoring in the potential to lease land to solar developers.53–56

2.1.6 Environmental Justice & Health Implications
The expected fallowing and retirement of 535-750K acres of cropland has major implications
for human and environmental health. Without coordination across the SJV from all
stakeholders, lost opportunities to minimize airborne dust and other particulates could lead to
increased health concerns that are a major problem for residents who already experience
respiratory illnesses at rates much higher than the rest of the state’s population.57 In fact, the
death rate from Chronic Lower Respiratory Diseases (CLRDs) in the SJV is 12 times higher,
and one in every 37 residents of Kern County died from CLRD between 2013 and 2016.58
Agricultural practices like disking and the spraying of herbicides contribute to poor local air
quality. Disking still occurs on fallowed properties because it makes the land undesirable for
endangered and threatened species; if these species inhabited the land, it would restrict future
land use. A coordinated management approach for retired lands that includes land
stewardship (i.e., cover crops, compost, grazing), temporary and permanent land
conservation, and species-focused restoration could provide the region with multiple benefits
(i.e., ecosystem services) such as improved air and water quality, water recharge, and carbon
sequestration.2 Actions by solar developers to minimize land disruption and dust production
can also improve conditions in the SJV.

2.1.7 Literature Review Takeaways
SGMA’s implementation will have widespread impacts on land use throughout the SJV. The
USSE industry is siting projects within the Valley, though it faces several regulatory,
technical, and economic demands. Development of large-scale solar projects may trigger
mitigation requirements for habitat conservation, benefiting the several listed species of
concern in the Valley. However, these measures may be insufficient if a facility is located on
previously disturbed agricultural land. Coordinated efforts for land repurposing are important
for ensuring that landowners benefit from converting their land, that renewable energy and
conservation goals are met, and that harm to human and environmental health is minimized.
As SGMA-imposed groundwater limitations take effect over the next 20 years, many
landowners will be faced with difficult decisions about transitioning irrigated agricultural
land to alternative land uses. These decisions will involve several considerations, including
the evaluation of financial benefits from alternative land uses compared to those from
continued farming. Alternative land uses that would provide revenue to landowners may
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include conservation and/or restoration of habitat for endangered species and USSE. These
options respectively improve natural lands that produce a range of public benefits and help
advance the state’s ambitious renewable energy goals.
Our initial literature review and examination of case studies did not reveal many instances
where solar developments on formerly irrigated agricultural lands in the SJV were required
to provide off-site mitigation for habitat loss. To further explore this trend, and to gain
additional insight into opportunities for promoting both conservation and USSE development
in the Valley, we conducted a series of stakeholder interviews.

2.2 Stakeholder Interviews
We conducted 29 stakeholder interviews to help accomplish our first objective of
understanding the viability of solar and conservation on retired agricultural land, as well as
our second objective of assessing potential strategies for TNC and other conservation
organizations to leverage new solar development to achieve upland species conservation
goals. These stakeholders consist of landowners, solar developers, environmental
consultants, NGOs, researchers, state agencies, county planners, and water districts. We
gather three key takeaways from these interviews:
1. Solar development is viable on retired agricultural lands, but limited
transmission availability is a major hurdle to solar expansion. Across all
stakeholder groups, there was support for siting solar on farmland that must come out
of production due to SGMA, particularly if it steers development away from
undisturbed lands. Solar developers believed retired land requiring repurposing will
present further opportunities for development. One of the main obstacles to siting
solar in the Valley today is transmission availability; expansion of suitable
transmission for USSE is crucial to meet the state’s renewable energy goals.
2. Solar development on retired agricultural lands does not require significant
compensatory habitat mitigation. One of the TNC’s interests was leveraging
CEQA-required mitigation from placing solar on agricultural fields to facilitate and
fund habitat conservation. However, stakeholders agreed that these highly disturbed
lands have little biological value, and thus solar development on such lands would
require minimal compensatory mitigation, if any (with the exception of particular
species like the Swainson’s hawk or burrowing owl).
3. There is interest from developers in creating habitat on solar sites. Developers
expressed interest in returning lands to their natural conditions and making solar more
habitat-friendly; however, due to regulatory pressures, they currently feel discouraged
from doing so. If developers were to create more wildlife-friendly solar, they noted
that it would need to be profitable and that they would require incentives such as
expedited issuance of permits, reduced mitigation costs, and Safe Harbor
Agreements.
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2.3 Moving Forward: Spatial-Economic Model
Given these findings, this project conducts a spatial-economic analysis to determine, of the
agricultural lands that are most likely to be retired in the next 20 years, which may be
converted to USSE and which may be conserved for species habitat. The analysis is used to
offer proposals which may help TNC protect the 50,000 to 80,000 acres they suggest are
needed to give long term protection to threatened and endangered upland species in the SJV.
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3. Methods
3.1 Overview
We create a spatial-economic model to forecast how predicted retired agricultural land will
be repurposed. Specifically, we aim to establish whether there is a stronger financial
incentive to convert land to utility-scale solar energy (USSE) or conserve it for habitat.
Ultimately, it is up to the landowner to determine future land use. Hence, we calculate the net
present discounted profit that a landowner would receive from leasing their land for USSE,
as well as the net present discounted profit they would receive from selling the development
rights for the placement of a conservation easement. We assume that the landowner will
select the more profitable option.
We complete this analysis in five key steps:
1. Identify agricultural land predicted to be retired in the Valley.
2. Determine the net present discounted profits that a landowner would receive from a
solar lease.
3. Determine the net present discounted profits that a landowner would receive from the
sale of a conservation easement.
4. Compare profit results from solar and conservation land uses to obtain a landowner’s
decision.
5. Conduct sensitivity analyses on variables influencing solar and habitat profit.

3.2 Identification of Predicted Retired Agricultural Land
To begin our analysis, we first identify which agricultural lands are likely to be retired in the
next 20 years as SGMA takes effect. Bryant et al. 2 claim that approximately 86,000 hectares,
or almost 213,000 acres, of existing irrigated agricultural land will be permanently retired by
2040. The study, conducted in conjunction with TNC, also provides spatial data identifying
potential parcels of land that would be retired based on five overlaid retirement scenarios.
The study notes that a pixel is considered retired if any agricultural land within the pixel is
retired, which could only be a fraction of the total pixel area; this may provide an
overestimate of retired land. To ensure these predicted retired lands are indeed currently used
for agriculture, we crop this spatial layer to the 2018 agricultural lands layer from the
California Department of Water Resources (CADWR) Statewide Crop Map.59
The total number of predicted retired acres using all five retirement scenarios is 505,871,
which far exceeds Bryant et al.’s projection for permanent retirement of approximately
213,000 acres. Therefore, we select all parcels where at least two scenarios overlap, which
decreases the retirement acreage to approximately 214,009, more closely matching the
Bryant et al. projection (Figure 2). We conduct all further analyses within these land pixels
predicted to be retired.
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Figure 2. Predicted retired agricultural land in the SJV. Areas of agricultural land, displayed per
pixel (approximately 15.4 acres) and totaling approximately 214,000 acres, that are expected to be
permanently retired by 2040. Data Source: Bryant et al. (2020).

3.3 Landowner Profits from Solar
To obtain the solar profit component of our spatial-economic model, we calculate the dollar
value, in net present value (NPV) terms, that a solar developer would receive if they chose to
develop USSE (specifically, a single-axis tracking system) on a pixel of land. We assume that
solar developers operate competitively such that this NPV equates to the value that a
landowner would receive if they were to lease their land to a solar developer. The revenue
obtained is dependent upon the wholesale electricity price and capacity factor in the region.
From the revenue, we subtract costs, which are made up of the cost of development and the
cost of connecting to a transmission line. This is shown in equation 1, with revenue and cost
variables detailed below.
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Equation 1. Solar profit

𝑇 = 25 𝑝 * 𝑓 * 24 * 365
𝑖

Solar profit = (( ∑

𝑡=0

𝑡

(1 + δ)

) − 𝑐) * 𝑚 − (𝑟 * 𝑑𝑖 )

p

Wholesale electricity price ($/MWh)

fi

Capacity factor (%) *

δ

Discount rate (%)

c

Development cost ($/MW)

m

Density multiplier coefficient (MW/pixel)

r

Transmission connection cost ($/km)

di

Distance to transmission (km) *

*Cropped to retired agricultural land layer.
Note: i denotes a spatial layer (per 250 m x 250 m pixel).

Wholesale electricity price (p, $/MWh): For our equation, we identify a wholesale
electricity price for solar photovoltaic (PV) technology of $100 per megawatt hour (MWh),
which represents the California average wholesale price in 2019.60 The national average
wholesale electricity price for solar PV in the same period was $83/MWh.
Capacity factor (fi , %): Capacity factor is a value used for evaluating the performance of
electricity generation. It is representative of the generation in a typical year, as a percent of
the maximum theoretical generation that could be produced if the facility were operating at
maximum capacity at all times. We reference a spatial layer from Wu et al. 19 for continuous
capacity factor that includes all candidate project areas, or areas that are suitable for solar
based on spatially-explicit techno-economic exclusions for development (Figure 3).19 These
areas are also subdivided into smaller utility-scale project-sized areas (typically 50-100 MW)
and exclude all lands with existing legal restrictions against energy development.19
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Figure 3. Solar capacity factor in the SJV. Capacity factor, expressed here as a percentage, is used to
evaluate the performance of electricity generation. Capacity factor is displayed per pixel
(approximately 15.4 acres) for all areas where there is potential for solar development. Note that the
full range of values (12.8 to 32.8) represents capacity factor across the entire state, and the SJV falls
within the range of 25.7 to 29.7. Data Source: Wu et al. (2019).

Discount rate (δ, %): We calculate revenue for a single year and discount it over a 25-year
period, which is approximately the lifespan of a solar facility. We calculate NPV using a
fixed discount rate of 5% over the 25-year lifespan of the project. This rate reflects the mean
of values forecasted annually between 2019 and 2035 for the weighted average cost of capital
(WACC nominal). To calculate NPV, solar projects developed by for-profit organizations,
such as Independent Power Producers, should use a discount rate equal to nominal weighted
average cost of capital.61,62 This mean value comes out to 0.05136 or 5% rounded.
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Development cost (c, $/MW): Development cost accounts for the total upfront capital
needed to develop utility-scale PV systems as incurred by the engineering, procurement, and
construction (EPC) entity and the solar developer. In our equation, we focus on energy-only
(no storage) single-axis tracking systems for which the calculated base cost is $0.95/watt DC
($952,760/MW) (Table 1). The cost inputs we calculate are built from bottom-up model
results used to quantify U.S. national costs in the first quarter of 2021.63 We tailor cost input
values to meet the needs of our analysis.
Table 1: Breakdown of cost inputs calculated for utility-scale PV systems. Adapted from Vignesh et al.
(2021).

*Sales tax exemption on components in California until 2030
*We instead calculate transmission connection cost using $/km (see Equation 1) using spatial data

We calculate development cost using U.S. national data published by the National Renewable
Energy Lab.63 Our cost of development includes: modules, inverters, structural and electrical
balance of system (BOS) components, labor, permitting, interconnection fees, EPC and
developer overhead, and a 3% contingency to estimate markup on EPC costs. We modify
these published values to suit our analysis by removing: 1) costs associated with transmission
lines, as this cost is calculated at the pixel level using spatial data and distance calculations
(see Transmission connection cost below); and 2) component sales tax costs because current
California state policy provides a 100% tax exemption through at least 2030. Lastly, we take
the mean of the total system costs for 10 MW, 50 MW, and 100 MW capacity solar facilities.
Our analysis does not evaluate development cost based on facility capacity or size; however,
we do omit reported costs for systems under 10 MW from this mean calculation as we do not
consider less than 10 MW to be “utility-scale.” We do not include the costs incurred by the
Operations and Maintenance (O&M) entity, including the cost of land acquisition (long-term
land leases), property taxes, cleaning, and repairs.
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Transmission connection cost (r, $/km): Transmission connection cost is a constant dollar
value, which is multiplied by the distance that a pixel is to existing transmission (see
Distance to transmission below). Connecting a USSE site to a transmission line requires the
construction of an additional transmission line called a generation-tie (gen-tie). This cost is
influenced by the distance between the solar site and the nearest main transmission line; the
greater this distance, the more expensive the connection will be.
We obtain this value, in dollars per kilometer (km) using the Black & Veatch transmission
line capital cost calculator from the Western Electricity Coordinating Council.64 For a 230
kilovolt (kV) single circuit line, we arrive at a cost of $522,140 per kilometer. The following
input costs are associated with connecting new utility-scale PV solar facilities to the grid:
voltage class, conductor type and age, structure, approximate length, and overhead costs.
Distance to transmission (di , km): To evaluate the cost of connecting to a transmission line
from each pixel, we include a spatial layer that represents the distance between each pixel in
our study area and the nearest transmission line (Figure 4). We calculate this distance from a
spatial layer of existing transmission.65 From this spatial layer, we remove all transmission
lines that cannot support USSE (i.e., all lines under 230 kV). The distance to transmission
layer is restricted to the same candidate project areas as the capacity factor layer.19
Density multiplier coefficient (m, MW/pixel): We include a density multiplier coefficient
of 3.71 MW/pixel to ensure that all units in our solar profit equation are in dollars per pixel.66
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Figure 4. Distance to transmission (kilometers) in the SJV. Distance from areas of potential solar
development (see also Figure 1) to transmission lines per pixel (approximately 15.4 acres). Data
Source: Oak Ridge National Laboratory et al. (2021).

3.4 Landowner Profits from Conservation
We calculate the dollar value of a one-time payment that a landowner would receive if they
were to sell a conservation easement on their land. Based on the value of their land and
whether the land is considered suitable habitat for target species, a landowner will be able to
sell the development rights of that land for the placement of a conservation easement. This is
captured in equation 2, with the variables used in this analysis detailed below.
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Equation 2. Habitat profit

Habitat profit = 𝑣𝑖 * 𝑠 * ℎ𝑖
vi

Land value ($) *

s

Compensation for conservation (%)

hi

Suitable habitat *

*Cropped to retired agricultural land layer.
Note: i denotes a spatial layer (per 250 m x 250 m pixel).

Compensation for conservation (s, %): For conservation easements in which landowners
sell the development rights of their land to a land trust or other entity, landowners typically
receive approximately 40-60% of the land’s value.67 We choose this method of protecting
land for our analysis, as opposed to an outright sale of the land or donation of development
rights in exchange for income tax deductions, since landowners can retain ownership of their
land (similar to the lease of land for solar), and it is more feasible to quantify a one-time
payment to landowners based on land value than it is to calculate the amount saved via
income tax deductions. Therefore, to determine the payment a landowner would receive, we
multiply the land value in each pixel by 60%.
Land value (vi , $): This spatial layer represents estimated fair market value of private
properties in the SJV (Figure 5).68
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Figure 5. Land value in the SJV. Value of land in natural log dollars or ln($) per pixel (approximately
15.4 acres). Data Source: Nolte et al. (2020).

Suitable habitat (hi): We evaluate habitat profit only in areas of suitable habitat. Suitable
habitat is defined as areas that are suitable for at least one or more of TNC’s target umbrella
species (San Joaquin kit fox, blunt-nosed leopard lizard, giant kangaroo rat, and San Joaquin
woolly-thread) within 5 km of a protected area. We combine individual species suitability
layers into one layer to determine where they overlap. We obtain protected area data from
both the Protected Area Database (PAD) and California Conservation Easement Database
(CCED).69 These data encompass state and federally protected areas, conservation easements,
and land protected by non-governmental entities (i.e., TNC). We remove city-owned lands as
those are typically public parks. We buffer protected areas to 5 km and crop the combined
species suitability layer to this buffer to create our suitable habitat spatial layer (Figure 6A).
We also create a spatial layer for suitable habitat for two or more of TNC’s target species
(Figure 6B). These lands may be even more valuable from a conservation perspective and
represent areas where TNC is more inclined to focus resources to conserve habitat.
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Figure 6. Habitat suitability in the SJV. Suitable habitat within a 5 km distance of a protected area for
at least one (A) or two (B) of the following species: San Joaquin kit fox, blunt-nosed leopard lizard,
giant kangaroo rat, and the San Joaquin woolly-thread. Data Source: The Nature Conservancy.

3.5 Solar and Habitat Profit Comparison
We determine that a landowner chooses to lease their land for USSE, instead of selling
development rights to protect their land for habitat, if the inequality in Equation 3 is satisfied
(that is, if solar profit for a pixel of land exceeds habitat profit). If the reverse is true and
habitat profit exceeds that of solar, then the landowner would choose to sell to an entity
placing a conservation easement rather than to a USSE developer.
If both solar profit and habitat profit for a single pixel are less than or equal to zero, this
indicates that neither land repurposing option is profitable to the landowner. Thus, the
landowner will not choose to convert to either land use option.
Equation 3. Comparison of solar profit and habitat profit.

𝑇 = 25 𝑝 * 𝑓 * 24 * 365
𝑖

(( ∑

𝑡=0

𝑡

(1 + δ)

) − 𝑐) * 𝑚 − (𝑟 * 𝑑𝑖 ) > 𝑣𝑖 * 𝑠 * ℎ𝑖

3.6 Sensitivity and Scenario Analyses
We conduct sensitivity and scenario analyses to 1) complete diagnostics checks and 2)
identify the most important variables driving the overall value of each option, solar or
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habitat. We alter the spatially-fixed variables one at a time, holding all other variables
constant at their base values. These altered variables include wholesale electricity price (p),
development cost (c), transmission connection cost (r), discount rate (δ), and compensation
for conservation (s). The base values for each are defined as follows:
●
●
●
●
●

p = $100/MWh
c = $952,760/MW
r = $522,140/km
δ = 5%
s = 60%

To check the robustness of the model and ensure proper functionality, we change each of
these base values to zero one by one. We also input different values for these variables to
represent alternative scenarios. For the wholesale electricity price (p), we run the model with
the average wholesale price for solar PV in the U.S. ($83/MWh), as well as a forecasted
wholesale price for solar in California as of 2046 ($34/MWh).70 For the discount rate (δ), we
run the model with other feasible rate values a solar developer might use when considering a
project (4% and 10%). For the development cost (c), we run the model with a value that
includes component sales tax costs to represent the expiration of the California state policy
providing a 100% tax exemption ($992,860/MW). We run the model with an estimated future
value for the transmission connection cost (r), which is calculated using the rate at which the
total cost of construction to connect to transmission fell between 2018 and 2019
($472,140/km). Finally, for compensation for conservation (s), we run the model with a value
representing the low end of the range for the fraction of land value that a landowner would
see in exchange for a conservation easement (40%). We also run the model with a value
representing outright purchase of a property (100%).
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4. Results
4.1 Overview
Our model provides us with predictions of the profit a landowner would theoretically obtain
from converting their retired agricultural land to either USSE or to habitat via the sale of a
conservation easement. This allows us to evaluate and compare these profit values and
identify the potential spatial distribution of USSE and habitat. We present results for the
predicted distribution of solar and habitat throughout the landscape using a model run with
habitat suitability for one or more species and a model run with habitat suitability for two or
more species. We compare our results to California’s energy goals and TNC’s habitat goals.
Lastly, we assess the results of our sensitivity analysis to determine the impacts of these
variables on landowners’ decisions to select solar or habitat. Sections 4.2 and 4.3 show
results when the model is run with values.

4.2 Distributions of Solar and Habitat Profits
Solar profit values range from approximately -$7.3 million to nearly $10 million (Figures 7
& 8). Solar development will not occur on pixels where profit values are zero or negative, as
these are unprofitable areas for development. The majority of high profit solar pixels are
located along existing transmission infrastructure.
To test whether the assumption of perfect competition among solar developers reflects
conditions in the Valley, we compare the solar profit to real-world land lease values. Land
lease values in the SJV for solar projects range from $200 to $2,000 per acre per year.67 We
discount these values over a 25-year period to determine the range of profit that a landowner
may receive after leasing to a solar developer; these profits range from $42,846 to $428,456.
We cap our model’s solar profit values at the maximum land lease value ($428,456) and run
the comparison analyses again to understand how the breakdown of pixels selected for solar
versus habitat changes. Our results of solar and habitat distribution throughout the landscape
do not change, which supports our use of the original values under the perfect competition
model. We proceed with the uncapped data for all further analyses.
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Figure 7. Distribution of solar profit values when variables are set at base values (p = $100/MWh, δ
= 5%, c = $952,760/MW, r = $522,140/km). The spike of clustered negative values represents the
pixels where solar is not feasible (i.e., where capacity factor is 0).

Figure 8. Spatial distribution of solar profit values when input variables are set at base values (p =
$100/MWh, δ = 5%, c = $952,760/MW, r = $522,140/km). Transmission lines 230kV or greater are
represented.
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Habitat profit values under the single-species scenario range from zero to approximately $5
million, though they largely do not exceed $200,000 (Figures 9A & 10A). Habitat profit
values under the dual-species scenario range from zero to approximately $550,000, though
they largely do not exceed $75,000 (Figures 9B & 10B).

Figure 9. Distribution of habitat profit values with habitat suitability for one or more species (A) and
two or more species (B) when compensation variable is set at the base value (s = 60%). For ease of
visualization, the data for the one-species scenario is truncated at $550k, the data for the two-species
scenario is truncated at $250k.
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Figure 10. Spatial distribution of habitat profit values with habitat suitability for one or more species
(A) and two or more species (B) when compensation variable is set at the base value (s = 60%).
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4.3 Model Selection: Solar versus Habitat
When the solar equation profits are compared to the habitat equation profits, landowners will
either choose USSE, a conservation easement, or neither option (Figure 11). Neither is used
to represent areas not selected for USSE or habitat conservation because neither option
provides the landowner any value. Most pixels are selected for USSE, and these lands are
predominantly on the western side of the Valley. Fewer pixels of land are selected for habitat
conservation when habitat suitability for two or more species is evaluated compared to one or
more species. More land is selected for neither when habitat suitability for two or more
species is considered.

Figure 11. Model selection with habitat suitability for one or more species (A) and two or more
species (B) when input variables are set to base values (p = $100/MWh, δ = 5%, c = $952,760/MW, r
= $522,140/km, and s = 60%).
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When solar development is more profitable than habitat conservation for a given pixel, we
evaluate the degree to which it is more profitable; we term this solar profitability (Figure 12).
Solar profitability across the landscape ranges from a couple thousand dollars to nearly $9.5
million. The range of solar profitability does not vary with the change of habitat suitability
layers. As with solar profits, areas of high solar profitability are located primarily along the
western side of the Valley.

Figure 12. Degree to which solar is more profitable than habitat conservation with habitat suitability
for one or more species (A) and two or more species (B) when input variables are set to base values
(p = $100/MWh, δ = 5%, c = $952,760/MW, r = $522,140/km, and s = 60%). We use quantile
classification to display the results.
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The degree to which habitat conservation is more profitable than USSE for a single pixel is
termed habitat profitability (Figure 13). The profitability ranges from approximately $5,000
to $5 million when considering habitat suitability for one or more species. When habitat
suitability is changed from one or more species to two or more, fewer parcels of land are
selected for habitat and the range of profitability is reduced ($10,700 - $551,500).

Figure 13. Degree to which habitat is more profitable than solar with habitat suitability for one or
more species (A) and two or more species (B) when input variables are set to base values (p =
$100/MWh, δ = 5%, c = $952,760/MW, r = $522,140/km, and s = 60%). We use quantile
classification to display the results.

When compared to California energy goals and TNC habitat goals, our model indicates
neither will be fully achieved solely on predicted permanently retired agricultural lands. Our
model predicts 44.64% of the SB-100 solar capacity goal and 50.70-81.11% of TNC’s habitat
goal will be achieved (Table 2).
Table 2. Model results compared to California solar goals and TNC habitat goals.

Goals

Model Results

Results as % of Goals

SB-100 Solar Capacity

70 GW

31.25 GW

44.64%

TNC Upland Habitat

50,000 - 80,000 ac

40,556 ac

50.70 - 81.11%
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4.4 Sensitivity Analyses
By changing the values of spatially-fixed variables, including wholesale electricity price (p),
cost of development (c), percent compensation for conservation (s), transmission connection
cost (r), and discount rate (δ), we can analyze how each of these variables affects the share of
pixels selected for solar development, habitat conservation, or neither of those land uses. For
base values and habitat set to one or more species, about 19% of pixels (~ 41,000 acres) are
selected for habitat conservation, 61% of pixels (~ 130,000 acres) are selected for solar
development, and 20% of pixels (~ 43,000 acres) are selected for neither category. For base
values and habitat set to two or more species, about 1% of pixels (~ 2,000 acres) are selected
for habitat conservation, 60% of pixels (~ 129,000 acres) are selected for solar development,
and 39% of pixels (~ 83,000 acres) are selected for neither category.
When the price of electricity is given a zero value, a maximum of approximately 53% of all
pixels are selected for habitat conservation under the one-species suitability scenario and a
maximum of about 3% of all pixels are selected under the two-species scenario (Figure 14).
Increasing the price of electricity greatly decreases the share of pixels selected for habitat
conservation under both habitat scenarios and increases the share of pixels selected for solar.
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Figure 14. Share of pixels selected for solar, habitat conservation, or neither when wholesale
electricity price is varied and habitat is set to one or more species (A) and two or more species (B). p
= $100/MWh is the base value.
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Changes in the cost of solar development have only a small effect on the share of pixels
going to habitat conservation versus solar under both habitat scenarios (Figure 15).

Figure 15. Share of pixels selected for solar, habitat conservation, or neither when development costs
are varied and habitat is set to one or more species (A) and two or more species (B). c =
$952,760/MW is the base value.
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We observe that increases in compensation for conservation have little effect on the number
of pixels selected for habitat and solar under both habitat scenarios (Figure 16). When the
value of conservation compensation is zero, a maximum of about 61% of pixels are selected
for solar under both habitat scenarios.

Figure 16. Share of pixels selected for solar, habitat conservation, or neither when percent
compensation for conservation via an easement is varied and habitat is set to one or more species (A)
and two or more species (B). s = 60% is the base value.
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The cost of connective transmission lines has a marked impact on the number of shares
selected for solar under both habitat scenarios (Figure 17). When the cost of transmission
connection is given a value of zero, nearly 93% of all pixels are selected for solar under both
habitat scenarios.

Figure 17. Share of pixels selected for solar, habitat conservation, or neither when transmission cost
is varied and habitat is set to one or more species (A) and two or more species (B). r = $522,140/km
is the base value.
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The discount rate used when calculating solar profits has a substantive influence on model
outcomes under both scenarios (Figure 18). We see that an increase in the discount rate
corresponds with a decrease in the share of pixels selected for solar. Under the single-species
scenario, this decrease corresponds to an increase in the share of pixels selected for habitat
conservation.

Figure 18. Share of pixels selected for solar, habitat conservation, or neither when discount rate (δ) is
varied (denoted here as D) and habitat is set to one or more species (A) and two or more species (B).
δ = 5% is the base value.
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The breakdown of pixels selected for solar development, habitat conservation or neither of
those land uses varies widely across the six counties in the study area (Figure 19). Across
both species scenarios, we see the largest number of acres selected for solar in Kern and
Fresno Counties, followed by Kings and Madera counties. Under the one-species scenario,
we see the greatest number of acres selected for habitat conservation in Tulare County,
followed by Kern, Kings and Merced Counties. We also see the largest number of acres
selected for neither land use in Madera County under both scenarios. Additionally, very few
or no pixels are selected for habitat conservation in Madera County.

(Figure Continued Below)
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Figure 19. Share of pixels selected for solar, habitat conservation, or neither by county when habitat
is set to one or more species (A) and two or more species (B). Input variables are set to base values (p
= $100/MWh, δ = 5%, c = $952,760/MW, r = $522,140/km, and s = 60%).
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5. Discussion
5.1 Revisiting Objectives
This study aims to analyze the viability of new solar development and habitat conservation in
the SJV considering anticipated land use changes. It also aims to assess potential strategies to
achieve solar and upland species conservation goals. Results show both USSE and habitat
conservation are viable on predicted retired agricultural lands, but the scale at which both are
implemented may not be enough to achieve California’s renewable energy goals or TNC’s
habitat goals. Implications of this, and potential strategies to achieve these goals, are
discussed below.

5.2 Summary
Solar projects are being proposed and constructed throughout the SJV and it is important to
ensure that these developments do not cause environmental harm through habitat destruction.
Instead of siting USSE on prime habitat, which can disrupt and harm endangered species, an
alternative is to place it on agricultural land that has gone out of production. Tens to hundreds
of thousands of acres of currently irrigated agricultural land in the SJV are predicted to be
retired due to groundwater restrictions imposed by SGMA. Along with the expansion of
USSE in the SJV, organizations like TNC are looking to conserve additional habitat for
upland species; such goals may also be met in part through the use of retired agricultural
land. These repurposements have the potential to financially aid landowners having to retire
productive farmland, as well as advance renewable energy and conservation goals.

5.3 Solar and Conservation Viability on Retired Agricultural Lands
Based on our qualitative assessment via stakeholder interviews and our quantitative
spatial-economic analysis, we conclude that solar and habitat conservation are viable
alternative uses for landowners. Our spatial-economic analysis allows us to determine that
solar development could be a profitable option on the majority of the agricultural pixels that
are predicted to retire from agriculture. Profits obtained from USSE development on retired
lands benefit landowners by providing them with a source of income on a piece of land that
can no longer be used for irrigated agriculture due to groundwater limitations. Additionally,
since land retirement provides USSE development with additional opportunities that may
steer development away from natural lands, this could benefit conservation organizations like
TNC. What’s more, additional solar development in the Valley aids the state in achieving its
renewable energy goals. We also find that there are parcels where landowners could profit
from conserving their property. Similar to solar, this will provide financial support to
landowners as well as aid TNC in achieving its upland habitat conservation goals. These
results regarding the viability of solar and habitat conservation on retired agricultural lands
are supported by information obtained in our stakeholder interviews.
The results of our solar profitability calculations demonstrate that many landowners have a
high financial incentive to convert to solar. The exact profit they might see is not precisely
represented by these results, however. Our perfect competition assumption may not fully
capture true market conditions. We will note that it is not improbable that as solar
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development continues to expand, demand may indeed reach levels where developers must
pay landowners several million dollars for leases in the future. The timing of these land use
changes is important and addresses nuances that could not be captured by our model. For
instance, due to the current lack of transmission infrastructure limiting solar development,
landowners may be more likely to consider habitat conservation. Though there is the
potential for transmission, and thus USSE, to expand within the next 25 years, which could
lead to large revenue streams for landowners, the landowners may not want to wait that
length of time to make decisions about their land. By contrast, conservation easements are a
permanent decision, unlike solar in which the land is typically leased and has an end date.
This may steer landowners away from conservation easements if they hope to utilize their
land in the future.
The results of our habitat profitability calculations demonstrate more precisely, for each pixel
where habitat is selected, how much more a landowner could make by converting to habitat
as opposed to solar. Conversion to habitat is largely profitable where solar development is
not (and thus not selected by the model), so those profitability results paint a reasonably
accurate picture of how much it would cost to conserve those lands. These results do not
reflect any other forms of value from conservation outside of the fraction of land value
derived from the sale of a conservation easement that we include in our model. Ecosystem
service benefits and potential public health benefits stemming from land management for
habitat were intentionally not incorporated when scoping this project because the landowner
may not directly receive these benefits. Though we considered sources like funding from
mitigation/conservation banks that might have helped incorporate value from some of those
benefits, we required data for our habitat conservation valuation that varied spatially.

5.4 Sensitivity and Scenario Analyses
We see in the sensitivity analysis results that when the wholesale electricity price variable (p)
is given a zero value, rendering solar unprofitable, still only about half of all pixels are
considered suitable for habitat conservation according to the parameters of our model. This
has implications for what other land uses a landowner might choose outside those considered
in this assessment, as well as what incentives might be impactful. For example, the $50
million land repurposing program funded by AB-170 incentivizes a variety of alternative
land uses like groundwater recharge, pollinator habitats and cattle grazing.71 Some of these
land uses are more permanent than others.
Additionally, the fact that this electricity price variable has such a marked impact on solar
profits could have implications for solar expansion. The more solar goes on the grid, the less
valuable it becomes. This is a point of concern demonstrated by the scenario run with a
forecasted future wholesale price of electricity ($34/MWh). We will also note that rather than
simply running a scenario with a predicted future wholesale electricity price, the analysis
could be improved by instead varying that input to reflect the likely changes that would occur
over the 25-year period considered.
Results from our sensitivity analysis for the development cost (c) indicate that the variable
does not heavily influence whether a pixel is selected for solar. Though the value of
development cost will change (likely decreasing) over time, the costs are incurred up front,
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and thus we do not attempt to vary the value over the 25-year project period. We can improve
this analysis by including a scenario with forecasted future development costs.
Changes made to the compensation for conservation variable (s) have little effect on the
amount of land chosen for habitat. This can be at least partially explained by the fact that the
distribution of profits from habitat protection is much smaller than the distribution of profits
from solar development. Even full land values are, on average, much smaller than the
potential profit derived from converting to solar. We can also infer that selection for solar is
largely influenced by variables other than compensation for conservation; when the fraction
of land value is increased from 0 to 40%, all of the pixels selected for habitat are drawn from
the Neither category. In other words, the share of solar pixels remains fairly constant
regardless of the compensation.
The results of our sensitivity analysis for transmission connection cost (r) strongly support
the hypothesis that transmission is one of the biggest drivers of solar profitability. This is
reflective of what we find in the literature and through stakeholder interviews. Transmission
remains a significant barrier to siting solar in the Valley, and it may negatively impact habit
conservation goals for the region if USSE development is driven toward undisturbed lands
that are near existing transmission.
Modifying the discount rate (δ) reveals the extent to which solar developers' own assessments
and judgment can influence where solar might be built in the Valley. While land might seem
suitable by all other measures, the degree to which potential profits are discounted will
heavily influence a developer’s willingness to invest in a project in the Valley.

5.5 Spatial Distribution of Results Across the Landscape
The model selection results provide context to the spatial distribution of data at the pixel
level. Each pixel represents 15.4 acres of the land surface. The arrangement of pixels
resulting from this spatial-economic model is inherently dependent on the distribution of
permanently retired agricultural lands over the course of SGMA implementation. As such,
Bryant et al.’s forecasted land retirement layer developed using the Statewide Agricultural
Production (SWAP) model for economic optimization considering various inputs like crop
prices and water resources heavily influences the specific placement of solar and habitat
across the landscape.72 By utilizing this modeled retirement scenario, noticeable patterns and
trends are observed that provide insight into which spatial variables have the greatest
economic impact on land repurposing.
For the purposes of clearly visualizing these spatial patterns, we primarily discuss the
distribution of pixels under the single-species scenario. Solar dominates the western side of
the SJV, meaning landowners may see higher potential profits for solar development than
habitat conservation across Kern, Kings, Fresno, and Madera Counties. The arrangement of
solar profits follows the path of major transmission lines across the Valley. In the northern
counties (Merced, Madera, and Fresno), solar is distributed to the west and east, likely due to
the proximity of existing transmission infrastructure.
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Selection for solar and habitat conservation appears evenly distributed in Merced County.
The majority of pixels selected for retirement under the one-species scenario in the county
are adjacent to lands identified by TNC as having high conservation value, which suggests
that a potential conservation strategy or policy initiative focused on the region might be
worthwhile. There is also a large concentration of pixels selected for neither land use in
Madera County. This points to a need for strong incentives for an alternative beneficial land
use.
The spatial distribution of habitat pixels across the landscape is more sparse than that of solar
pixels in most counties. However, there are notable clusters where conservation easements
may be more profitable than solar development, particularly in Tulare County. Habitat results
are heavily concentrated in the southwest corner of Tulare County at the borders of Kings
and Kern Counties. In this same region, solar pixels make up a large portion of retired lands.
Both are found either overlapping with, or in close proximity to, TNC’s priority restoration
regions and areas of high conservation value (Figure 20).73 Both land repurposing options
help to achieve important environmental goals but one may be more desirable over the other
depending on the location. For instance, in certain locations it may be important to prioritize
habitat conservation where pixels are adjacent to lands with high conservation value.

Figure 20. Spatial distribution of pixels using base input values with habitat suitability for one or
more species across the entire San Joaquin Valley (A) and zoomed in on the border of Kern, Kings,
and Tulare (B). Model results are displayed with modern spatial layers (2021) for transmission line
infrastructure, and The Nature Conservancy’s highlighted areas for priority restoration and high
conservation value.73
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For conservation, overlap with or proximity to ecologically valuable areas is a desirable
outcome and is likely to result in higher quality protected habitat than would exist in more
disturbed regions. Siting solar in high conservation areas is much more challenging for
developers as projects will likely face strict regulations, high mitigation costs, and social
pressure from the public and NGOs.23
Within the TNC Priority Restoration area (highlighted in yellow in Figures 20 and 21), the
model run using base values identifies 23,660 acres for solar, 20,680 acres for habitat
conservation, and 463 acres for neither land use. Large-scale development of solar, such as
that suggested by the model results, could present a significant challenge for conservation
priorities within this region. The most potentially challenging area is a grouping of solar
pixels adjacent to pixels selected for habitat conservation that are positioned between the
Kern National Wildlife Refuge and the Pixley National Wildlife Refuge (Figure 21). This
3,660-acre grouping selected for solar development is positioned in a unique part of the
landscape that, if developed, would limit the opportunity to expand contiguous protected
space around the Kern Refuge and hinder overall connectivity between the Kern and Pixley
National Wildlife Refuges.

Figure 21. A closer look at model results within the TNC Priority Restoration area at the intersection
of Kings, Tulare, and Kern Counties, highlighting where solar may be in direct conflict with
conservation priorities – specifically the solar pixels between Kern National Wildlife Refuge and
Pixley National Wildlife Refuge.
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Under the two-species scenario, the spatial trends discussed here remain much the same.
However, there is considerably less selection for habitat conservation, and the majority of the
pixels selected for habitat under the single-species scenario instead go to neither land use (see
Figure 11B).

5.6 Land Requirements & Planning Implications
We make the assumption that each pixel, approximately 15.4 acres, constitutes a separate
USSE development or its own conservation easement. This, however, may not reflect reality.
When analyzing pixels selected for solar repurposing, it is beneficial to convert acres to an
energy specific size unit to compare economic implications and renewable energy portfolio
goals. With respect to the objectives of this study, to assess viability of new USSE
development and supportive policy options, we find it most useful to present the spatial
results in terms of capacity. The optimized power density per acre (0.24 MWDC) scaled to
the pixel level is 3.707 MWDC. According to standard references to capacity minimums by
researchers and regulatory agencies, a “utility-scale” facility is that which is greater than 5-10
MW in capacity – for our purposes we use 10 MW as the minimum threshold. 74 Furthermore,
the cost to develop USSE in terms of $/MW is reduced overall as capacity increases. If a
developer wants to produce larger USSE projects, they will likely consider large areas of
land, or groups of pixels of our current size. A similar situation may arise for conservation
easements. Typically, conservation strategies place more value on larger contiguous areas of
habitat compared to smaller fragmented areas. Thus, from the perspective of a developer or
conservation organization, it is important to note that any one pixel on its own is likely not
suitable for either repurposing option given its size. For conservation easements, however,
we do attempt to specifically consider areas that would improve existing habitat by only
assessing pixels within 5 km of a protected area.
In order to develop USSE, groupings of at least 3 adjacent retired land pixels (or non
pixel-scale dependent area > 41.66 acres) are needed to reach a capacity >10 MW. Given the
current distribution of cells, this effectively reduces the developable solar area by ~1,992
acres (1.5%). At this reduced area, solar capacity constructed in the most optimal way
spatially using current power density rates could reach over 30 GW. Grouped adjacent pixel
area distributions skew to the right with several very large outliers. The mean area for
grouped solar pixels is 540 acres – this is an area capable of supporting a large PV USSE
system (~ 130 MW capacity). To reach the 30 GW capacity potential across the SJV with
systems this size, it would take 1,000 total new facilities. The solar grouping with the largest
area is 16,988 acres with a potential capacity for ~ 4.1 GW of new solar. For scale, the largest
PV USSE plant in California is rated at 550MW capacity. 75 Reaching 30 GW with large
facilities like this would require very large areas of land of around 2,300 acres and would
require working with numerous landowners.
Conservation also benefits from large contiguous pieces of land, and specific goals also have
size requirements. For example, a kit fox requires a roughly 1,500-acre home range.
Additionally, a viable population needs access to other kit foxes who also require land for
home ranges.46 Adjacent grouped pixels selected for habitat conservation also have a skewed
distribution of areas, with an average of 372 acres, and a maximum of 8,200 acres. Though
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the habitat pixel results of this analysis do not meet the needs of species like the kit fox as
individual groupings, there are several large pixel groups clustered around high priority
habitat for five focal species (Tipton kangaroo rat, giant kangaroo rat, blunt-nosed leopard
lizard, San Joaquin woolly-thread, and San Joaquin kit fox) in the border region of Tulare,
Kings, and Kern. As a network of conservation easements, this could in time provide over
20,000 acres of new habitat in an area that has positive implications for restoration such as
proximity to protected habitat, suitability for important umbrella species, and minimal
adverse effects to agriculture.72,73
Given the uncertainty of exactly where and when retirements will happen, the success of
repurposing these lands to meet either goal will be dependent on strategic plans to help
optimize retirement and new development. Coordinated regional efforts that cross county
lines should place emphasis on specific size requirements to reach high capacity for solar or
greater ecological returns for conservation efforts. Consideration for the arrangements of
dependent variables for solar like proximity of transmission lines or protected/intact habitat
for conservation will also be important. The development of new transmission lines is likely
to have the greatest impact on how a future San Joaquin Valley landscape may look. As solar
is by far the more profitable model result on retired lands near transmission, it is foreseeable
that without timely intervention, protecting certain high priority conservation areas will not
be an option indefinitely.

5.7 Additional Limitations and Assumptions
While our spatial-economic model serves as a useful starting point for evaluating land use
change in the SJV, there are several limitations and assumptions that are important to address.
Those not previously addressed are outlined below.
This model does not consider strategic planning and placement of USSE developments and
conservation easements. Strategic planning for both the developer and the conservation
organization would involve additional considerations related to key stakeholders, resource
allocation, specific land prioritization, etc. This model would be most useful in combination
with strategic planning from TNC for lands targeted for conservation.
Finally, solar technology is improving; this study looks at single-axis tracking solar, but other
technologies should be evaluated. Furthermore, as of the writing of this report, the impact of
SGMA has not been fully realized by landowners in the Valley; as water access becomes
more limited, additional constraints and variables may need to be considered.

6. Conclusion
6.1 Takeaways
We are able to draw a few key conclusions from our model results, including the following:
1. Solar and habitat conservation are viable and profitable on retired agricultural lands,
with solar largely dominating the landscape.
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2. There is overlap between high priority restoration regions identified by TNC and the
pixels selected for both solar and habitat conservation by our model.
3. Predicted retired agricultural lands, if converted according to our model selections,
will not provide enough USSE to meet California’s state-wide solar energy goals or
enough habitat for TNC’s upland species goals.
These takeaways speak to the need for incentivizing dual-use projects, where habitat and
renewable energy goals can be achieved synchronously. Further, approximately 20-40% of
the land likely to be retired does not have a clear incentive to convert to either solar or
habitat. This takeaway leaves the door open for a multitude of policy incentives to help drive
land-use change in a positive direction.

6.2 Recommendations
If all predicted permanently retired agricultural lands are converted as our model predicts,
California will be able to meet a fraction of its goal for expanded solar capacity (31GW of
70GW under SB-100) and TNC will be able to meet a portion of its habitat goals (40.5K of
50-80K acres). USSE may need to expand onto lands of higher quality habitat to make up the
difference at further detriment to TNC’s goals.17 TNC has expressed interest in identifying
policies to direct USSE onto retired agricultural lands and finding ways to make land parcels
dual-use (USSE and habitat compatible). The following recommendations are developed
with the goal of meeting multiple stakeholder needs:
1. Safe Harbor Agreements should be applicable to permanently retired agricultural
lands with USSE to eliminate penalties to landowners and solar developers that
create/allow habitat on their parcels.52 Without this, developers and landowners are
disincentivized to maintain habitat on a solar development. The use of Safe Harbor
Agreements could also expedite solar permitting, making dual-use of the land more
favorable for solar developers.
2. The Internal Revenue Service and California Department of Revenue should allow
landowners who have leased land for USSE to establish permanent conservation
easements and claim an upfront charitable income tax deduction on the reduction in
land value from market value to restricted value, as determined by qualified appraisal,
if the solar company signs an agreement with the government or TNC to create and
maintain habitat under elevated panels on permanently retired agriculture parcels
during the term of the lease. In return, the solar companies will receive favorable
lease extension terms. Unlike the method of conservation easements considered in our
spatial-economic model, where development rights are sold for a percentage of the
land value, this method of setting up an easement is by landowner donation. The
landowner will not receive a one-time payment for the sale of development rights, but
rather an income tax deduction with carry forwards to subsequent tax years to capture
the greatest value from the donation. This will offset some of the solar lease income.
This method of placing an easement on the land also comes at less of an expense to
TNC since the organization will not be purchasing development rights. Further, the
landowners will be able to retain valuable water rights to use elsewhere or sell.53,76
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Before this method is utilized, habitat under panels needs to prove effective. Initially,
the use of Safe Harbor Agreements should be implemented. Habitat on dual-use lands
should be studied to understand the impacts of this system on species.77 If habitat
under panels does prove successful, then conservation easements should be placed on
dual-use lands.
3. Survey findings indicate that local governments, agricultural groups, and
conservation organizations want to preserve prime farmland and high-quality habitat.
Thus, stakeholders should collaborate and pressure CAISO and decision-makers to
prioritize new transmission lines and upgrades to concentrated areas of permanently
retired agricultural lands.9,29
To meet state renewable energy goals under SB-100, CAISO began a 20-year
planning process that will facilitate the development of new high voltage transmission
lines and substations to accommodate over 50 GW of new USSE. The plan identifies
~ 20 GW of new USSE resource capacity expansion throughout Central Valley
transmission zones, of which the majority (more than 12.5 GW) is allocated to zone
SPGE_Z1_Westlands.78
The CAISO transmission expansion plan also identifies upgrades and development of
new interstate connections to adapt the grid to renewable energy technology
dynamics. Conservation organizations should monitor this planning process to ensure
new high voltage lines avoid sensitive habitat and minimize impacts to species.78
4. A local vision for renewable energy in the region can help create momentum and
political support. Local stakeholder engagement and the presentation of various
planning tools could be considered to prioritize multiple land uses throughout the area
including conservation, solar, water recharge, etc. Planning tools that could be
considered include a CDFW Regional Conservation Investment Strategy (RCIS) or a
TNC greenprint. It is important that an RCIS has one driving principle to help
prioritize development – one possibility is new transmission lines to incentivize
renewables. A greenprint may layer in more land considerations (i.e., aesthetics)
directly related to environmental review processes under CEQA and NEPA.
In developing this local vision and momentum using a planning tool like RCIS,
landowners facing permanent retirement (i.e., the Westlands Water District, farmers,
etc.) would be included as stakeholders who may lease land for USSE development
and transmission/substation construction. Where restoration/conservation priorities
are identified (i.e., near the Ciervo-Panoche SJV kit fox core area), retired farmland
can facilitate development of advanced mitigation credits.79,80 Furthermore, the RCIS
could identify construction guidelines for new USSE facilities and transmission
projects that help advance habitat conservation such as wildlife friendly fencing,
artificial dens, native vegetation, and pollinator habitat.81
5. Local land trusts could create water cooperatives where farmers contribute funds to
buy land for fallowing and then receive the surface water and pumping rights
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associated with the land, minus an allocation for habitat. The shares would be
tradeable so farmers could buy and sell water rights while the land trusts manage the
land.6
6. GSAs could purchase tracts of land and the water tied to them, which could be used
elsewhere in the district. These lands could potentially then be leased to solar
companies.

6.3 Future Steps
Potential next steps could include updating the model with variables that more accurately
represent changes in market conditions over time. One way to do this would be to discount
over 30 years instead of 25. This time horizon may more realistically reflect those used by
some solar developers when considering a solar development project.62 It would also be
useful to consider the impacts of Renewable Energy Credits (RECs) on solar profit. Further,
it would be interesting to make comparisons using the levelized cost of electricity (LCOE).
The assessment could also be refined so that only parcels where value could be derived from
both habitat and solar are evaluated. In order to get a snapshot of what it would cost today to
steer land use away from solar in these locations, solar profits could be capped at the total
discounted profits seen from today’s peak solar lease values to reflect the current market
(calculated above as ~ $428k). Quantifying how much investment might be required to
incentivize conservation on prime habitat could help inform conservation strategy.
Additionally, it would be helpful to consider the timing of the model results in the context of
SB-100 buildout benchmarks. This could be achieved by ranking pixels selected for solar
from highest to lowest by profit and using this ranking to project what development could
look like, assuming the most profitable sites are developed first.
As when considering the viability of dual-use where habitat for species can coexist with solar
development, it is important to assess the regulatory barriers in place and pinpoint more
policy changes needed to facilitate the creation of more dual-use projects.
Finally, the loss of agricultural land in the SJV will have significant impacts on many
stakeholder groups, particularly the farming community. Over the next two decades,
regional- and ground-level coordination combined with novel ideas and initiatives will be
necessary to facilitate meeting the needs and goals of all stakeholder groups in the Valley.
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Appendices
Appendix A. Spatial Data Processing
We use ArcMap 10.8.1 to ready spatial data. We list the data processed and their uses in
Table A1. We project all data to NAD 1983 California Teale Albers, resample the pixel size
of all layers to 250m x 250m (the smallest of our data), and clip the layers to predicted
permanently retired agricultural lands. Lastly, for all spatial inputs, we convert NA values to
zero so that the model computes every pixel.
Table A1. Data processed in ArcMap and their uses.

Data Processed

Use

Fallowed lands (Bryant et al., 2020)
Agricultural lands (CropMapper, 2021)

Predicted retired agricultural
lands

San Joaquin kit fox habitat suitability (TNC)
Blunt-nosed leopard lizard habitat suitability (TNC)
Giant kangaroo rat habitat suitability (TNC)

Habitat suitability layer

San Joaquin woolly-threads habitat suitability (TNC)
PAD protected lands (United States Geological Survey et al.,
2021)
CCED protected lands (GreenInfo Network, 2020)
Solar capacity factor (Wu et al., 2019)
Solar siting region (Wu et al., 2019)

Solar capacity factor layer

Transmission lines (Oak Ridge National Laboratory et al.,
2021)

Transmission distance layer

Land value (Nolte et al, 2020)

Land value layer

Predicted Permanently Retired Agricultural Lands:
Predicted retired lands from Bryant et al. are broken into five classes based on the number of
times Bryant et al. selects each pixel for retirement. We add this layer as a raster file, project
it using the Raster Project tool, and resample it to a smaller pixel size of 250m x 250m using
the Resample tool. Next, we use the Int tool to create an attribute table. We calculate the
acreage of each class and sum it to find the value closest to the Bryant et al. estimate of
permanently retired farmland. We select classes two through five.
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We add agricultural lands from CropMapper as a shapefile and project the shapefile using the
Project tool.
We clip the predicted retired lands to the agricultural lands to ensure all land predicted to be
retired is actually farmland. We then reclassify this new layer using the Reclassify tool so
that retired lands of classes two through five are given a value of one. We assign No Data to
class one values.
Solar Capacity Factor
We add a continuous capacity factor raster from Wu et al. to ArcMap and project the raster
using the Raster Project tool. This data has the smallest cell size of all layers, so it does not
need to be resampled and it determines the pixel size of all other data.
We add sites suitable for solar (candidate project areas of solar siting level 1), as determined
by Wu et al., as a shapefile, project it using the Project tool, and rasterize it using the Polygon
to Raster tool with a cell size set at 250m x 250m.
Next, we clip the capacity factor layer to the extent of the suitable solar sites using the
Extract by Mask tool. The Raster Calculator converts capacity factor percents to decimals by
dividing the layer by 100. Finally, we clip the solar capacity factor layer to the predicted
permanently retired agricultural lands using the Extract by Mask tool.
Distance to Transmission
We add a transmission line layer from Oak Ridge National Laboratory et al. to ArcMap as a
shapefile. We filter lines for voltages greater than or equal to 230 kV. We use the Euclidean
Distance tool to create a raster layer containing 250 m x 250 m pixels with values for the
shortest distance (in meters) from each to the closest transmission line. Next, we clip the
transmission distance layer to the predicted permanently retired agricultural lands using the
Extract by Mask tool. Once the data is loaded into R, we convert it from meters to
kilometers.
Habitat Suitable for One or More Species
We add four habitat suitability raster files from TNC to ArcMap. They show suitable habitat
for four umbrella species (San Joaquin kit fox, San Joaquin woolly-thread, blunt-nosed
leopard lizard, and giant kangaroo rat). We project these layers using the Project Raster tool
and resample them to 250m x 250m using the Resample tool. Next, we use the Mosaic to
New Raster tool to combine the four layers into one using sum as the mosaic operator (i.e.,
any pixel where two habitat suitability layers overlap is given a value of two, etc.). We feed
this new output into the Reclassify tool and give all classes, one through four, the value of
one.
We add protected lands from the Protected Area Database (PAD) to ArcMap as a shapefile
and project (Project tool).82 PAD lands are made up of: state and federally protected areas,
conservation easements, and land protected by non-governmental entities. We filter these so
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that all parcels owned by cities are removed. This eliminates city parks that are too small to
function as effective habitat.
We also add conservation easement lands from the California Conservation Easement
Database (CCED) as a shapefile and project it using the Project tool.69
Next, we use the Union tool to combine the PAD lands and CCED lands into one layer
containing all protected lands. We remove any lands that have a GAP status of four because
they are not protected from conversion for anthropogenic uses.83 The Euclidean Distance tool
creates a 5 km buffer around protected areas. Next, the Extract by Mask tool clips the habitat
suitability layer to areas within the 5 km buffer of protected areas. Reclassify changes all
values to one and missing values are assigned No Data. Extract by Mask clips the suitable
habitat layer to the predicted permanently retired agricultural lands. Once the habitat layer is
read into the R script, we change No Data pixels to zero.
Habitat Suitable for Two or More Species
To create the habitat suitability layer for two or more species, we repeat the same steps used
for the one or more species habitat suitability layer. The difference comes when reclassifying
with the Reclassify tool. A value of one is assigned where two or more species exist instead
of where one or more species exist.
Land Value
We add land value data from Nolte et al. to ArcMap in raster format, project it using the
Raster Project tool, and resample it to a cell size of 250 m x 250 m using the Resample tool.
The data is in ln dollars per hectare format and we convert it to dollars per pixel. We do this
by first using the Exp tool to obtain dollars per hectare and then by using the Raster
Calculator to multiply each pixel by 6.25. This value is used because 62,500 m2 (the area of a
250 m x 250 m pixel) equals 6.25 hectares.
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Appendix B. Economic Model Details
We use R code organized in a Markdown document to evaluate which parcels of land would
be selected for habitat conservation or USSE development. The spatial datasets processed in
ArcMap are first read into R. These include habitat suitability for one or more and two or
more species, distance to transmission, solar capacity factor, land value, and predicted retired
land.
First, we prepare these spatial data layers for assessment by the model. For the purpose of our
analysis, we convert NA values in each layer to zeros to ensure every pixel is assessed by the
model functions. Then we crop the habitat suitability, distance to transmission, capacity
factor and land value layers to the predicted retired land layer. Finally, we set each spatial
layer to the same extent and stack them.
Next, we apply two functions representing equations 1 and 2, which respectively calculate
solar and habitat profits. These functions pull values from the spatial layers for two variables
in equation one (solar capacity factor (fi) and distance to transmission (di)) and two variables
in equation two (land value (vi) and habitat suitability (hi)). The functions also incorporate
defined values for the spatial-fixed variables in each equation. For equation 1, those variables
include wholesale electricity price (p), cost of development (c), and transmission connection
cost (r); for equation 2, the only spatially-fixed variable is the percent compensation for
conservation (s).
The functions generate new spatial data layers containing unique results in each pixel. We
run the function for equation 2 twice, each time with a different habitat suitability layer. The
resulting layers represent habitat profits under the one- and two-species scenarios. We
convert any negative values in the solar profit layer to zeros. Finally, we stack the solar and
habitat profit layers and feed them into a third equation comparing which profit is greater in
each pixel, assigning one of three values:
● 1 if solar profit is greater,
● 2 if habitat profit is greater or,
● 3 if neither land use is profitable.
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Appendix C. Sensitivity Analysis Results

(Figure Continued Below)
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Figure C1. Model selection, summarized in total acres, with habitat suitability for one or more
species (A) and two or more species (B). Note: here D represents the input variable for the discount
rate, δ.
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Wholesale Electricity Price ($/MWh) (p)

Figure C2. Model selection with habitat suitability for one or more species (A) and two or more
species (B) when wholesale electricity price (p) is $0/MWh and other variables are set to base values
(δ = 5%, c = $952,760/MW, r = $522,140/km, and s = 60%).

Figure C3. Model selection with habitat suitability for one or more species (A) and two or more
species (B) when wholesale electricity price (p) is $34/MWh and other variables are set to base
values (δ = 5%, c = $952,760/MW, r = $522,140/km, and s = 60%).
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Figure C4. Model selection with habitat suitability for one or more species (A) and two or more
species (B) when wholesale electricity price (p) is $83/MWh and other variables are set to base
values (δ = 5%, c = $952,760/MW, r = $522,140/km, and s = 60%).
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Discount Rate (%) (δ)

Figure C5. Model selection with habitat suitability for one or more species (A) and two or more
species (B) when the discount rate for solar profit is 4% and other variables are set to base values (p
= $100/MWh, c = $952,760/MW, r = $522,140/km, and s = 60%).

Figure C6. Model selection with habitat suitability for one or more species (A) and two or more
species (B) when the discount rate for solar profit is 10% and other variables are set to base values (p
= $100/MWh, c = $952,760/MW, r = $522,140/km, and s = 60%).
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Development cost ($/MW) (c)

Figure C7. Model selection with habitat suitability for one or more species (A) and two ors more
species (B) when development cost (c) is $992,760/MW and other variables are set to base values (p
= $100/MWh, δ = 5%, r = $522,140/km, and s = 60%).
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Transmission Connection Cost ($/km) (r)

Figure C8. Model selection with habitat suitability for one or more species (A) and two or more
species (B) when transmission connection cost (r) is $0/km and other variables are set to base values
(p = $100/MWh, δ = 5%, c = $952,760/MW, and s = 60%).

Figure C9. Model selection with habitat suitability for one or more species (A) and two or more
species (B) when transmission connection cost (r) is $472,000/km and other variables are set to base
values (p = $100/MWh, δ = 5%, c = $952,760/MW, and s = 60%).
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Land Value ($) (vi)

Figure C10. Model selection with habitat suitability for one or more species (A) and two or more
species (B) when compensation for restoration (s) is 0% and other variables are set to base values (p
= $100/MWh, δ = 5%, c = $952,760/MW, and r = $522,140/km).

Figure C11. Model selection with habitat suitability for one or more species (A) and two or more
species (B) when compensation for restoration (s) is 40% and other variables are set to base values
(p = $100/MWh, δ = 5%, c = $952,760/MW, and r = $522,140/km).
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Figure C12. Model selection with habitat suitability for one or more species (A) and two or more
species (B) when compensation for restoration (s) is 100% and other variables are set to base values
(p = $100/MWh, δ = 5%, c = $952,760/MW, and r = $522,140/km).

The California Solar-Conservation Nexus

67

