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1 Introduction 

In all its habitats, from miles below sea level to the summits of mountain ranges, biomass 
is among the Earth’s most abundant resources. Since the origin of our species, biomass 
has offered humanity an ever-expanding array of services. Despite a long and beneficial 
relationship, however, we remain far from realizing the potential of biomass to contribute 
to human livelihoods and the habitats of all species. On the contrary, much of our biomass 
resource use continues to threaten the environment through combustion, 
overexploitation, and other damaging activities. 

Regions around the world are facing expanding and converging challenges of climate 
change, with accelerating environmental degradation and escalating risk to life and 
livelihoods. California exemplifies these pressures, with intensified and expanding wildfire 
risk, biomass accumulation, air-quality degradation, and uneven regional development. 
Similar challenges are evident across the United States, Europe, China, Japan, and many 
developing countries. In this context, the circular bioeconomy offers a scalable and 
adaptable framework for transforming biological residues into energy, materials, and 
ecosystem services while supporting rural development and climate mitigation. 

This chapter extends a California-focused analysis to a global perspective, highlighting 
how circular bioeconomy pathways—particularly the conversion of biomass residues into 
clean energy and carbon sequestration products—can address climate, environmental, 
and socio-economic challenges worldwide. 
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2 Overview of the Circular Bioeconomy 

The bioeconomy integrates renewable biological resources, human knowledge, labor, 
and capital to produce food, energy, materials, and services. Historically, most economic 
activity was bio-based, relying on agriculture, forestry, fisheries, and early biotechnologies 
such as fermentation and selective breeding. The fossil-fuel revolution dramatically 
expanded productive capacity but introduced negative externalities, including 
greenhouse gas emissions, biodiversity loss, and pollution. 

The modern bioeconomy seeks to reconcile productivity with sustainability by leveraging 
advances in genetics, bioengineering, information technology, and process engineering. 
Central to this transition is circularity—the reduction, reuse, and recycling of biological
residues as inputs for new production cycles. 

Figure 1: Quadrants of the Bioeconomy 

For descriptive purposes, the bioeconomy and be divided into four conceptual 
“quadrants” representing related groups of biological resources and economic 
activities associated with them (Figure 1): 

• Green bioeconomy: crops, livestock, and forests producing food, feed, fiber,
fuels, and bio-based chemicals.
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• Blue bioeconomy: aquatic and marine resources supporting fisheries, 
aquaculture, algae-based products, and coastal ecosystem services. 

• Brown bioeconomy: circular use of residues from agriculture, forestry, food 
systems, and municipal waste streams to produce bioenergy, biochar, and bio-
based materials. 

• White bioeconomy: this quadrant represents all medical and health relatedly 
aspects of biological resources and applications 

All these four bioeconomy theatres are large and expanding around the world. Biomass 
resources and residues associated with them are enormous, growing with both population 
and incomes and accelerating sharply in recent years as consumption in populous 
emerging economies has become ever more resource-intensive. These trends present 
both challenges and opportunities, but policy makers can move their economies to more 
sustainable and prosperous growth pathways through all four quadrants by reframing the 
role of biomass and promoting innovation to exploit it more efficiently. Success in this  
effort will be more likely if the following four principles are followed:  

1. Resource Reclassification: Treat biomass residues as strategic feedstocks 
rather than waste. Globally, residues from forestry, agriculture, and urban 
systems are often treated as waste, generating pollution and safety risks. 
Converting these materials into valuable outputs can reduce emissions, 
improve environmental quality, and create new income streams—particularly 
in rural and peri-urban areas. 

2. Cross-Sector Integration: Align climate, energy, agricultural, and rural 
development policies to create coherent support frameworks. 

3. Co-Benefit Valuation: Incorporate wildfire risk reduction, air quality, soil 
health, and rural employment into incentive designs rather than focusing 
exclusively on carbon metrics. 

4. Scalability and Inclusiveness: Support modular, decentralized technology 
deployment, particularly in rural and developing contexts. 

Based on these principles, the circular bioeconomy can generate significant economic 
and social benefits: 

• Rural development through job creation in feedstock management, processing, 
and downstream industries. 

• Energy security via decentralized and locally sourced energy systems. 
• Public health improvements from reduced air and water pollution. 
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• Innovation and learning-by-doing, leading to declining costs and improved 
performance over time. 

International experience suggests that supportive policy frameworks—public research 
investment, carbon pricing, sustainability standards, and targeted incentives—are 
critical for scaling these technologies. 

3 Examples from California 

We illustrate the application of sustainable bioeconomy principles with examples of 
sustainability challenges in California and then extend them to a global context.  

3.1 Wildfire risk reduction  
Over the past decade, California has experienced a marked escalation in wildfire risk, 
driven by the interaction of climate change, accumulated forest fuels, and expanding 
human development in fire-prone landscapes. Rising temperatures have increased 
evapotranspiration and reduced fuel moisture, while prolonged droughts—most notably 
from 2012–2016 and again in 2020–2022—have stressed forests and killed tens of 
millions of trees. These conditions have lengthened the fire season, increased the 
likelihood of extreme fire behavior, and made large, fast-moving fires more common than 
in previous decades. 

At the same time, decades of fire suppression and land-use change have resulted in 
unusually high densities of combustible forest biomass across much of the state, 
particularly in forested regions of the Sierra Nevada and coastal. Dense stands of small-
diameter trees, accumulated dead biomass, and unmanaged shrublands provide 
continuous fuels that allow fires to spread rapidly and burn at high intensity. When 
combined with episodic extreme weather—such as heat waves, strong downslope winds 
(e.g., Diablo and Santa Ana winds), and dry lightning—these fuel conditions have 
contributed to a series of record-breaking fire seasons, including 2017, 2018, 2020, and 
2021. 

Wildfire risk has also become more socially and economically consequential as 
development has expanded into the wildland–urban interface. More homes, 
infrastructure, and critical services are now exposed to fire, increasing suppression costs, 
property losses, and public health impacts from smoke. Over the last decade, wildfire 
damages in California have reached tens of billions of dollars, while smoke exposure has 
emerged as a major source of particulate air pollution statewide.  
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Together, these trends indicate that wildfire risk in California is no longer episodic but 
systemic, requiring sustained mitigation strategies that address climate drivers, fuel 
accumulation, and land-use patterns simultaneously. More aggressive forest 
management practices have been undertaken to reduce understory biomass and remove 
dead trees, but combustion of this residual biomass will only increase GHG emissions 
and damage air, water, and soil quality. Conversion of this biomass to clean bioenergy 
and biochar offers a negative carbon pathway for wildfire risk management. 

3.2 Decarbonization  
In the direct hazards of wildfire, biomass escalates climate risk with greenhouse gas 
(GHG) emissions from its combustion or decomposition. The average carbon content 
across the main categories of California’s residual biomass (Figure 2) is about 50%. This 
means every metric ton (MR) of residual biomass corresponds to 1.84 (3.67*0.5) MT of 
latent CO2 equivalent (CO2e) greenhouse gas emissions. Because this carbon is 
biogenic, originating in the atmosphere before being fixed in organic matter, its return to 
the atmosphere should be carbon neutral. In contrast, diverting biomass to produce 
biofuel and displace fossil fuel use, however, can reduce aggregate GHG emissions.  

Converting biomass to biochar can actually remove biogenic carbon for decades or 
centuries, offering economic value and ecosystem services in the process of carbon 
sequestration. 

The logic of biomass conversion and redirection is simple, and a great deal of innovation 
is currently under way to do this efficiently. What is already clear is the magnitude of this 
opportunity. For example, California’s rural and urban economies produce vast amounts 
of biomass residues, with an annual flow of over 50 million bone dry tons (MBDT/yr, 
Figure 2). About half of this waste consists of forest products and landscape trimmings, 
and the supply is growing rapidly with efforts to reduce forest fire risk. Agriculture and 
municipal solid waste (MSW) operations contribute about equal amounts (12.3 and 13 
BDT/yr, respectively), and landfill biomass currently represents about 7MBDT/yr. 

Seen from a bioenergy conversion perspective, the magnitude of biomass residues is not 
a great liability but a great asset. If 100% of California’s residual biomass could be 
converted to syngas, bio-gasoline, and bio-diesel that displace fossil fuels, the result 
would be up to 93MMT of statewide CO2e emissions reduction, or about half the state’s 
2050 mitigation goal.  
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Figure 2: Biomass Waste Streams in California 

 

Source: Baker et al: 2020 
 

3.3 Cean energy production 
Biomass pyrolysis can yield 90% feedstock carbon conversion to biofuels. Based on the 
latent carbon in existing waste streams across the state, this represents the mitigation 
potential of about half of California’s entire 2050 scoping plan to implement the Global 
Warming Solutions Act (Assembly Bill 32). The energy needed to sustain pyrolysis 
typically falls between 3-15% of the total energy contained in the biomass feedstock, with 
an average of 8%. Conversion of biomass to biofuels also entails emissions from biomass 
removal, collection, and transportation. Pyrolysis can rely on renewable energy (solar, 
wind, or biofuel), further improving the GHG efficiency of the process. Considering the 
complete life cycle of pyrolysis (conversion, collection, and transportation), it can yield 
between 40-70% of the carbon content of the biomass depending on the feedstock and 
the processing.  
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The main contribution of bioenergy conversion is reducing California’s reliance on non-
renewables, but depending on the feedstock there are important co-benefits, including 
reductions in wildfire and local pollution risk. About 42% of California’s energy 
consumption is for transportation, Household heating and electric power is about 35%, 
and the final 23% goes to industry. Bioenergy, which includes syngas and biofuels, can 
replace a significant amount of the natural gas and liquid fuels used for electric power 
generation and transportation.  

 
3.3.1 Biofuel for Electric Power Generation.  

Despite its energy and mitigation potential, biomass has been a chronic underachiever in 
the state’s electric power portfolio. As Figure 3 indicates, half of California’s electricity 
supply comes from natural gas, about 30% from renewables, and only 3% from biomass. 
Traditional biomass conversion technologies have been inefficient and emissions 
intensive. Recent innovations in anaerobic pyrolysis systems are rapidly emerging to 
expand green electricity production. Some of the liquid and gaseous biofuel from pyrolysis 
of waste biomass can displace natural gas in the production of electricity and otherwise 
fossil fuels and be otherwise carbon neutral. The transition from natural gas to biofuels 
will be gradual and can benefit from improvements in biomass conversion technology and 
pricing that recognizes the externalities of natural gas and the social benefit of utilizing 
residue feedstocks (reduction of fire risk).  
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Figure 3: California’s Electric Power Mix 

 
Source: California Energy Commission 

  
3.3.2 Bioenergy and Transportation.  

Biomass can make essential contributions to reducing fossil fuel dependence, particularly 
in-ground and air transportation. The Department of Energy (DOE) has studied the 
estimated biomass potential within the United States, with reference to a goal of replacing 
up to 30% of petroleum consumption with biofuel (see Figure 4). Pyrolysis-based biofuel 
can play an important role in replacing fossil fuels, especially for aviation and marine 
transportation.   
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Figure 4: Projected total passenger vehicle fleet fuel demand (trillion MJ/year) 

 
Source: Scown et al: 2012. 
 
 

3.4 Improvement of resource quality and ecosystem services 
The conventional or fossil fuel energy system is also responsible for a diverse array of 
environmental damages, indirectly via climate change but very directly in terms of natural 
resource degradation. While biomass development and management activities also 
present environmental challenges, most of the emission characteristics of fossil fuels are 
significantly more detrimental to the following essential resources. 

3.4.1 Air 

The fossil fuel sector has significant adverse impacts on air resources across the entire 
supply chain, from extraction and processing to transportation and final combustion. 
During extraction and production, activities such as drilling, hydraulic fracturing, refining, 
and flaring release large quantities of air pollutants, including volatile organic compounds 
(VOCs), nitrogen oxides (NOₓ), sulfur dioxide (SO₂), and particulate matter (PM). Methane 
leakage from oil and gas systems is particularly harmful, as methane is a potent 
greenhouse gas and also contributes to the formation of ground-level ozone. 
Communities located near extraction sites and refineries often experience elevated levels 
of toxic air contaminants, such as benzene, which are linked to cancer and other serious 
health risks. 
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Combustion of fossil fuels for electricity generation, transportation, and industrial use is a 
dominant source of air pollution worldwide. Burning coal, oil, and natural gas emits fine 
particulate matter (PM₂.₅), NOₓ, SO₂, carbon monoxide, and hazardous air pollutants such 
as mercury. These emissions degrade ambient air quality, drive the formation of smog 
and acid rain, and are strongly associated with respiratory and cardiovascular diseases, 
premature mortality, and reduced labor productivity. Fossil fuel combustion is also the 
primary source of carbon dioxide emissions, which indirectly worsen air quality by 
intensifying climate change and increasing the frequency of heat waves and stagnant air 
conditions that trap pollutants near the surface. 

Beyond direct emissions, the fossil fuel sector imposes long-term and cumulative stresses 
on air resources through infrastructure lock-in and episodic high-impact events. Oil spills, 
refinery accidents, and uncontrolled releases during extreme weather can cause acute 
air pollution episodes, while long-lived infrastructure perpetuates dependence on 
polluting energy systems. Disadvantaged and low-income communities are 
disproportionately exposed to these air quality burdens, amplifying environmental justice 
concerns. Together, these impacts make the fossil fuel sector a central driver of air 
resource degradation, underscoring the importance of transitioning toward cleaner, low-
emission energy systems to protect public health and atmospheric quality. 

3.4.2 Water 

The fossil fuel sector adversely affects water resources at every stage of its life cycle, 
from extraction and processing to transportation and waste disposal. During extraction, 
activities such as conventional drilling, coal mining, and especially hydraulic fracturing 
require large volumes of water and can contaminate surface water and groundwater. 
Spills, well casing failures, and improper handling of produced water introduce pollutants 
such as hydrocarbons, heavy metals, salts, and chemical additives into water systems. 
In coal mining regions, acid mine drainage—caused by the exposure of sulfide minerals 
to air and water—can severely degrade streams and rivers for decades. 

Refining and processing of fossil fuels further stress water resources through both 
consumption and pollution. Refineries and power plants use water intensively for cooling 
and processing, often withdrawing large quantities from rivers, lakes, or aquifers. Thermal 
pollution from power plant discharges raises water temperatures, reducing dissolved 
oxygen levels and harming aquatic ecosystems. Refinery effluents may contain oil 
residues, nutrients, toxic metals, and organic chemicals, which can impair water quality if 
not adequately treated. Accidental releases, such as pipeline leaks and refinery spills, 
can cause acute contamination of drinking water sources and sensitive habitats. 
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The combustion of fossil fuels also indirectly degrades water resources through climate 
change. Rising temperatures, altered precipitation patterns, and more frequent droughts 
increase water scarcity, while heavier rainfall events raise the risk of runoff carrying fossil 
fuel–related pollutants into waterways. Sea-level rise driven by climate change threatens 
coastal aquifers with saltwater intrusion, reducing freshwater availability. These 
cumulative impacts disproportionately affect water-stressed regions and vulnerable 
communities, highlighting how reliance on fossil fuels undermines both the quantity and 
quality of water resources and reinforces the need for cleaner, less water-intensive 
energy systems. 

3.4.3 Soil 

The fossil fuel sector degrades soil health through contamination, physical disturbance, 
and long-term disruption of ecosystem processes. During extraction and production, 
activities such as mining, drilling, pipeline construction, and hydraulic fracturing disturb 
large areas of land, stripping topsoil, compacting soils, and altering natural drainage 
patterns. Spills and leaks of crude oil, drilling fluids, produced water, and refined products 
introduce hydrocarbons, heavy metals, salts, and toxic chemicals into soils. These 
contaminants reduce soil fertility, inhibit microbial activity, and can render land unsuitable 
for agriculture or natural vegetation for extended periods. 

Coal mining poses particularly severe risks to soil systems. Surface mining removes 
entire soil profiles, eliminating organic matter and soil structure, while subsidence from 
underground mining can alter soil stability and hydrology. Acid mine drainage and 
deposition of coal ash further contaminate soils with sulfur compounds, arsenic, mercury, 
and other toxic elements, leading to long-lasting soil acidification and toxicity. Even after 
mine closure, soil recovery is often slow and incomplete without extensive reclamation 
efforts. 

Indirectly, fossil fuel combustion contributes to soil degradation through atmospheric 
deposition and climate change. Airborne pollutants such as sulfur and nitrogen oxides 
can deposit onto soils, causing acidification and nutrient imbalances that reduce soil 
productivity and biodiversity. Climate change driven by fossil fuel emissions intensifies 
droughts, floods, and heat stress, accelerating soil erosion, organic matter loss, and 
desertification in vulnerable regions. Together, these direct and indirect impacts 
undermine soil structure, biological function, and long-term resilience, highlighting the role 
of the fossil fuel sector as a significant driver of soil degradation and land-use stress. 
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3.5 Economic Benefits of Biomass Redirection 
Pyrolysis-based bioenergy conversion technologies have made major progress in terms 
of cost-effectiveness and efficiency. While they continue to face challenges from high 
capital costs, feedstock management, and fuel compatibility, their advantages are 
increasingly apparent in with escalating wildfire risk, landfill cost, and the advent of credits 
for mitigation and ecosystem services. In the current policy environment, recent designs 
of pyrolysis-based technologies using forest and other biomass residues residue have 
attracted substantial investor interest.  

The growth of California’s bioenergy sector has yielded significant economic benefits, 
including: 

3.5.1 Job Creation 

As California invests in bioenergy, job creation has been substantial. According to the 
California Workforce Development Board, the bioenergy sector generates thousands of 
jobs in engineering, operations, research, and sustainability (California Workforce 
Development Board, 2021). Positions have been created in industries ranging from 
agriculture to energy, underscoring the cross-sectoral impacts of bioenergy 
development. 

3.5.2 Investment Growth 

The bioenergy sector has attracted considerable investment over the last decade. Public 
and private investments in bioenergy technologies, facilities, and R&D have surged, 
supporting the expansion of renewable biofuels and electricity generation. For instance, 
California’s total bioenergy production capacity has increased, thanks to investments in 
projects that utilize organic waste, agricultural residues, and other sustainable 
feedstocks (California Energy Commission, 2022). 

3.5.3 Energy Independence 

The advancement of bioenergy supports California's energy independence by reducing 
reliance on fossil fuels. By utilizing locally sourced organic materials, California can 
diversify its energy supply and enhance resilience against fluctuations in global energy 
markets (California Department of Food and Agriculture, 2021).Job creation 
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3.5.4 Income growth 

There is a growing recognition of the value of the bioeconomy in the academic, political, 
and business sectors. Bioeconomy research centers and start-ups are emerging 
nationally– California is becoming a center of brown bioeconomy development. This local 
bioenergy opportunity already enjoys public support. The state of California dedicated 
$50 million to promoting biomass energy conversion, including support for eight pyrolysis 
projects in Sierra Nevada communities alone. Experiences of other biofuel suggest 2-5% 
annual reduction in cost through learning by doing. Public-private partnerships in building 
this sector in California is expected to yield similar results.  

3.5.5 Equity 

Another distinguishing feature of new bioenergy conversion technologies is scale. Past 
bioconversion facilities were very large, with logistical challenges entailed hundreds of 
mile of transport for logging and other heavy trucks. New systems are being built to utilize 
the biomass produced and harvested by small rural communities, producing biofuel for 
electric power, home heating, and transport. These biofuel facilities can generate local 
carbon energy and sequestration products, improve local employment and wealth while 
reducing pollution, improving air, water, and soil quality, as well as energy equity. Of 
course, not every community would have sufficient biomass feedstocks to be energy-
independent. The regions of California with the highest density of biomass feedstock are 
rural areas, including those with heavy forest cover and intensive agriculture. As indicated 
in Figure 5, these areas are more likely to be economically disadvantaged and have 
higher per capita energy costs (mainly because of lower winter temperatures and more 
population dispersion).  
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Figure 5: Energy and Economic Inequality by County in California, 20231 

 
 

Sources: St. Louis Fed and California Energy Commission 
 
Despite other economic disadvantages, lower income rural areas of the state have a 
distinct comparative advantage in terms of bioenergy potential. Comparing biomass 
resources and average income per capita across the state’s 58 counties, Figure 6 
suggests that bioenergy trade across the state could benefit disadvantaged counties. 

 
1 For more detail on this rendering see https://bearecon.com/Tools/CA_Income_Energy_120325.html  

https://bearecon.com/Tools/CA_Income_Energy_120325.html
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Figure 6: Biomass and income per capita by county 

 
Source: US Census and Baker et al: 2020. Bubble diameter proportional to population. 

 
 

3.6 Converting Biomass into Valuable Products 
Globally, biomass conversion technologies are evolving rapidly, with improvements in 
conversion efficiency, feedstock flexibility, and modular design. Depending on feedstock 
and process parameters, 40–70% of the original biomass carbon can be retained in useful 
products after accounting for life-cycle emissions. 

Several bioenergy innovations can convert biomass liabilities into assets. The annual 
biomass flow represents about 100 million metric tons (MMT) of Carbon Dioxide 
equivalent (CO2e) emissions. These capabilities are based on a new generation of 
thermal anaerobic bioenergy conversion technologies that can capture over 90% of 
feedstock carbon.  

When biomass is heated without oxygen through a process called “pyrolysis,” organic 
carbon is converted to three generic outputs: gas (syngas), liquid (bio-oil), and solid 
biochar. 
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3.6.1 Liquid fuels  

Bio-diesel, bio-gasoline, and J5 aviation fuel are liquid pyrolysis products that can be used 
directly as heating oil or refined to more advanced biofuels. Bio-gas or syngas is typically 
used in power generation for steam, gas engines, or turbines. Biochar is a stable, nearly 
pure carbon solid. Adding biochar to soils can enhance their water retention, microbial 
hosting, and contributes to improved soil health and productivity. Biochar made at the 
high temperatures of modern pyrolysis can sequester carbon for hundreds of years.  

Pyrolysis yields differ in output composition depending on the reaction type, time, 
temperature, feedstock composition, and pressure. Developing these technologies is a 
work in progress because each feedstock type– wood, food waste, or crop residue– may 
require different treatment. Slow pyrolysis (hours to days) requires a relatively low 
temperature (550-750°F) and results mostly in charcoal, while fast pyrolysis (that may 
take seconds) occurs at very high temperatures (750-2000°F) and may produce mostly 
liquid fuel (biodiesel, bio-gasoline, and bio-J4) and syngas. This technology continues to 
improve cost, input-use efficiency, and downward scalability.  

3.6.2 Biochar  

Modern pyrolysis converts about 14% of the biomass to biochar. Biochar contributes to 
soil health through water retention, microbial hosting, and increasing soil health and 
agricultural productivity. It also has proven capacity to store carbon from biomass that 
would otherwise be burnt or decompose into methane and other greenhouse gas 
emissions. The value of biochar will be further enhanced when the California state 
agencies, including the California Department of Food and Agriculture (CDFA), and the 
California Air Resources Board (CARB) recognize biochar’s full mitigation potential. It can 
also be converted to a variety of much more valuable activated carbon products, essential 
for water, food, and pharma filtration and processing activities. 

3.7 Policies to Promote Biomass Conversion 
While the virtues of biomass conversion may be obvious to society, energy and 
environmental policies must be supportive of these technologies to overcome legacy 
advantages of conventional energy alternatives and recognize changing environmental 
and technological fundamentals. Most important in this are incentive and market-oriented 
policies that can clearly signal social commitment and animate inclusive private agency. 
We give two examples here from California’s own experience: carbon taxes and 
renewable fuel standards. 
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3.7.1 Carbon Pricing 

Placing a fee on the negative externalities associated with carbon pollution, often referred 
to as carbon taxes, recognizes the cost to society of GHG emissions and offers a direct 
incentive to polluters to mitigate the adverse effects of their emissions. This study does 
not examine the carbon tax option in detail, but it has already been addressed by a large 
research and policy literature. In California, carbon taxes per se are not in force, but the 
state’s flagship GHG mitigation strategy, AB32, has an emission reduction mechanism 
that functions in a similar manner, imposing costs on polluters by requiring them to 
purchase emission rights in a regulated auction market. 

Because climate goals often compete with other public priorities, it is important to 
recognize that carbon prices can yield numerous co-benefits to society beyond climate 
mitigation. These include, but are not limited to, cleaner air and water, improvements in 
human health, safer and less congested roads, increased energy and food security, 
induced adoption and diffusion of technological innovation, and enhanced 
macroeconomic stability through stronger fiscal and international payments balances 
(Figure 7).   
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Figure 7: The Many Co-benefits of Carbon Pricing 

 

Source: Roland-Holst et al: 2022. 
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3.7.2 Renewable Fuel Standards 

The development of a biofuel sector relying on waste biomass in California will benefit 
from changes in policy. One example of this would be modification of its Low Carbon Fuel 
Standard (LCFS), a hallmark of California’s commitment to reducing  mobile carbon 
emissions. This is a well-established program to award “carbon credits” in exchange for 
verifiable GHG emissions reductions. Despite significant global GHG reductions achieved 
by this program, its contribution to California’s own environmental, public health, safety, 
and economic challenges has been unnecessarily limited. In this sense, it is an important 
reminder of the multi-faceted nature of mitigation benefits and the political significance of 
local versus global mitigation. 

 
Figure 8: Outsourcing toxic emission reduction and green jobs? 

 
 

This major policy considers only a reduction in greenhouse gas emissions from 
transportation without recognizing the local benefits such as mitigation of local air 
pollution or fire risk. As a result, people from all over the world can produce bioenergy 
and be rewarded by California taxpayers. Indeed, only 30% of the projects certified for 
LCFS emission credits are inside the state (Figure 8). Among over 700 approved LCFS 
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pathways are swine production in MO, subsidized corn processing in the Dakotas, and 
cooking oil recycling in Singapore. Showing more attention to local needs, California’s 
regulatory framework could prioritize biofuel pathways that directly serve a variety of state 
goals (in addition to GHG reduction). A notable example woody biomass to reduce fire 
risk. Increasing the likelihood that California renewables are entitled to be part of the 
LCFS may require that the LCFS should be modified to include state co-benefits in its 
formula. In particular, the reduction of expected losses from fire risk because of 
conversion of woody biomass to biofuel can be added to the value of these biofuels in the 
LCFS formulas.  

4 California as a Global Technology Challenger 

California’s experience is teaching us that biomass conversion can contributes to 
environmental quality, climate mitigation, and more sustainable and inclusive economic 
growth through multiple channels: 

 
1. Displacement of fossil fuels (and their environmental damages) in electricity, 

heat, and transport. 
2. Avoided emissions from open burning, decay, or landfill methane. 
3. Carbon sequestration through long-lived biochar conversion. 
4. Co-benefits such as wildfire risk reduction, air-quality improvement, and soil 

restoration. 
 
In regions with abundant biomass residues, the mitigation potential is substantial. In 
California alone, waste biomass represents latent emissions equivalent to roughly 100 
million metric tons of CO₂ annually. Comparable opportunities exist in forested regions of 
North America and Europe, agricultural heartlands of China and India, and rapidly 
urbanizing areas worldwide. For developing and emerging economies in particular, 
biomass innovations can promote more equitable energy access, and gains from national 
bioenergy fuel substitution in both rural and urban areas. 

United States 

Across the United States, large volumes of forest residues, agricultural by-products, and 
municipal solid waste accumulate annually. In the western states, fire suppression 
policies and climate change have increased fuel loads, contributing to catastrophic 
wildfires similar to those in California. In the Midwest and Southeast, crop residues, 
animal waste, and food-processing by-products pose water and air-quality challenges. 
National studies suggest that sustainably available biomass could replace up to 30% of 
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petroleum consumption, particularly in hard-to-decarbonize sectors such as aviation and 
heavy transport. California’s multipronged approach to repurposing biomass residues are 
just as relevant for the rest of the nation to meet growing fire risk, public health and 
resource damage, and climate risk escalation from fossil fuel development and use. 

Europe 

The European Union has already embraced the bioeconomy as a pillar of its Green Deal 
and climate strategy. Scandinavian countries, Germany, and Austria have developed 
advanced forest-based bioeconomies, using residues for combined heat and power, 
district heating, and bio-based materials. The EU’s circular economy framework explicitly 
promotes waste-to-energy and waste-to-material pathways, though sustainability criteria 
and land-use constraints remain important policy considerations. Having noted all this 
progress, continued reliance on coal and biomass combustion is limited the opportunities 
for more determined biomass repurposing. Like IT and biotech, it will take time for Europe 
to more fully assimilate California innovations. 

China 

China faces acute challenges from agricultural residues, livestock waste, and rapidly 
growing municipal solid waste streams. Open-field burning of crop residues has 
historically contributed to severe air pollution episodes. Most of the country’s major 
aquifers are also contaminated by excessive application of subsidized agrochemicals, In 
response, China has invested heavily in biomass power generation, biogas systems, and 
emerging pyrolysis technologies, but most municipal governments have chosen 
expedience over sustainability and continue to make massive investments in direct waste 
incineration. Anaerobic processes are understandably inconvenient in highly dense urban 
areas, but California’s pyrolysis technologies are advancing to the point where they can 
offer much cleaner waste reduction pathways with significant economic dividends in 
green energy and biochar production. In terms of national equity, integrating biomass 
conversion with rural revitalization policies offers opportunities to raise farm incomes, 
reduce local toxic environmental damage and public health risk, and support China’s 
carbon-neutrality goals. 

Japan 

Japan’s bioeconomy strategy reflects limited land availability, high population density, and 
heavy reliance on imported energy. The country has promoted biomass utilization through 
feed-in tariffs, particularly in the contexts of forestry residues, food waste, and sewage 
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sludge. Following the Fukushima disaster, bioenergy gained renewed attention as a 
decentralized and resilient energy source. Advanced thermal conversion technologies 
and high-value biochar applications align very well with Japan’s emphasis on 
technological efficiency and environmental quality. 

Developing Countries 

In many developing countries, biomass remains a primary energy source, but it is often 
used inefficiently, imposing significant health and environmental costs. Agricultural 
residues, animal waste, and urban organic waste are abundant but underutilized. Circular 
bioeconomy approaches—such as small-scale pyrolysis, biogas systems, and biochar 
production—can improve energy access, reduce indoor air pollution, enhance soil fertility, 
and support climate adaptation. Most importantly, these technologies can be deployed at 
scales appropriate to local conditions, improving local energy independence and fostering 
inclusive rural livelihood improvement. 

5 Conclusions 

The circular bioeconomy—especially residue-based pathways—offers a powerful tool 
for addressing climate change, environmental degradation, and rural inequality in 
California and around the world. Pyrolysis and related technologies can transform 
biomass liabilities into economic and environmental assets, delivering climate 
mitigation alongside local co-benefits. 

California’s experience demonstrates how innovation, policy support, and public–
private collaboration can catalyze this transition. Adapted to diverse institutional and 
ecological contexts, similar approaches can support sustainable development across 
the United States, Europe, Asia, and the developing world. As global pressures 
intensify, the green, blue, brown, and white bioeconomies offer pragmatic and scalable 
pathways toward a more resilient and inclusive low-carbon future. 
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