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Abstract

This dissertation offers insights into the sustainable energy transition across diverse
contexts, each presenting unique challenges that other regions and cities are likely to en-
counter as countries work to reduce global greenhouse gas emissions. To mitigate these
emissions, many regions have chosen to reduce their reliance on fossil-fuel powered elec-
tricity generation in exchange for clean, renewable sources. However, because renewable
energy power plants have a lower energy density than fossil fuel plants, the amount of
land required to sustain this transition is signi cant. Rather than increasing renewable
generation assets, other countries have sought to instead focus on electricity conservation
and ef ciency measures to limit carbon emissions by restraining load growth. This is par-
ticularly relevant for countries that rely mainly on carbon-intensive fossil-fuel powered
generation. A third sustainable energy transition strategy involves the adoption of de-
centralized electricity generation assets, such as solar home systems (SHS). In addition to
providing a clean source of electricity, these systems can also improve electricity connec-
tion reliability, particularly essential for countries with unreliable grid infrastructure.

The challenge of land intensity for renewable power plants is particularly evident in
California, where state legislation targets 2045 for 100% clean generation. These ambitious
renewable energy targets will require that considerable land be allocated to solar-powered
electricity generation. Due to its high-quality solar resource, the Central Valley (CV) is
likely to play a key role in this transition. However, land conversion in the region could
substantially reduce crop yields and revenue in one of the most agriculturally productive
areas in the country. The decision of whether and how to protect farmland will thus be
crucial to the state's agricultural output and environmental sustainability. My rst chap-
ter examines how land allocation to solar development and cropland differs under two
decision-making perspectives, one that optimizes private bene ts (the Land Manager) and
another that considers social welfare (the Central Planner). We use a two-stage, spatially-
explicit optimization model to simulate solar power capacity targets ranging from 5 to
50 GW, considering agricultural pro ts, solar revenues, and environmental bene ts. This

allows us to quantify economic tradeoffs across these various bene ts and the gap be-



tween the social optimum and the arrangement preferred by private landholders. Our
ndings indicate that economic incentives will be needed to reduce the misalignment be-
tween privately and socially optimal solar siting, especially for capacity targets over 25
GW. In addition, socially optimal PV siting has the potential to reduce the overpumping

of groundwater in critically overdrafted basins by up to 19% as the PV target increases.

My second chapter explores heterogeneity in the impact of electricity conservation con-
tests in Hanoi, Vietnam, using a combination of econometric and machine learning meth-
ods. Leveraging high-frequency electricity consumption data from a month-long conser-
vation contest, in which participants were randomly assigned to one of three treatments or
the control group, | estimate average treatment effects, their temporal dynamics, and het-
erogeneity. Fixed effects modeling presents parametrically constrained treatment effects,
while my machine learning model uncovers more nuanced variation over time and across
individuals. Our results show signi cant but modest effects on electricity conservation
across all treatments, and a prominent deadline effect near the conclusion of the contest
for the highest-intensity treatment. These ndings provide insight into energy conserva-
tion in lower-income countries and suggest there needs to be considerable rethinking of
similar interventions in this setting.

To evaluate the impact of the third sustainable energy transition strategy of increasing
the adoption of clean, decentralized energy systems, | focus on Cape Town, a city char-
acterized by deep and persistent inequality. Households with suf cient nancial means
are increasingly adopting SHS, partly to mitigate experienced and anticipated future load
shedding. These capital-intensive solutions are out of reach for many lower-income house-
holds. In this chapter, | investigate whether SHS adoption signi cantly affects household
electricity consumption from the national grid, to examine the extent to which SHS en-
hances household resilience to unreliable power. | rst built a deep learning model using
the Mask2Former infrastructure to identify the locations and capacities of all SHS within
the city. | then merge SHS data with detailed information on household electricity trans-
actions and load shedding over time. Our xed-effects econometric model results indicate

that SHS reduce electricity consumption from the grid by approximately 14% on average.



This effect dissipates over the winter, however, and is likely a lower bound due to uncer-
tainty in our SHS data. Households with and without SHS mostly experience a modest
rebound effect as outages increase, which suggests that consumption that would have oc-

curred during outages is largely shifted in time.

Vi
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1. Introduction

As one of the largest sources of greenhouse gas emissions (Rivera et al., 2022), electric-
ity systems play a pivotal role in determining the trajectory of climate change. The world
is currently in a transitional phase as nations work to clean up their electricity generation
portfolio, moving away from traditional fossil fuels and towards renewables. Despite the
outsized role that the sustainable energy transition will have on the future of the planet,
there are insuf cient studies that address the challenges and strategies countries are facing,
including land use tradeoffs for renewable energy development, electricity conservation
in low-resource settings, and decentralized solutions in urban environments. To Il this
knowledge gap, this dissertation seeks to provide an interdisciplinary perspective on land
use economics, energy policy, and behavioral economics to generate practical insights for
countries undergoing energy transitions.

First, when countries aim to transition power generation sources, they are faced with
signi cant land use tradeoff decisions due to the lower energy density of renewable power
plants. In addition, while making these decisions, it is essential that tradeoffs are evaluated
within the context of the Food-Energy-Water (FEW) nexus to avoid unintended harmful
externalities, such as adversely affecting agricultural output. Literature on this nexus is
substantial and widespread, addressing the linkages and feedbacks within the integrated
FEW systems at regional and national scales. However, most studies that focus on the
interconnection between food and energy in the Central Valley (CV) do so using hydro-
logic simulation or optimization models, such as CALifornia Value Integrated Network
(CALVIN) and the California Food-Energy-Water System (CALFEWS), that evaluate en-
ergy solely through groundwater pumping demand.

Renewable energy siting literature has only recently been considered in connection
with the FEW nexus. In the case of the CV, photovoltaic (PV) siting studies focus on tech-
nical compatibility or least con ict development (Hernandez et al., 2015; Pearce et al., 2016;

Wu et al., 2015). Importantly, the majority of these studies do not address the potential im-



pact of additional PV development on one of the most prominent environmental issues in
the Valley: groundwater overdraft. The Valley's high agricultural productivity has made

its aquifer system the second most heavily pumped in the United States, supplying about
20% of the nation's groundwater demand (U.S. Geological Survey, 2024). Overdraft occurs
when an aquifer is depleted past sustainable levels, or when the amount extracted cannot
be naturally replenished through rain, streams, etc. Not only does this have implications
for agriculture and irrigation, but it also can permanently alter land through subsidence,
leading to infrastructure damage that has already impacted California signi cantly. For
example, the carrying capacity of the California Aqueduct has already been reduced by
one- fth (Jeanne et al., 2019) due to subsidence.

Another often-overlooked but important component in land use decisions is the per-
spective from which they are made. In the case of the CV, cropland turnover to renewable
energy development will be in uenced by both landowners and policymakers. It is well
established that landowners seek to maximize rents (Ricardo, 1821). Literature on land
use in California con rms this, nding that landowners are more likely to lease lower-
value cropland to solar developers (Beckman and Xiarchos, 2013; Buckley Biggs et al.,
2022; Gazheli and Di Corato, 2013). Regarding environmental bene ts, a study focusing
on the San Joaquin Valley nds that landowners are not in uenced by climate change im-
pacts when making their decisions (Buckley Biggs et al., 2022), but can be incentivized
through policy incentives such as subsidies (Bazen and Brown, 2009).

To account for both private bene t considerations and future environmental policy in-
uence, we build a two-stage optimization model that incorporates the perspective of a
pro t-maximizing land manager and a central planner who internalizes environmental
bene ts alongside pro ts from crop production and solar PV generation. This allows us
to inform more holistic policy that acknowledges different decision-making objectives and
potential con icts while grounded in an integrated FEW framework. We also contribute
a new FEW nexus model to the literature, which quanti es agriculture, energy, and water
tradeoffs in a spatially explicit way.

We nd that PV siting differs by decision maker, with the land manager directly re-



placing low-value cropland, while the central planner sites PV on land currently used for
higher-value crops (to take advantage of superior solar resources) and then preserves those
high-value crops by relocating them to areas previously planted with lower-value crops,
effectively displacing the lower-value crops from the Valley, much like the land manager.
This results in the central planner allocation preserving more groundwater in critically
overdrafted basins, up to approximately 19%. We also nd that substantially higher in-
centives are required to induce land managers to convert land for PV development past
moderate levels.

While some countries have clear strategies to expand renewable energy capacity, others
face persistent obstacles and have pursued alternative solutions. In Vietham, for example,
renewable energy buildout has been constrained recently as developers face higher costs,
permitting delays, and grid bottlenecks. In tandem, national electricity demand has been
increasing by 9% annually due to expanded industrial activity, rising living standards,
and urbanization (Vietnam Electricity, 2024). In response, Vietham's National Energy Ef -
ciency Program (VNEEP 3) was established in 2019 to decrease national energy consump-
tion by 10% from 2019 to 2030 (compared to business-as-usual).

Energy of cials in Vietnam are relying on household-level energy conservation to sig-
ni cantly reduce the need for additional generation capacity, claiming that practices such
as switching to LED lighting or using inverter air conditioners can effectively lower na-
tional consumption by up to 10% (Minh Quang, 2025). This would not only alleviate stress
on the grid but it would also reduce the need to build additional generation capacity in
the future. The national utility, Vietham Electricity (EVN), has invested in household-level
demand-side management solutions since 2010, including the Family Energy Savings Pro-
gram (FESP) that rewards households that achieve high levels of electricity conservation
during the summer through district-level contests. A recent study found that participation
in these contests reduced electricity consumption by 18% among the contestants (Ta, 2024).

Literature on energy conservation contests and interventions to improve performance
is abundant, but only for high-income countries such as the U.S. and the U.K. Providing

feedback to contestants during an energy conservation contest has been shown to reduce



electricity consumption by up to 20%, varying based on baseline consumption levels (Vine
et al., 2013) or type of feedback (Parker et al., 2008), for example.

The second chapter focuses on the impacts of an electricity conservation contest con-
ducted in Hanoi from December 5, 2022, to January 4, 2023. | aimed to test whether pro-
viding feedback during the contest and sending weekly reminders to households would
encourage consumers to conserve more. To do this, | divided households into groups of 40
that were allocated to one of four groups: the control group, which did not participate in
the contest, or one of three treatments: One Noti cation, + Feedback (or, One Noti cation
and Feedback), or + Reminders (or, One Noti cation, Feedback, and Reminders). Con-
sumers in the One Noti cation group received one message at the beginning of the contest
con rming their participation; the Feedback treatment allowed households to view their
conservation performance relative to other contest participants through the national util-
ity's mobile app; and in the Reminders treatment, households received a message once a
week to remind them to conserve power.

To assess the impact of these treatments, | use both parametric and nonparametric
methods. Since previous work has found that treatment effectiveness varies based on a va-
riety of factors, | evaluate heterogeneity using xed effects speci cations and causal forests
(Athey and Wager, 2019). In lower-resource settings, understanding whether a specic
subpopulation responds positively to a treatment is particularly bene cial for targeting in-
terventions to allocate limited resources ef ciently. Using econometric models to identify
treatment heterogeneity is constrained by the “curse of dimensionality," restricting results
to linear relationships (Robins and Ritov, 1997), while causal forests have been found to
perform more accurately than parametric methods in such analyses (Miratrix et al., 2025;
Van Vogt et al., 2025; Wager and Athey, 2018; Zheng and Yin, 2023).

Results show that the three treatments had a marginal impact on electricity consump-
tion during the contest. The most extensive treatment speci cation, + Reminders, had the
largest effect, inducing households to conserve 2% of electricity compared to their baseline
usage. Both the parametric and nonparametric event study speci cations show a promi-

nent deadline effect for the + Reminders group, suggesting households waited until the

4



end of the contest to induce effort. Heterogeneity results vary across the xed effects
and causal forest models, with the parametric results suggesting high-consumption house-
holds require higher treatment intensity to reduce electricity consumption, and vice versa
for the nonparametric model.

In addition to expanding renewable energy capacity and promoting electricity conser-
vation, off-grid solutions are expected to play a signi cant role in the energy transition.

In some contexts, decentralized systems provide a practical response to unreliable grid in-
frastructure, a reality that 45% of the global population experiences (Ayaburi et al., 2020).
This is in contrast to the narrative from agencies tracking progress on Sustainable Devel-
opment Goal 7, which measures electricity access with a binary indicator to track progress
towards 100% access to affordable, reliable, sustainable, and modern energy. Recent re-
ports indicate that 92% of the global population has access to electricity, compared with
88% in South Africa (International Energy Agency (IEA) and International Renewable En-
ergy Agency (IRENA) and United Nations Statistics Division (UNSD) and World Bank
and World Health Organization (WHO), 2025). However, even with a high access rate, the
country still experiences load shedding, or planned electricity outages, and has been since
2007. Researchers have found that this has cost the country billions of dollars (Kay et al.,
2023; The Organisation for Economic Co-operation and Development, 2025; Walsh et al.,
2020), causing both short and long-term impacts.

The impacts of an unreliable grid, however, are not solely nancial or equally dis-
tributed. Unsurprisingly, research has found that load shedding in South Africa dispro-
portionately affects the lower-income population, and highlights the need to focus on
equity-focused policy, such as supporting low-income communities through off-grid sys-
tem nancing (Inglesi-Lotz, 2023). Older studies estimate that in Cape Town, one of the
country's most unequal cities (Z. Zhang, n.d.), residents could use solar home systems
(SHS) to ful Il half of their electricity demand (Chidi et al., 2012), but adoption would
likely be concentrated on the higher-income population (Mayr et al., 2015).

The third chapter focuses on Cape Town, a microcosm of the larger energy transition

equity issues that South Africa faces as a whole. Over the past few years, higher-income



households and businesses have invested in SHS to mitigate losses from load shedding.
Those who can afford the high upfront costs bene t from relying less on an unreliable na-
tional grid and, in the longer term, may end up saving money due to lower grid electricity
bills. In addition, Cape Town was the rst city in the country to introduce a feed-in-tariff,
providing an added bene t to those who can afford the high system capital costs.

It is not yet clear how load shedding and off-grid system adoption impact a house-
hold's grid consumption. This is a critical issue for Cape Town, as load shedding con-
tinues and household adoption of SHS increases annually, yet the municipality lacks de-
tailed data on system locations and capacities. Although Cape Town requires households
to register their grid-connected systems to prevent technical issues for the national grid,
noncompliance rates have been estimated to be as high as 67% (Dippenaar and Bekker,
2025). To more accurately assess household electricity consumption behavior for house-
holds with and without SHS, | use a deep learning model, Mask2Former, to identify all
solar arrays in the city, using high-resolution aerial imagery provided by the City of Cape
Town. This geographical data are then paired with billed electricity consumption records
from the municipal grid to inform econometric analysis assessing how consumption be-
havior varies between the two types of households (those with SHS versus those without).

|l used xed-effects and event study speci cations to analyze the effect of load shedding
and SHS adoption on monthly billed electricity consumption. Recognizing that the effect
of an outage may differ by time of day, | also assess its impact separately for peak and off-
peak periods. Additionally, using PV capacity estimates from our deep learning model, |
constructed a dose-response event study to analyze how households with different system
sizes utilize SHS over time.

The results point to several important effects. First, | nd that load shedding does not
substantially in uence monthly consumption from the national grid, for households with
or without SHS. With stage one load shedding (or an outage lasting approximately two
and a half hours), a household without SHS increases its monthly billed consumption by
approximately 0.5%, suggesting a small rebound effect exists. On average, households

with SHS consume 14% less from the grid than households without SHS, and some SHS



households use their systems to offset the rebound effect.

Considering grid-level energy conservation for households that adopt SHS, | calculate
SHS payback periods that surpass the lifespan of the system. This may disproportionately
impact adoption among lower-income households that consume less electricity and may
not receive revenue from the feed-in tariff due to lower SHS capacity. | also assess the
impact of household electricity behavior after SHS adoption from the perspective of the
municipality, which derives roughly a quarter of its revenue from electricity sales (Statis-
tics South Africa, 2022). Results indicate that SHS adoption has resulted in a loss of less
than 1% of residential revenue from 2018 to 2023.

The following three chapters are presented in order. The rst chapter, Solar vs. Soil in
the Central Valley: A Spatial Model of Land Use Tradeoffs Under Two Incentive Regimes,
is a collaborative work with Marc Jeuland (Duke University), Christopher Wade (Research
Triangle Institute International), Grace Wu (University of California, Santa Barbara), and
Justin Baker (North Carolina State University). The second chapter is Econometric and
Machine Learning Evidence on Heterogeneous Impacts of Energy Conservation Contests
in Hanoi, and the third is Inequality in Resilience: Understanding Household Electricity

Consumption During Load Shedding in Cape Town, in collaboration with Marc Jeuland.



2. Solar vs. Solil in the Central Valley: A Spatial Model of
Land Use Tradeoffs Under Two Incentive Regimes

Joint with Marc Jeulandi Christopher Wade Grace Wd, and Justin Bakér
1Duke University, Sanford School of Public Policy
2Research Triangle Institute International
SUniversity of California, Santa Barbara

4North Carolina State University

Disclosure of Generative Al Use: ChatGPT was used for language editing, research, coding assistance, and
exploratory brainstorming of interpretations. All results and conclusions remain the responsibility of the

author.

2.1 Introduction

Given that locations with high solar generation potential often also have other impor-
tant uses, renewable energy siting is becoming contentious in many countries and societies
around the world. Risks of land use con ict, arising from diffuse bene ts from electricity
generation versus locally concentrated values from agriculture, recreation, or open space,
are increasingly apparent. California's Central Valley (CV) is a microcosm of these po-
tential con icts. The region's farmland produces 25% of food grown in the United States
(U.S.), including 40% of the nuts and fruits (U.S. Geological Survey, 2024), but at the same
time is one of the fastest growing regions for solar development. As the state strives to
reach its decarbonization goals, farmland is increasingly being converted to large photo-
voltaic (PV) arrays.! At the same time, historic over-exploitation of aquifers has led to
an uptake in groundwater conservation efforts, impacting agricultural productivity and
operational costs. Policymakers will have to consider resource interdependencies when
deciding whether to continue prioritizing agricultural productivity in the Valley or allow
solar developers to achieve higher pro t margins.

The synergistic relationship between food, energy, and water systems is explored in a

1 Land use policies have been deemed inadequate for protecting agricultural land in the Central Valley (Ow-
ley and Morris, 2019) with one recent study identifying that 3.6 GW of solar power capacity has already
induced substantial conversion of agricultural land (Stid et al., 2022).



growing Food-Energy-Water (FEW) nexus literature, which seeks to understand linkages
and feedbacks within these interconnected systems, examining guestions such as how en-
ergy generation affects food production, and vice versa. Most literature on the former
linkage, which is the primary focus of this analysis, takes the viewpoint of either a central
social planner, who aims to maximize social welfare, or a farmer, who is solely concerned
with private bene ts from particular land management decisions. However, in reality,
both decision makers in uence realized outcomes, balancing private and public interests
via policy interventions and incentives applied within existing markets. Thus, a complex
ecosystem of utility-maximizing agents will drive decisions regarding the amount and lo-
cation of PV and cropland, as a central planner strives to locate PV in areas with the highest
generation potential and lowest opportunity costs, while land managers prefer to allocate
less productive agricultural land to solar development.

In the CV, these decisions are further complicated by other complementary resources
(especially groundwater), which have spatially heterogeneous availability and use costs.
For example, where groundwater is locally scarce (see Figure 2.1), groundwater conserva-
tion policies may be established. In the southern CV, pressure is increasing to nd ways
of ending overdraft. Imposing pumping restrictions or otherwise raising water extraction
costs may then shift resources to less water-intensive uses, such as lower water-consuming
crops or the installation of solar panels, as the opportunity cost of maintaining water-

intensive agriculture increases.

FIGURE 2.1: Groundwater availability (from CALVIN and USGS) (left) and average
pumping costs (from the California Statewide Groundwater Elevation Monitoring
(CaSGEM) database and California Extension estimates) (right) for each Central Valley
Production Model (CVPM) region



Legislators are particularly interested in the Valley's solar potential. The 2024 Califor-
nia Assembly Bill 2661 requires the California Public Utilities Commission (CPUC) to eval-
uate the feasibility of an extra 10-30 GW of solar in the region (California State Assembly
Committee on Utilities and Energy, Energy Division Staff, 2024). This builds off Califor-
nia's 20-Year Transmission Outlook, released in January 2022 and developed by California
Independent System Operator (CAISO), CPUC, and the California Energy Commission
(CEC), which includes about 25 GW of solar development in the lower CV. Hearing notes
from the Assembly Committee on Utilities and Energy suggest that CAISO is working on
an updated 20-Year Transmission Plan that includes 29 GW of solar in the CV (California
State Assembly Committee on Utilities and Energy, Energy Division Staff, 2024). Hearing
notes from the Assembly Committee on Natural Resources, a few days later, suggest that
CAISO had identi ed 30 GW of solar PV potential in the San Joaquin Valley, based on tech-
nical factors and available land (California State Assembly Natural Resources Committee,
2024).

Our study seeks to inform the development of more holistic policy that is grounded in
an integrated FEW framework, while acknowledging different decision maker objectives
and preferences. To do this, we build a two-stage, spatially explicit optimization model
that maximizes bene ts under both social welfare and private perspectives, quantifying
land use and other resource tradeoffs, and identifying potential sources of divergence be-
tween the two. Shifting away from single-perspective utility maximization allows us to
identify where and how objectives may con ict in practice, leading to a deeper under-
standing of the need for policy design to align incentives. Beyond this contribution, our
study also introduces a new FEW nexus model that quanti es agricultural, energy gener-
ation, and environmental tradeoffs in a spatially explicit way. We consider groundwater
and surface water availability and costs in our land use optimization, two constraints that
are not typically considered in optimal renewable energy siting (Larson et al., 2021; Wu et
al., 2022). The decision-support tool we develop could also be adapted to settings outside

the Central Valley.
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2.2 Background

In the following section, we discuss current power plant capacity in California and
review existing literature on land use decisions, land pressures, PV siting, overdraft and
potential impacts, and modeling of the FEW nexus in the Central Valley. We then identify

the gaps in existing literature and describe how our study addresses them.
2.2.1 Existing Power Plant Capacity in California

As of 2025, California had the highest total state-wide PV capacity in the U.S. (Solar
Energy Industries Association, 2025). Utility PV capacity began to increase steadily in
2014, when solar costs were about half what they were in 2010. As these costs continued to
drop due to improved technological ef ciency, economies of scale, and supportive policy,
PV capacity has continued to increase (Ramasamy et al., 2025). At the same time, the need
for new generation capacity is increasing; CAISO predicts that electricity demand in 2045
will be about double what it is today (California Independent System Operator, 2024b),
and suggests putting an additional 60 GW of PV capacity on the grid by 2035 (S&P Global
Energy, 2024).

FIGURE 2.2: Electricity capacity in California from 2000-2024 by fuel type (data from
California Energy Commission, 2025)

11



In California, natural gas plants are increasingly operating as peaker plants. As the
marginal source of electricity, natural gas generation has declined in response to the growth
of solar generation (U.S. Energy Information Administration, 2025). Natural gas plants are
projected to be phased out by 2045 (California Council on Science & Technology, 2025), ex-
cept for those equipped with carbon capture and storage (CCS), provided the technology

is economically viable by that time.
2.2.2 Landowner Decision Making

It is well established that landowners generally seek to maximize rents from land use
(Ricardo, 1821), though recent work suggests that socio-cultural or ecological value can
also be in uential (Czy zewski and Matuszczak, 2016; de Groot et al., 2002). Consistent
with the former idea, empirical work has found that landowners are more likely to host PV
on lower-value cropland (Beckman and Xiarchos, 2013; Buckley Biggs et al., 2022; Gazheli
and Di Corato, 2013) and are in uenced by subsidy availability (Bazen and Brown, 2009).
A study focusing on the San Joaquin Valley found that farmers hardly consider climate
change impacts when deciding whether to lease their land to solar developers, instead
weighing factors such as water availability, pro t maximization, farmland preservation

ethic, and ecological conditions (Buckley Biggs et al., 2022).
2.2.3 PV Development and Land Pressures

The issue of conversion of land from traditional agricultural uses to solar energy gen-
eration is garnering increasing attention in the Central Valley, for political and economic
reasons. Earlier studies on land conversion processes in the CV have found that land use
change has historically been in uenced by climate variability, drought (Sleeter, 2008), wa-
ter policy changes (Soulard and Wilson, 2016), and urbanization pressures (Bradshaw and
Muller, 2010). Stid et al., 2022 used aerial imagery from 2008—-2018 to map PV arrays to
evaluate capacity and placement patterns. They identi ed about 3.6 GW, most of which
was installed on low-value cropland. Building on this, Stid et al., 2025 leveraged the same
dataset, nding that 2.5 GW of solar capacity directly replaced approximately 10,000 acres
of farmland (0.1% of total farmland) and reduced water use by roughly 19,000 acre-feet
per year, assuming that those water savings were not reallocated elsewhere. This period

coincided with federal incentives, including the 30% Investment Tax Credit (ITC) and ac-
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celerated depreciation for solar developers, as well as California's Renewable Portfolio

Standard (RPS), which mandated minimum renewable electricity procurement by utilities.
2.2.4 PV Siting Considerations

Extant literature has considered the problem of siting utility-scale solar power in the
CV in a variety of ways. For example, Hernandez et al., 2015 evaluates the potential for
installing rooftop solar on California's existing building structures, while Wu et al., 2015
assesses land allocation for utility-scale solar power under various state-level low-carbon
scenarios. On the other hand, Pearce et al., 2016 focuses on “least-con ict" land for devel-
opment in California's San Joaquin Valley, considering existing agricultural productivity,
tribal land status, and current and planned military operations. Similarly, several studies
explore the use of non-conventional land types for solar development, seeking to reduce
trade-offs with agriculture. For example, Hoffacker et al., 2017 found that installing PV on
various non-conventional land types, such as in the built environment, on the surface of
water reservoirs, or on contaminated and salt-affected land, would be suf cient to meet
California's electricity demand up to 13 times over. Installing PV over canals (McKuin et
al., 2021) and as oating photovoltaics (FPVs) (Cagle et al., 2020) has also been considered,
both to save land resources and reduce surface water loss via evaporation. Finally, some
studies have focused primarily on avoiding and assessing the environmental impacts of
solar development, though without considering land-related opportunity costs (Stoms et

al., 2013; Wu et al., 2022).
2.2.5 Water Use and Groundwater Overdraft

Overdraft, a growing concern in California and the CV, occurs when groundwater is

pumped faster than the aquifer is naturally replenished through rain, streams, etc. The CV

is responsible for 20% of groundwater use in the U.S., and several of its aquifers are overex-
ploited (U.S. Geological Survey, 2024). Total groundwater overdraftin the CV was recently
estimated at 2 million acre-feet of excess use per year (Greenspan et al., 2024). To reduce
this and other overexploitation, the Sustainable Groundwater Management Act (SGMA)
(2014) was enacted to require each basin in California to have a sustainable groundwater
management plan by 2040 or 2042, depending on the severity of its overdraft (California

State Water Resources Control Board, 2024b).
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Accordingly, the impact of water costs (Medellin-Azuara, 2012), availability (Forni,
2016), and pumping regulations (Mall and Herman, 2019) on agricultural productivity
and revenue has been extensively studied. In 2016, when overdraft only accounted for 1.2
million acre-feet, T. Nelson et al., 2016 estimated that it would cost more than $50 million
annually to end overdraft (T. Nelson et al., 2016). However, this cost could be reduced by
replacing water-intensive crops with more ef cient ones (Gleick, 2010) and by other adap-
tation responses that would reduce water use intensity per unit area. In fact, Wartenberg
et al., 2021 found that between 2002 and 2018, agriculture in Kern County shifted from an-
nual row crops to nut tree crops, which led to improved land-cover allocation and land use
ef ciency that mitigated potential negative environmental impacts. Water scarcity remains
a serious concern; however, during droughts, farmers with senior water rights have been
found to have more productive land while farmers with junior rights are more likely to fal-
low their land due to insuf cient or high-cost water resources (K. S. Nelson and Burch eld,
2017).

The implications of overdraft include rising pumping costs due to increased aquifer
depth, water quality decline (Levy et al., 2021), and land subsidence. Land subsidence can
lead to infrastructure damage. For example, subsidence has reduced the carrying capacity
of the California Aqueduct by 20% (Jeanne et al., 2019) and reduced housing values by
2—6% (Nemati et al., 2025).

2.2.6 PV and Groundwater Use

The impact of PV development on groundwater use has not been extensively studied.
One notable exception is a 2019 study that adopted a technical modeling approach to show
that increased PV and wind generation in California displaces hydropower generation,
leaving more surface water available for agriculture and, in turn, reducing groundwater
extraction (He et al., 2019). Other studies that focus on the impact of PV on water use
discuss PV's negligible water footprint (for cleaning and maintenance), relative to thermal
power plants that require water for cooling (Macknick et al., 2012). Ayres et al., 2022 fo-
cus on the San Joaquin Valley, suggesting the SGMA will require fallowing of over 500,000
acres of land, providing farmers an opportunity to turn to solar development to main-

tain their revenue stream. However, renewable energy transition strategies have not yet
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been considered for their bene ts in reducing groundwater overdraft, and this raises the
possibility that well-planned PV deployment could actually enhance future agricultural

sustainability.
2.2.7 Food-Energy-Water Nexus Modeling

Most FEW nexus models developed for analyses of the CV have focused primarily
on food and water. Because decision making regarding cropping and water decisions is
affected by what Mall and Herman, 2019 calls a “scale mismatch," the relationship be-
tween food and water is frequently analyzed with models that impose signi cant behav-
ioral assumptions, such as pro t maximization under institutional limitations. The scale
mismatch arises because farming decisions are made by individual farmers, while water

allotments are determined at the river basin level.
Several such studies have aimed to understand how water availability or water prices

alter farmers' water use behavior. For example, Medellin-Azuara, 2012 used the Statewide
Agricultural Production (SWAP) Model to analyze the impacts of various water manage-
ment policies in the Tulare Basin, applying a simulation approach. They showed that
higher water prices would raise agricultural water productivity. Forni, 2016 combined
the SWAP model and the Water Evaluation Planning (WEAP) model to create ECONWEAP,
which allowed them to study how water availability affects farmers' pro t-maximizing be-
havior, accounting for these agents' adjustments in cropping patterns. Marques et al., 2006,
meanwhile, used MODSIM, a water resource simulation tool, to assess the economic reper-
cussions of various water management policies. The authors found that increased surface
water prices led to greater farmer dependence on groundwater and increased overdraft.
The objective of SWAP and EConWEAP is to maximize agricultural pro ts, while MOD-
SIM, which includes farmer behavioral responses, seeks to optimize at the water manager
level. However, none of these models incorporates the emerging decision faced by farmers
to lease their land to solar developers.

Another model used to simulate the food and water relationship in the Central Valley
is the California Central Valley Groundwater-Surface Water Simulation Model (C2VSIM).
Using machine learning algorithms applied to remote sensing data, Alam et al., 2019

identi ed that the southern CV has become particularly susceptible to water stress over

15



time, because farmers are increasingly planting water-intensive and pro table tree crops.
Escriva-Bou, 2018 added energy and greenhouse gas emission costs from water use and
an optimization framework to C2VSIM to optimize water distribution during water short-
ages, and found that the agricultural sector bears most of the costs. Lastly, Mall and Her-
man, 2019 combined irrigation, crop, and water demand data with economic analysis to
study the food and water relationship in the Tulare Basin over the period 1974-2016. The
authors found that perennial crops have increased over time, making the region's water
demand less exible. Unlike SWAP, EconWEAP, and MODSIM, C2VSIM does not have an
optimization component; instead, the goal is to simulate the hydrologic system.

The CALifornia Value Integrated Network (CALVIN) model has been used to under-
stand the relationship between energy, particularly groundwater pumping, and water in
the region. In particular, the effects of ending overdraft have been linked to water-stressed
agriculture (T. Nelson et al., 2016, Dogan et al., 2019), additional delta exports (T. Nelson
et al., 2016), decreased water ow from the Sacramento-San Joaquin Delta (Dogan et al.,
2019), and heightened conjunctive use (T. Nelson et al., 2016). To overcome constraints
with CALVIN, including the lack of regulatory constraints and water policies, Zeff et al.,
2021 introduced the California Food-Energy-Water System (CALFEWS) simulation model.
They then applied it to understand how different environmental conditions in uence wa-
ter management decisions. Both CALVIN and CALFEWS minimize system-wide costs.
CALFEWS is distinctive in incorporating an energy component within its optimization
framework, although it focuses exclusively on energy use associated with water pumping

and treatment.

2.2.8 Policy Landscape Affecting PV Siting

After World War 2, the population of the CV grew steadily, and the resulting devel-
opment pressure led to the Williamson Act (1965), which aimed to protect farmland from
urban conversion. Speci cally, the Williamson Act provides tax bene ts to landowners
who keep their land in agriculture for the length of a contract period of at least 10 years.
Breaking these contracts requires payment of a substantial ne, equivalent to 12.5% of
the land value (California Department of Conservation, 2025). More recently, Assembly
Bill 1156 (AB1156), which was in its nal stage of approval as of 2026 (CalMatters Digi-

tal Democracy, 2025), suspends Williamson Act contracts to allow landowners to use their
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land for PV development. AB1156 comes at a time when signi cant PV expansion is ex-
pected to take place in the CV due to Senate Bill 100 (SB100), which requires California to
run on 100% clean energy by 2045.

2.2.9 Gaps in the Literature

Current literature on the food, water, and energy system dynamics in the CV has rarely
considered all three nexus components within an integrated system, and this limits under-
standing of tradeoffs and synergies across these system components. The energy compo-
nents in most analyses are restricted to groundwater pumping and bioenergy production;
it is only recently that renewables and corresponding siting con icts have begun to garner

attention.
In addition, few studies model and compare how optimizing decision making by het-

erogeneous agents compares to a social perspective, which impedes understanding of how
private objectives may lead to suboptimal land use decisions. Given the substantial envi-
ronmental interconnections in the CV system, and the high demand for many of its re-
sources, private incentives are unlikely to be aligned to deliver optimal social outcomes
that account for a broad range of environmental, energy, food, and water system per-
spectives. Policies that have been designed to improve the performance of one system,
meanwhile, may not account for implications for the others. In particular, landowners are
unlikely to consider environmental consequences (water scarcity, climate mitigation, etc.)
when deciding where to site their farmland, and how to exploit it. As rational decision
makers, they will make decisions to maximize their own long-term pro t or manage the
risks they face. On the other hand, policymakers may try to encourage solar development
to meet region-wide PV capacity targets, without considering broader implications for the
water and food production system. Understanding how competing objectives and incen-
tives interact is crucial to enhanced policy-making, and to balancing of both private and

public objectives.
2.3 Methods and Data Description

We develop a two-stage optimization framework to quantify the incentives that would
be required to push landowners to allocate suf cient land to solar development to meet

various capacity targets (Figure 2.3).
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FIGURE 2.3: Conceptual diagram of the two-stage optimization model

In stage 1, we optimize net bene ts from a private, or land manager, perspective, for a set
of runs that are differentiated only by exogenously-determined solar capacity expansion
targets that range from 5 to 50 GW. This model thus determines the spatial allocation of
solar land that maximizes private landholder bene ts and accounts for the varying oppor-
tunity costs of different land parcels. From this model, we extract the marginal value of
the solar capacity constraint, which we convert into a per-acre incentive that would make a
land manager at the margin indifferent between agricultural production and solar leasing,
which is equivalent to the transfer payment required to align private and public solutions.
In stage 2, we optimize from a social perspective, again for a set of runs with various
solar capacity expansion targets. The subsidy identi ed in stage 1 is incorporated into the
central planner's objective function as a payment that must be made to achieve alignment
of social and private incentives. The 2-stage iterative structure allows us to identify the so-
cially optimal amount of land for each solar capacity target, as well as the private incentive
required to achieve it. In what follows, we rst describe the optimization problem being
solved under the private planning perspective (stage 1), and then present the optimization
model that pertains to the social planner (stage 2). Alongside these descriptions, we also

explain how various data sources were used to parameterize the model.
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2.3.1 Decentralized Optimization (Stage 1): The Land Manager Perspec-
tive

The optimization framework from a centralized, social planner perspective indicates
how land might be allocated to solar generation to best meet policy targets. However,
land allocation and management decisions are made at the farm level, and how land-
holders choose to take up leasing opportunities invariably involves a different objective—
maximizing pro ts (or net economic rents to land use)—and behavioral factors. Thus,
while integrated hydro-economic or spatial allocation optimization is useful for socially-
ef cient planning of investments in interventions (e.g., renewable energy investment), the
implemented reality on the ground may differ from modeled outcomes. Moreover, a focus
on broader social bene ts (e.g., avoided environmental damages) can lead to overestimates
of what can practically be achieved, absent stronger incentives. That is, there could be a
divergence between the amount and location of spatial crop production and solar adop-
tion across optimal central planner and land manager perspectives. Speci cally, without
environmental objectives and considering other factors that drive individual land manage-
ment decisions (e.g., risk preferences), central planner projections of land use change can
result in projections of policy impacts that diverge from private agents' optimal choices.

Our modeling approach allows us to compare private solar land allocation to the cen-
tral planner's socially desirable solution. As the land manager is agnostic to solar costs,
results reveal important areas of divergence where the land manager solution may switch
from crops to solar in sub-optimal regions (e.g., areas with lower land quality but higher
transmission costs). Other structural constraints and model components related to agri-

culture are consistent across models.

2.3.1.1 Agricultural Net Bene ts

Agricultural net bene ts are de ned by economic rents from crop production activities.
Crop production costs are calibrated to regional statistics on labor, nutrient, chemical, and
other variable cost factors for different agricultural cropping systems. Agricultural sector
data come from a variety of sources, including observations of cropping patterns, yields,
and prices from the United States Department of Agriculture (USDA) Census, USDA Na-

tional Agricultural Statistics Service (NASS), and state extension resources. The primary
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sub-regions in the model are aligned with agricultural demand nodes in the CALVIN
model (Dogan et al., 2018), and speci ¢ crop water requirements are based on state ex-

tension reports (see Figure 2.4).

FIGURE 2.4: Water demand for each crop is based on location (author calculations)

Sub-regional constraints on groundwater and surface water availability are based on
CALVIN and United States Geological Survey (USGS) county-level water consumption
estimates (see Figure 2.5). These constraints are based on hydro-economic simulations
from the CALVIN model (Dogan et al., 2018), which have also been used in the WaterAlloc
framework (Triana et al., 2023), a hydrologic simulation framework based on MODSIM
(Fereidoon and Koch, 2018). The modi ed CALVIN framework was applied to simulate
water demands and availability, by sector, on a monthly basis, including agricultural water
demands by source for the CVPM regions. We aggregate across months to yield annual

water availability constraints by CVPM for surface and groundwater.
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FIGURE 2.5: Groundwater and surface water availability (CALVIN, USGS)

To re ect spatial heterogeneity in groundwater pumping costs, we develop a spatially
explicit cost surface using the California Statewide Groundwater Elevation Monitoring
(CaSGEM) database and California Extension estimates on pumping costs per meter of
groundwater depth. We assume that the irrigation pumps are diesel-powered, which is
true for the majority of pumps in the CV (T&T Power Group, 2022). Using monitoring
well data, we spatially interpolate pumping height (distance from surface to water table,
or well-head) across the CV region and then estimate extraction costs per m® based on

pumping height and other techno-economic factors.
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FIGURE 2.6: Groundwater pumping costs based on aquifer depth (CaSGEM, California
Extension estimates)

We use estimated upward-sloping groundwater extraction marginal cost curves to estab-
lish low, average, and high groundwater pumping cost thresholds that correspond to the
25th, 50th, and 75th percentiles, respectively, within each region.

Groundwater extraction does not require a water right, whereas surface water use does
require a permit (California State Water Resources Control Board, 2024a). We account
for the cost of these permits in our irrigation cost calculations. Surface water prices for

agricultural withdrawals are obtained directly from water districts.

2.3.2 Centralized Optimization (Stage 2): The Social Planner Perspec-
tive

The central planner optimization model seeks to maximize net welfare bene ts from
agricultural production, solar power generation, and environmental impacts, given a -
nite resource base of land and water, regional targets for renewable energy capacity, and

regional crop mix considerations driven by exogenous market forces. For simplicity, and
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