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Introduction

Since the mid-nineteenth century, California’s abundant sunshine, fertile soils, and access to inexpensive
labor supported the expansion of cultivated land and the production of high-value agricultural crops. In
the mid-1900s, with reservoirs and canals afforded by major state and federal projects, the state soon
blossomed into one of the most productive agricultural systems in the world. In 2024, California’s
agricultural sector generated more than $60 billion in revenue, led by dairy products, almonds and grapes
(CDFA 2025). Most of this production is concentrated in Inland California, with more than half of that
stemming from the San Joaquin Valley.

Despite the strength of its agricultural sector, Inland California’s lands, water resources, and communities
are showing increasing signs of stress. Today, decreasing water security, chronic environmental
degradation, and an aging and shrinking farm labor force are converging to challenge the sustainability of
agricultural production in the region. How California agriculture responds to these challenges will play a
decisive role in determining whether the sector can continue to prosper in the decades ahead.

This chapter examines California agriculture’s potential in the context of the emerging circular
bioeconomy. Specifically, we focus on the potential bioeconomic transition of Inland California’s



agricultural system through the lens of technological change and the need to align these changes with
broader bioeconomy objectives. We identify multiple interconnected challenges:

e There is a growing emphasis on adopting agricultural technology due to an aging farm workforce,
rising energy costs, and environmental regulations. However, barriers to accessing such
technologies are high for small and medium sized producers who are important to ensure
ecological stewardship in agricultural communities.

e The shift away from fossil fuels toward renewable energy options such as solar power,
electrification, biofuels and hydrogen will require significant investment. The bioeconomy can
help to support this shift, and help to address rising energy costs while reducing greenhouse gas
emissions and other air pollution in the region.

e If agricultural communities can embrace circular and symbiotic industrial processes as core
features of a bioeconomic transition, pathways to restoring and sustaining environmental health
and regional ecosystems can be achieved by reducing waste, improving resource efficiency, and
sharing energy and material flows across sectors.

e The circular bioeconomy is likely to generate new types of jobs in rural regions. However, it will
be critical to plan and implement workforce development programs supportive of California
agriculture’s transition toward a circular bioeconomy. Technological adoption, energy transition,
and circular resource use will reshape labor demand, skill requirements, and employment
opportunities. Understanding these workforce dynamics is essential for ensuring that the
bioeconomy contributes to inclusive and sustainable regional development.

1. AgTech in Farming under the New Bioeconomy

The agricultural economy will continue to play a critical role in a new bioeconomy for the Central Valley.
Driven by demands for increased efficiency, production and supply chain data, and less strenuous, higher
wage work, the advancement of agricultural technology (AgTech) is often positioned as a viable solution
to the environmental and agricultural challenges facing agriculture. Smart AgTech design seeks to
improve the quality and yield of produce while reducing the strain and hazards associated with manual
labor under harsh conditions. AgTech tools and systems are still evolving to enable safer, faster and more
precise management and interpretation of agricultural processes and data flow. As the new bioeconomy
emerges, these tools and systems will likely shape how farming systems interact with downstream
bioeconomy supply chains.

A central feature of AgTech development is the growing reliance on sensing, data collection, and
analytics (Figure 1). Sensors deployed in fields, orchards, and livestock operations generate continuous
streams of data on soil moisture, nutrient levels, plant health, and microclimatic conditions. Satellite
imagery and remote sensing complement ground-based systems by providing periodic, spatial
information. Data analytics and decision-support tools translate these information flows into actionable
insights. Algorithms process large datasets to optimize irrigation schedules, fertilizer application, and pest
management strategies,aiming to reduce input use, lower costs, and mitigate environmental impacts. For
example, in water-scarce regions like Inland California, precision irrigation technologies can be guided by



integrating weather forecasts with local weather station data and spatially continuous evapotranspiration
datasets (Melton et al. 2022).
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Figure 1. AgTech sensor network, including stationary sensors and autonomous drone, streaming data to
support analytics for center pivot irrigation and soil salinity management (drawing by Jason Fisher).

AgTech development also includes automation and robotic technologies. Automation in agriculture has
expanded beyond traditional mechanization to include autonomous and semi-autonomous systems.
Automated harvesters, robotic weeders, and driverless tractors are positioned to be a response to
constraints on labor availability. These technologies aim to stabilize production by reducing reliance on
seasonal labor and by improving the predictability of farm operations. However, their effectiveness
depends on crop characteristics, field conditions, and integration with existing production systems.
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Sidebox 1: AgTech and the Future of California Farming

California agriculture faces compounding pressures - a shrinking and aging labor force, chronic water scarcity, and a
climate growing more volatile and unpredictable. Critically, smart AgTech design draws on the knowledge and
intuition of experienced farmworkers and growers, embedding that expertise into systems that benefit the next
generation. Agricultural technology (AgTech) offers a path forward on all three fronts (Melton et al. 2022; Chen
2025).

Efficiency through precision. Sensors, satellite imagery, and data analytics now allow farmers to monitor soil
moisture, plant health, and microclimatic conditions in real time, applying inputs where and when they are needed.
The efficiency gains are substantial: precision agriculture systems using GPS, drones, and IoT sensors have been
shown to boost yields by 20-30% while cutting fertilizer and pesticide waste by 40—-60%. Al-driven decision
support tools can forecast pest outbreaks and irrigation needs with over 90% accuracy. In water-stressed regions like
Inland California, smart irrigation systems integrating weather forecasts with evapotranspiration data can improve
water-use efficiency by 40-60% compared to conventional flood irrigation - a critical advantage as groundwater
supplies tighten and regulatory pressure grows.

Elevating farm work. Robotic weeders, autonomous harvesters, and sensor-driven monitoring systems are
hypothesized to take over the most physically demanding and hazardous tasks, reducing injury risk and heat
exposure. Optimistic projections suggest that this can help workers shift toward higher-skill roles in equipment
operation, data management, and system maintenance - positions that typically command better wages and offer
more stable, year-round employment.

Adapting to a changing climate. As temperature extremes, drought, and shifting pest pressures become the new
normal, the ability to monitor and respond rapidly to changing field conditions becomes essential. Biotechnology
offers another dimension of climate adaptation: drought-tolerant maize varieties developed under the Water Efficient
Maize for Africa (WEMA) program maintained 20-35% higher yields during drought conditions compared to
conventional varieties, with no yield penalty in normal rainfall years While developed for African conditions, such
approaches point toward the kind of climate-resilient crop development increasingly relevant to California's own
drought-stressed farming regions. Looking further ahead, AgTech will also underpin a more circular agricultural
system in which crop residues and waste streams are converted into biofuels, biomaterials, and other high-value
products, reducing agriculture's environmental footprint while opening new revenue streams for rural communities.

Realizing these benefits, however, is not automatic. Smaller and under-resourced producers face real barriers
including high upfront costs, limited connectivity, and gaps in technical support. Autonomous tractors can run
$300,000-$500,000, and 10T sensor networks require $500-$2,000 per hectare in infrastructure. Ensuring that
AgTech serves all of California agriculture, not just its largest operations, will require targeted public investment,
accessible extension services, and policy frameworks that align technological innovation with equity and
sustainability goals.
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Uneven adoption of AgTech is a key barrier to leveraging these advancements to increase efficiency,
enhance work conditions, and reduce environmental impact. Larger operations with access to capital and
technical expertise are better positioned to invest in advanced systems and integrate them into existing
management practices. Smaller producers may face barriers related to cost, connectivity, and the skills
and proprietary information needed to maintain and repair the systems (Chen 2025). In addition, some
technologies are simply too large for smaller producers, such as those developed by and for agricultural
tractor platforms. These disparities will need to be addressed before AgTech becomes pervasive across
farm scales and geographies.

As California agriculture integrates into the bioeconomy, it will increasingly need to lean on AgTech to
sustain and improve the efficiency of high-value food systems. However, the scope of AgTech will need
to expand, evolving to support a more circular agro-industrial ecosystem. What are now crop residues and



waste streams will become bioprocessing feedstock for chemical building blocks, biomaterials, and
biofuels. By improving input efficiency (e.g., through water reuse) and reducing waste, the new
agroecosystem can potentially stabilize and eventually reverse Inland California’s environment and
ecosystem degradation. It will also bring new types of jobs to rural regions. Realizing these benefits will
depend on governance arrangements that align technological innovation with sustainability and equity
goals.

AgTech represents both a response to growing challenges in California agriculture, and a strategic
component of a bioeconomy transition. Its development reflects underlying political-economy dynamics
related to labor scarcity, capital access, infrastructure, and regulation. Understanding and monitoring
these dynamics will be essential for evaluating how AgTech contributes to, or impacts, the future of
farming in California’s circular bioeconomy. Moreover, AgTech innovation will not occur in isolation
from policy and institutional frameworks. Public research institutions, extension services, and
demonstration projects all need to contribute to technology development and diffusion. Regulatory
requirements related to issues like water use, pesticide application, and environmental protection will also
help shape incentives for adoption.

2. Electrification and Energy Transition in Agriculture

With rising energy costs and climate-related (carbon emissions) regulation, California agriculture will
need to shift away from fossil fuels. This can be achieved, at least partially, through a transition to
electrical and other renewable energy sources. From the perspective of the circular bioeconomy, the faster
the better for this transition. Yet, rather than representing isolated technological upgrades, renewable
energy sources and electrification can involve systemic changes that have the potential to affect
production practices and infrastructure requirements.

Electrified machinery, irrigation pumps, and on-farm processing equipment offer potential reductions in
greenhouse gas emissions and local air pollution relative to diesel-powered systems. Electrification also
aligns with California’s broader decarbonization goals and renewable energy targets. For agricultural
producers, electrification may reduce operating costs over time, but it often requires significant upfront
investment and access to reliable electrical infrastructure. But electrification alone may not be sufficient
for larger equipment needs, such as 500+ horsepower tractors (see Sidebox 2).

Energy transition dynamics are especially relevant in Inland California, where air trapped by the Sierra
Nevada mountain range frequently ranks amongst the most polluted in the nation. Diesel equipment used
in farming, trucks, and trains contributes to particulate matter and nitrogen oxide emissions, with
implications for public health, such as a prevalence of childhood asthma (Alcala et al. 2018). Policies
promoting electrification and low-carbon energy therefore have both environmental and social
dimensions, linking agricultural modernization with environmental justice objectives.



Sidebox 2: Electric Tractors - Progress and Challenges

The electrification of agricultural machinery represents one of the more technically constrained
dimensions of the broader energy transition. Electric tractors currently operate at roughly 6—10% of
the power output of the largest diesel models, limiting their applicability to orchards, vineyards, and
light field tasks. Battery weight becomes increasingly prohibitive at higher power levels, creating
fundamental scaling challenges for large-scale broadacre operations.

The current commercial frontier is illustrated by the New Holland T4 Electric Power, the most
powerful commercially available electric tractor at 74 hp, which carries a 110 kWh battery pack
capable of 4-8 hours of field operation. While this represents meaningful commercial readiness for
certain applications, it falls well short of the 600—-900 hp required for large-scale grain and row crop
farming.

At the prototype stage, John Deere's SESAM 2 demonstrates the upper bound of what battery-electric
technology may deliver. With a 1,000 kWh battery and 680 hp available to its powertrain, the machine
can operate autonomously for approximately 10 hours at 80% load. However, its mass of
approximately 18 tonnes raises significant concerns about soil compaction - a consideration with
direct implications for soil health and long-term productivity.

These constraints have directed industry attention toward alternative energy pathways. Hydrogen fuel
cells are considered more scalable for large equipment, though fuel cell tractors are currently priced
approximately 40% above diesel equivalents and rural refueling infrastructure remains largely absent.
Biomethane offers a commercially viable option at mid-range power levels. New Holland's T7.270
produces 270 hp on methane, and on-farm digesters can convert manure and organic waste into fuel,
aligning with circular bioeconomy principles. Renewable diesel currently represents the most tractable
near-term pathway for high-horsepower operations, functioning in existing engines without
modification.

Looking further ahead, swarm robotics, coordinated fleets of smaller autonomous machines operating
continuously, may offer a structural alternative to the high-horsepower paradigm altogether with
potential co-benefits for soil health and precision input management. The trajectory of electrification
in agriculture will therefore depend not only on battery technology, but on infrastructure investment,
capital access, and the extent to which production systems themselves are redesigned to accommodate
lower-power, higher-intelligence machinery.

Over the last decade, renewable energy deployment on farms has expanded alongside electrification
efforts. Solar installations, energy storage systems, and bioenergy facilities can enable producers to
generate power locally and reduce exposure to volatile energy prices. These systems can also support
circular bioeconomy strategies by integrating waste-to-energy and nutrient recycling processes. However,
regulatory complexity and interconnection requirements often slow permitting and deployment and
therefore increase costs. In addition to these regulatory challenges, vast rural distances introduce new
dependencies on energy infrastructure. Grid capacity, reliability, and pricing structures influence the
feasibility of electrified agricultural systems. In some regions, limited grid capacity constrains the
adoption of electric machinery or processing facilities. These constraints highlight the interdependence
between agricultural technology and broader infrastructure investment decisions.

Renewable energy systems and electrification have significant implications for labor. These changes will
obviously reduce demand for certain types of labor, such as gasoline and diesel supply chains, and



internal combustion engine maintenance, while increasing demand for technical skills related to
distributed energy production (e.g., solar, hydrogen, biofuels), electronics, battery and charging station
maintenance, data management and interpretation, and system integration. However, without targeted
training and education programs, technological change may exacerbate inequalities within agricultural
labor markets.

From a political economy perspective, the energy transition will be shaped by policy incentives, market
structures, and institutional capacity. Subsidies, tax credits, and regulatory standards influence investment
decisions, while access to capital affects who can adopt new technologies. Larger and more capital-
intensive operations are often better positioned to benefit from electrification (and automation), which
raises valid concerns about consolidation and uneven development. In the context of the circular
bioeconomy, electrification and renewable energy (like automation) are not ends in themselves. The new
energy system’s significance lies in its ability to enable more efficient, lower-emission, and more resilient
agricultural systems that can support expanded bioeconomy activities. Achieving these outcomes will
require coordination and policy alignment across technology development, infrastructure investment,
labor policy and investments, and environmental regulation.

3. Circular Symbiotic Agriculture: Eliminating Waste

If Inland California is to achieve sustainability and create new opportunities for its rural communities,
then agricultural system circularity will be a key element of California’s bioeconomy. Circularity can
reduce environmental pollution and waste management challenges while helping to achieve climate
policy objectives, such as reduced carbon emissions (Pomoni et al. 2024). In addition, circular approaches
can enhance regional revenue by emphasizing the reuse and valorization of agricultural by-products.
waste streams, transforming them into value-added biofuels and feedstock for food, packaging, and other
products. Within the broader circular bioeconomy, agriculture can expand to function as both a generator
and a user of biological materials, linking production systems with energy, materials, and waste
management sectors.

Agricultural waste streams in California are substantial and diverse. Crop residues, orchard prunings,
food-processing by-products, livestock manure, and organic municipal waste represent significant
quantities of biomass generated annually. For example, California dairies produce over 35 million tons of
manure annually; its almond industry produces several million tons of hulls, shells, and orchard waste.
Both are valuable feedstock. Historically, many of these materials were disposed of through burning,
unmanaged decomposition, and landfilling, contributing to air pollution, greenhouse gas emissions, and
groundwater contamination. Regulatory restrictions, including California’s ambitious greenhouse gas
emission reduction goals, have increased pressure to identify alternative management pathways .

Extracting value from agricultural waste streams and byproducts can transform costs into benefits.
Anaerobic digestion, composting, fermentation, and insect-based bioconversion systems illustrate
approaches for transforming organic waste into energy, soil amendments (biochar), animal feed, and
more. These processes align with California’s climate goals by reducing methane emissions, reducing
water usage, and replacing fossil fuels with plant-based biofuels. As the bioeconomy evolves,



biosynthesis, precision digestion, and as yet undiscovered processes will likely be capable of using waste
streams and byproducts to create chemicals and biomaterials in support of higher-value products.

Ultimately, circular production systems should strive to be symbiotic. Symbiotic systems interweave
circularity more broadly by linking production processes across sectors. For example, waste heat or
carbon dioxide from industrial processes can be utilized in greenhouse agriculture; digestate from biogas
production can be applied as fertilizer in crop systems. These forms of industrial and agricultural
symbiosis depend on spatial proximity, infrastructure connectivity, and institutional coordination. In
addition, there must be institutional commitment to symbiosis in regional planning decisions.

However, building and sustaining circular, symbiotic systems poses a series of technical, logistical, and
institutional challenges. First, waste streams are heterogeneous in composition—research and development
will be needed to find the best ways of managing those streams and the optimal products into which to
transform them. Contamination risks and variability in feedstock quality complicate conversion processes
and increase costs. Second, the waste and byproduct biomass is distributed throughout agricultural
regions and (for crops) is only seasonally available. Collecting, transporting, and processing materials
requires coordination among farmers, processors, municipalities, and waste-management firms.

Regulatory frameworks will play a critical role in catalyzing and shaping circularity and symbiosis in
agriculture. Definitions of waste, by-products, and inputs determine whether materials can legally be
reused. Permitting requirements for processing facilities, environmental review processes, and
interagency coordination influence project feasibility and timelines. While regulation aims to protect
public health and the environment, regulatory fragmentation can hinder the development of integrated
circular systems (Nicastro et al. 2024). Of course, economic viability remains a central concern as most
circular bioeconomy firms will initially face competition from established linear systems with lower
upfront costs and mature infrastructure. Thus, policy makers, regulatory agencies, researchers, and
implementers will need to develop deft collaborative bodies to address potential barriers. Even then,
revenue streams from energy generation, carbon credits, or by-product sales may be insufficient to offset
investment and operating costs without policy support. Subsidies, incentives, and public procurement can
improve feasibility but also raise questions about long-term sustainability and dependence on public
funding.

From a socioeconomic perspective, waste-stream valorization and symbiotic systems represent both an
opportunity and a governance challenge. Circular and symbiotic agriculture has the potential to
redistribute costs and benefits across actors and regions, including Inland California’s disadvantaged
communities who face limited job opportunities while shouldering the region’s environmental health
burden. Ensuring that circular systems contribute to environmental justice and inclusive development
requires attention to siting decisions, labor conditions, and community engagement. Implemented
correctly, they offer pathways to reducing environmental impacts and creating new value chains, but their
success depends on coordination across sectors, regulatory alignment, and public investment. Circular
agriculture thus illustrates the broader theme that bioeconomy transitions are institutional and political
processes, not merely technical ones.



4. Environmental Constraints, Climate Change, and
Agricultural Resilience

Environmental constraints increasingly shape agricultural operations in California. By extension these
will shape prospects for the state’s circular bioeconomy. Along with perpetual water scarcity challenges
(which are being exacerbated by the warming climate), challenges related to air, soil, and groundwater
quality, ecosystem health, and the associated environmental justice issues, are intensifying with climate
change and adding to the pressures on agricultural production systems. Regulations to address these
challenges affect yields and costs, as well as crop reliability, and will similarly affect biomass feedstock
production for bioeconomy activities. At the same time, bioeconomy circularity will help to relieve
environmental pressures by increasing crop value (e.g. converting crop residue to energy), and by
instituting greater industrial symbiosis (e.g., cascading energy and water usage).

Climate change alters agricultural foundations through rising temperatures, shifting precipitation patterns,
and increased frequency and intensity of extreme events. Heat stress affects crop productivity and labor
conditions, while changes in rainfall timing and intensity complicate water storage, irrigation, and
groundwater recharge planning. Increasingly intense droughts and floods introduce volatility into
production cycles, increasing uncertainty for farmers and for downstream bioeconomy supply chains that
depend on consistent feedstock availability.

In Central California, water scarcity has been and remains the central environmental constraint, and
climate change is tightening that constraint. Surface water variability, both in terms of timing and
location, and groundwater depletion increasingly limit irrigation options. The Sustainable Groundwater
Management Act (SGMA) passed in 2014 is a major regulatory response to groundwater overdraft and
environmental degradation that further restricts water use in many parts of the Valley. While these
dynamics affect the entire state to some extent, the inland agricultural regions bear a disproportionate
share of adjustment costs.

Soil health is another critical dimension of agricultural resilience. Intensive production practices,
salinization (an unavoidable consequence of irrigation in an arid climate), and heavy input use have
contributed to soil degradation in some areas. Declining soil fertility and structure reduce yields and
increase vulnerability to climate stress. Regenerative practices associated with the circular bioeconomy -
such as compost application, residue incorporation (e.g., biochar), and diversified cropping-offer
promising pathways to restore and sustain soil health (Chen et al. 2024). Their widespread adoption
depends on policy, stakeholder buy-in, economic incentives, and technical support that will need to be a
major consideration in the agricultural aspect of a circular bioeconomy.

Air quality and ecosystem impacts also intersect with agricultural resilience. Dust, pesticide drift, and
emissions from agricultural equipment affect surrounding communities and ecosystems. This is
particularly evident in the Central Valley, where the Valley geography and stable weather patterns lead to
some of the worst air in the nation. Wildfire smoke further degrades air quality, often leading to
hazardous conditions that disrupt agricultural operations and restrict work hours (Lee and Beatty 2025).
These environmental externalities have social and political consequences, influencing regulatory
oversight and public perception of agriculture and bioeconomy development.



Environmental constraints will also necessarily affect the configuration of bioeconomy supply chains. For
example, regions facing severe climate and water stress may experience reduced production or shifts
toward less resource-intensive activities. These changes can influence where biomass is produced and
processed, with implications for regional development and infrastructure planning. Bioeconomy strategies
must therefore account for environmental limits rather than assuming uniform growth potential. An
example (and potential opportunity) playing out now is California’s multibenefit land repurposing
initiative that is being driven by SGMA mandates. The initiative proposes repurposing of irrigated
farmland to less water-intensive uses, with suitability for repurposing determined by multiple criteria
(Nunez-Bolafio et al. 2025). An alternative land use that has not been considered is the development of
bioeconomy activity hubs, such as industrial symbiosis centers, which stimulate economic development
(Lippi et al. 2025).

From a resilience perspective, strategies to support a bioeconomy transition will involve both
technological and institutional change. Crop diversification, stress-tolerant varieties, more efficient
irrigation and fertilization technologies, and altered management practices can reduce vulnerability to
environmental risk. For example, distributed production of fertilizer, via green ammonia production or
reclamation from wastewater, can reduce input costs and carbon footprint relative to importing chemical
fertilizer. However, adoption of new processes and supply chains is not likely to occur rapidly nor without
interventions. Resilience will depend on governance arrangements that support learning, risk sharing,
and long-term planning. Insurance programs, disaster assistance, and research investment play important
roles in shaping adaptive capacity.

Environmental constraints redistribute risks and responsibilities between agricultural producers, workers,
communities, and public agencies. Adaptation costs are shared amongst these groups, but not equally, and
decisions about regulation, investment, and support mechanisms reflect societal priorities and power
relations. Addressing environmental challenges within the bioeconomy thus requires attention to equity,
governance, and institutional capacity. In the context of California’s circular bioeconomy, resilience
emerges as a central organizing principle. Bioeconomy initiatives that integrate adaptation and
sustainability can enhance long-term viability of California’s agricultural powerhouse.

5. Labor, Skills, and Workforce Transition

California’s agricultural dominance has historically relied on a large pool of workers willing and able to
perform physically demanding, seasonal, and specialized tasks at relatively low wages. However, this
labor model is becoming increasingly untenable. In the Inland California region, a convergence of
demographic, regulatory, and environmental pressures has fundamentally altered the viability of
traditional farming by creating systemic labor scarcity. This is not a temporary fluctuation but rather a
structural shift driven by several key factors. First, demographic and geopolitical shifts have resulted in
stricter immigration enforcement and a shrinking influx of new workers from Mexico (Charlton and
Taylor, 2016). Second, sectoral competition, for example, from the construction and logistics sectors
offering higher wages and less physically demanding conditions than labor-intensive specialty crops, is
attracting domestic workers away from agriculture. Finally, environmental challenges including record-
breaking heatwaves and deteriorating air quality frequently halt production, which results in fewer hours
for workers, and threaten the health of a population that already faces limited access to healthcare and



housing. These challenges have immediate impacts for California agriculture, including rising costs of
production and profound uncertainty.

The transition to a circular bioeconomy can offer a potential exit strategy from this precarious labor
model for the region. Rather than viewing labor as a mere cost to be minimized, the bioeconomy can treat
the agricultural workforce as a sophisticated technical asset. The bioeconomy is positioned to shift labor
demands from primarily manual labor to a workforce with diverse technical competencies. New jobs,
including operating anaerobic digesters, managing bioprocessing plants, and maintaining precision
AgTech, require skills in machinery operation, data interpretation, and biochemical system management.
In addition, the bioeconomy offers an opportunity to help stabilize employment. Unlike the seasonal
nature of traditional harvesting, bioprocessing facilities can operate year-round and typically indoors if
feedstock diversification and storage can manage agricultural residues effectively. This offers the
potential for permanent, salaried, and less environmentally exposed positions that provide the stability
and health outcomes necessary for rural community development and wealth retention. Finally, the
automated and electrified equipment needed for the bioeconomy, and enabled through AgTech
advancements, may be positioned to help alleviate the most hazardous physical burdens of farmwork,
including repetitive and acute strains, falls, and heat-related illnesses.

However, the promise of the bioeconomy, the San Joaquin Valley faces notable "friction points” in
making this transition equitable and effective. The most significant is the educational disparity and a
prevalent skills gap facing the region. There is a stark misalignment between the existing skill sets of the
agricultural workforce and the requirements of a high-tech bioeconomy. As shown in Figure 2, the inland
California Region has lower educational attainment among its residents compared with coastal hubs.
Rural regions often lack the specialized vocational infrastructure needed to retrain a large population of
workers. Community colleges and extension services of the University of California will need to be
targets of strategic investments to support retraining the region’s current farm workforce.

To address this challenge, a two-tiered educational strategy is needed to bridge the gap between lab-scale
innovation and field-scale implementation. In the San Joaquin Valley, community colleges are the
primary engines for workforce equity. While state universities handle high-level theory, community
colleges are uniquely positioned to provide vocational training through already existing career technical
education (CTE) pathways. For example, community colleges could be responsible for developing
"stackable" credentials through educational programs in areas like anaerobic digestion maintenance,
precision AgTech repair, and bio-industrial safety. These programs can provide the direct pipeline
necessary to transition traditional farmworkers into middle-skill roles that offer higher wages and greater
job security.

In addition, the California State University and University of California systems should focus on the
R&D and engineering requirements of the bioeconomy. The role of these educational institutions should
be on developing and piloting new biocircular technologies such as carbon-negative soil amendments,
water reuse systems, or advanced fermentation processes, and to train the scientists and regional planners
who will design the future of valley agriculture. At the same time, there must be a concerted collaborative
effort to bridge the gap between university research and the technical curricula taught at the community
college level to the farm labor force. Bridging this gap will require state-funded partnerships where
university-led breakthroughs are immediately translated into vocational modules, ensuring that the



valley’s workforce is learning on the same equipment being developed in the labs and that will be
introduced into the economy.

In the context of a bioeconomy for Inland California, labor and skills are not residual concerns but the
very engines of activity, and the success of a bioeconomy transition will depend upon moving from a
system that manages a precarious workforce to one that invests in skilled-labor partnerships. Policies that
prioritize the local community college ecosystem, worker protections, and rural infrastructure are not just
social imperatives, they are the economic prerequisites for a resilient, biocircular California.
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Figure 2. Contrasting education levels for similarly sized workforce populations in the Bay Area and
Inland California (regional data adapted from TeamCalifornia (2024)).

6. Policy Pathways and Governance Implications for
California’s Agricultural Bioeconomy

Public policy and governance will play a significant role in shaping the trajectory of California’s
agricultural bioeconomy. Technological innovation, environmental adaptation, and workforce transition
do not occur in a vacuum. Instead, they are conditioned by regulatory frameworks, public investment, and
institutional coordination across multiple levels of government. A central policy challenge concerns
intersector and interagency coordination. Agricultural bioeconomy initiatives intersect with water



management, energy policy, climate regulation, labor standards, and waste management. These policy
domains are often governed by separate institutions with distinct mandates and timelines and policy is
implemented through silos. This type of fragmentation can lead to inconsistent incentives, regulatory
uncertainty, and missed opportunities for integration. Effective bioeconomy governance therefore requires
mechanisms that align objectives and reduce institutional silos.

Investment policy is another critical dimension. Many bioeconomy technologies and infrastructures
involve high upfront costs and long payback periods. Public investment in research, demonstration
projects, and enabling infrastructure can reduce risk and catalyze private participation. At the same time,
decisions about where and how to invest shape regional development outcomes, influencing whether
inland agricultural regions capture value from bioeconomy expansion or remain primarily feedstock
suppliers.

Regulatory design also strongly affects innovation and adoption. Environmental regulations, labor
standards, and safety requirements establish essential protections but also influence the cost and pace of
technological change. Smart regulatory approaches that allow for experimentation and learning can
facilitate bioeconomy development while maintaining public safeguards. Conversely, regulatory
uncertainty or rigidity can discourage investment and slow deployment of new systems. Moreover,
demand-side policies also play an important role in market formation. Public procurement, standards, and
certification schemes can create stable demand for bio-based products and services. These instruments
help overcome first-mover disadvantages and support scaling of circular bioeconomy solutions. Yet, these
require careful design to ensure effectiveness and to avoid reinforcing market concentration or excluding
smaller producers.

Taken together, the analysis in this chapter underscores that the future of farming within California’s
circular bioeconomy will be shaped as much by governance choices as by technological possibilities. In
the context of California’s agricultural bioeconomy, policy pathways must balance the following
:productivity, sustainability, resilience, and equity. Achieving this balance will require continuous
adjustment and learning rather than fixed policy prescriptions. Governance arrangements that support
experimentation, evaluation, and stakeholder engagement are better suited to managing the uncertainties
inherent in the bioeconomy transition.
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