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1. Bioeconomy as structural transition

The bioeconomy is often described as a collection of sectors: agriculture, forestry, biofuels, biomaterials,
biopharmaceuticals, marine resources, waste management, carbon services, and environmental remediation. Yet,
the deeper significance of the bioeconomy lies in a structural transition in the material, technological, economic,
and policy foundations of production. Renewable biological inputs, biological knowledge, biological processes,
and circular residues increasingly substitute for fossil, mineral, petrochemical, and other non-renewable inputs.
This substitution changes products, production systems, cost structures, regional opportunities, and the policy
rules through which economic value is created and governed.

We advance two linked arguments. First, the bioeconomy changes the material and knowledge base of production.
Modern economies have been built around extraction, refining, and the use of non-renewable resources. The
bioeconomy introduces a different production logic: biological resources can be cultivated, collected, engineered,
processed, reused, and circulated. In simplified terms, part of the economy begins to shift from extracting, refining,
and discarding non-renewable resources toward growing, engineering, recovering, and circulating biological ones.
The simplification should not be pushed too far. Renewable biological systems can themselves create land, water,
biodiversity, labor, or pollution pressures. The direction of change is nevertheless clear enough to frame the
problem.

Second, this substitution process becomes economically meaningful when production, policy, and market
systems are reorganized around it. Biomass must be grown or collected. Organic wastes must be separated and
stabilized. Algae must be cultivated and harvested. Timber must be processed. Organisms must be engineered,
scaled, measured, and governed. Products must be certified, transported, financed, regulated, and accepted by
users. Substitution therefore changes the whole economic system around production: where costs appear, where
risks concentrate, where infrastructure is needed, where standards matter, and who can capture value.

We therefore ask a direct question: what does the bioeconomy change in the structure of the economy? The
answer developed here is that the modern bioeconomy combines new biological tools with renewable-substitution
possibilities. These possibilities reorganize production systems, cost structures, control points, public policy
choices, and regional development options across multiple domains of production.

2. Traditional and modern bioeconomy

The bioeconomy is broad because it spans many sectors, and it is rooted because those sectors long predate
contemporary language about biotechnology. Human societies have always relied on biological systems for food,
fuel, fiber, construction materials, medicine, fermentation, recreation, and landscape management. Agriculture,
forestry, fisheries, animal husbandry, and fermentation were central to economic life before fossil industrialization.
They remain central today, even as the scientific, technological, and institutional means of organizing them have
changed.

We use the term bioeconomy in a broad but disciplined sense. It refers to the set of sectors, knowledge systems,
and supply chains through which living organisms, biological resources, biological processes, and life-science
knowledge are converted into economic, environmental, and social value. Early definitions emphasized the
commercial and industrial use of biological knowledge for human welfare (Enriquez et al., 1998). Later definitions
broaden the concept to include life-science-driven economic activity across sectors, while also recognizing that
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definitions vary across countries, agencies, and analytical traditions (Bugge, Hansen, and Klitkou, 2016; Wesseler
and von Braun, 2017).

The distinction between the traditional and modern bioeconomy clarifies the argument. The traditional
bioeconomy used biological resources. The modern bioeconomy makes biological systems legible, modifiable,
optimizable, scalable, traceable, and usable in industrial supply chains. Itis R&D-enabled, engineering-enabled,
data-enabled, and institutionally organized through standards, logistics, regulation, finance, and markets.

Dimension Traditional bioeconomy Modern bioeconomy

Historical basis Agriculture, forestry, fisheries, fermentation,
animal power, food preservation, timber,

fuelwood, local ecological knowledge.

Advanced life sciences, biotechnology, bioprocess engineering,
digital tools, precision systems, traceability, scalable
biomanufacturing.

Knowledge base Craft knowledge, accumulated practice, selective
breeding, local ecological knowledge, and

gradually improving tools.

R&D, molecular biology, genomics, synthetic biology, process
engineering, Al, sensors, data systems, and logistics.

Main function Use biological resources for food, fuel, fiber,
preservation, landscape management, and basic

materials.

Use, redesign, optimize, and scale biological systems to produce
food, fuels, materials, chemicals, pharmaceuticals, carbon
services, and circular products.

Production logic Biology mainly as resource and landscape. Biology as resource, process, platform, and programmable

production system.

Supply-chain implication Often local or regional; shaped by land, labor,

transport, storage, perishability, and seasonality.

Can reorganize regional, national, and global supply chains;
shaped by data, capital, standards, intellectual property,
regulation, and processing nodes.

The modern bioeconomy therefore does more than extend older biological sectors. It changes what those sectors
can produce and how they connect to one another. Agricultural residues can become feedstocks for energy,
fertilizer, animal feed, chemicals, or materials. Microorganisms can become production platforms for fuels,
enzymes, food ingredients, pharmaceuticals, or specialty chemicals. Data from fields, orchards, dairies,
processing facilities, and logistics systems can coordinate inputs and reduce waste. These changes make the
bioeconomy an analytical problem of organization as much as a problem of scientific discovery.

3. The new tools: what makes the modern bioeconomy possible

The modern bioeconomy becomes possible when new tools make biological systems legible, modifiable,
optimizable, scalable, traceable, and usable in industrial supply chains. These tools grew out of converging
advances in the life sciences, engineering, computing, and information sciences. They also respond to application-
side pressures in agriculture, medicine, energy, materials, environmental management, and climate adaptation.
The R&D side of the modern bioeconomy co-evolves with the problems the economy is trying to solve and with the
uses that make scaling worthwhile.

The National Academies define the U.S. bioeconomy as economic activity driven by research and innovation in the
life sciences and biotechnology, enabled by advances in engineering, computing, and information sciences
(National Academies of Sciences, Engineering, and Medicine, 2020). That definition is useful because it links
biological resources to knowledge, technological systems, and commercialization.

Tool family
Molecular biology and genomics

What it makes possible

Make biological systems legible by revealing
genes, pathways, traits, microbes, enzymes,
and biological functions.

Make biological systems modifiable by allowing
organisms, cells, or pathways to be altered or

Examples to keep in view

Drought-tolerant crops, microbial pathways for
fermentation, enzyme discovery, microbiome
applications, trait identification.

Engineered microbes for chemicals, modified crops,
synthetic biology platforms for fuels, materials,

Genetic engineering and
synthetic biology

designed for specific outputs.

pharmaceuticals, and food ingredients.

biomanufacturing

Bioprocess engineering and

Make biological production scalable by
converting laboratory discoveries into
repeatable industrial processes.

Fermentation, biorefineries, cell cultures, industrial
enzyme production, biological production of proteins,
fuels, and chemicals.

and remote sensing

Digital monitoring, Al, sensors,

Make biological systems monitorable and

to data, prediction, and feedback.

optimizable by connecting biological production

Precision agriculture, soil and water sensors, Al-assisted
strain design, remote monitoring of forests, crops, algae,
dairies, and carbon.
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Tool family
Logistics, storage, traceability,
and measurement systems

What it makes possible

Make dispersed biological inputs usable in
supply chains by stabilizing quality, timing,
origin, compliance, and environmental claims.

Examples to keep in view

Biomass depots, cold chains, preprocessing, monitoring-
reporting-verification, life-cycle data, certification, digital
traceability.

Precision agriculture may apply Al and sensors to existing agricultural systems. Biopharmaceutical production may
require highly regulated innovation and manufacturing supply chains. Bio-based materials may depend more on
feedstock logistics, biorefineries, standards, and end-of-life systems. This distinction matters because it prevents

us from treating the bioeconomy as one uniform technological field. The common issue is how tools make
biological systems usable for production and then reorganize supply chains around that use.

4. The substitution logic: renewable for non-renewable

The common mechanism across the modern bioeconomy is substitution: renewable biological inputs, biological
processes, and circular residues replace or supplement fossil, mineral, petrochemical, and other non-renewable
systems. Substitution is often partial, pathway-specific, and dependent on infrastructure, standards, costs, and

governance.

Type of substitution

What changes

Illustrative examples

Feedstock substitution

Renewable biological inputs replace or
supplement fossil, mineral, or petrochemical
feedstocks.

Biomass for fossil feedstocks; algae for petroleum-based inputs;
forestry residues as feedstocks; agricultural residues used rather
than burned or discarded.

Material substitution

Bio-based materials replace conventional
industrial materials in selected uses.

Mass timber, engineered wood, bioplastics, bio-based fibers,
bio-composites, bio-based adhesives, bio-based solvents.

Energy substitution

Bioenergy substitutes for fossil energy where
appropriate, especially in hard-to-electrify or
circular settings.

Biofuels, renewable natural gas, sustainable aviation fuel,
biomass heat or power, waste-to-energy systems.

Process substitution

Biological processes substitute for some
chemical, mechanical, or fossil-intensive
processes.

Fermentation, microbial production, enzymatic conversion,
bioremediation, biomanufacturing.

Waste-to-feedstock
substitution

Organic waste streams become inputs rather
than disposal burdens.

Food waste to insect protein, manure to renewable gas and
fertilizer, wastewater nutrients to fertilizer, crop residues to

biomaterials or bioenergy.

Solar and wind are not themselves part of the bioeconomy, but they belong to the broader transition away from
non-renewable energy. The bioeconomy should remain defined around biological resources, biological knowledge,
biological processes, and circular biological materials. It can be placed within the broader renewable transition
without conflating all renewables with the bioeconomy. This distinction matters in places where energy, land use,
water, storage, and biological production are spatially connected, even when solar or wind power is not itself
bioeconomic.

Circularity and cascading are central to substitution because residues rarely become resources automatically. A
circular bioeconomy seeks to reduce waste by keeping biological materials in productive use for longer. Residues
from one process become feedstocks for another; nutrients are recovered; organic wastes become compost,
digestate, insect protein, biomethane, or biochar. Cascading complements circularity by asking whether biomass
can first move into higher-value uses, such as food, medicine, durable materials, or specialty chemicals, before
lower-value energy recovery or final return to soil. These principles require design, measurement, logistics, quality
control, regulation, and demand (Keegan et al., 2013; Kardung et al., 2021; Khanna et al., 2024).

Sustainable intensification is also part of the substitution logic. In agriculture and related biological sectors, the
aim is to produce more economic, environmental, and social value while reducing waste, pollution, water
pressure, fossil dependence, and emissions. This can involve higher yields, reduced fertilizer and pesticide losses,
improved water-use efficiency, greater value from residues, lower emissions, and better soil management.
Precision matters because input reduction is often achieved through better timing, placement, and dosage rather
than through replacement alone.
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Substitution must be evaluated carefully. Biological resources are limited, and their use can create new land,
water, labor, and biodiversity pressures if poorly governed. The relevant question is where renewable biological
inputs and processes can reduce dependence on non-renewable resources, lower pollution, create value, and
improve resilience without shifting environmental burdens elsewhere. That is why life-cycle analysis, certification,
feedstock accounting, land-use governance, and externality measurement are central to bioeconomy policy
(Hertel et al., 2019; Khanna, Rajagopal, and Zilberman, 2021).

5. From substitution to reorganized supply systems

Renewable substitution becomes economically meaningful only when it can be organized through practical
systems that deliver reliable inputs, convert them into usable outputs, and connect those outputs to markets,
standards, and users. Supply systems are a consequence of the substitution process. A bioeconomy without such
systems remains a set of disconnected technical possibilities. A functioning bioeconomy requires practical links
among feedstocks, harvesting, storage, processing capacity, logistics, standards, finance, demand, skills, and
regulation.

The changed character of supply systems under renewable substitution is our critical focus here. Resources are
increasingly grown, harvested, recovered, engineered, circulated, and measured. This differs from industrial
systems organized primarily around extraction, drilling, mining, refining, and disposal. We treat the contrastas a
logic rather than an absolute. Some biological products are light, high-value, and globally transportable. Some
fossil and mineral systems also require complex logistics and standards. The important point is that many
bioeconomy pathways are more directly tied to land, water, ecology, seasonality, perishability, local institutions,
processing nodes, certification, and environmental accounting.

A basic bioeconomy supply system has upstream, midstream, downstream, and cross-system components.
Upstream activities include sourcing, breeding, growing, collecting, harvesting, sorting, or recovering biological
feedstocks. Midstream activities include preparation, storage, processing, conversion, fermentation, anaerobic
digestion, biorefining, biomanufacturing, and quality control. Downstream activities include distribution, blending,
standards, certification, retail, use, end-of-life management, circular recovery, and public procurement.
Transportation, data, contracts, finance, regulation, labor markets, and consumer demand connect these stages.

standards, use, end-of-life systems,
circular recovery.

disposal.

Stage Biological / renewable chain Non-renewable / incumbent chain What changes analytically

Upstream Breeding, cultivation, collection, Extraction, drilling, mining, or Sourcing often becomes more tied to land,
harvesting, sorting, or recovery of concentration of dense resources. water, ecology, seasonality, competing uses,
feedstocks. and local institutions.

Midstream Preparation, storage, fermentation, Refining, cracking, smelting, Processing location, capital configuration,
digestion, biorefining, concentration, or industrial conversion efficiency, flexibility, and co-
biomanufacturing, conversion, and transformation. products become central.
quality control.

Downstream Certification, blending, distribution, Distribution, standards, use, and Traceability, carbon measurement, bio-based

standards, safety rules, and circular recovery
become more important.

Cross-chain
coordination

Transport, data, contracts, finance,
regulation, consumer demand, public
procurement, and measurement
systems.

Transport, pipelines, bulk logistics,
commodity finance, regulation, and
incumbent standards.

New control points emerge in logistics,
processing, IP, data, standards, certification,
carbon measurement, and public rules.

Harvesting is a critical constraint because a biological resource becomes economically useful only when it can be
harvested at the right time, in usable condition, and at a cost that makes downstream processing viable. This is
visible in seaweed and macroalgae, where efficient harvesting and processing systems remain constraints on the
expansion of the blue bioeconomy in many developed countries (Araujo et al., 2021). It is also visible in California
specialty crops, where harvesting remains difficult to automate and labor availability affects whether production
can be sustained at scale.

Circularity further complicates supply-system design. A circular system requires collection, sorting, contamination
control, quality standards, transport, processing, permitting, and markets for outputs. A residue is rarely a useful
feedstock by itself. It becomes useful when its volume, composition, timing, and legal status are known. Dairy
manure can become biomethane or digestate. Food waste can become compost, insect protein, or energy.
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Orchard prunings can become biochar or feedstock for thermal conversion. Each pathway requires a different
combination of infrastructure, regulation, finance, technical capability, and demand.

The bioeconomy will therefore be built one supply at time. This means that each form of substitution requires the
practical connection of feedstock, processing, logistics, finance, regulation, demand, and skills. The task is to
identify which pathways are viable, which are blocked, who controls key nodes, and where public action can
reduce coordination failures.

6. Cost, risk, and control points

The cost effect of renewable substitution is a question of how substitution changes costs and calculations across

the value chain. Some costs may fall because waste disposalis avoided, emissions are reduced, or co-products
are created. Other costs may rise because biological inputs must be collected, dried, stored, sorted, monitored,
transported, processed, certified, and insured. Cost is therefore a system property, not only an input price.

Cost channel

What changes when renewable inputs substitute
for non-renewables

Value-chain implication

Feedstock and opportunity cost

Biological inputs must be grown, collected,
purchased, diverted, or recovered. They often have
competing uses: food, feed, soil health, carbon
storage, ecosystem services, or other products.

The input may appear cheap or even negative-cost if
itis waste, but true cost includes quality, timing,
competing uses, reliability, and ecological
constraints.

Logistics and storage

Biological inputs may be dispersed, wet, bulky,
seasonal, perishable, or variable, although this varies
by product.

Transport distance, storage, preprocessing, and
facility location become central to cost and
feasibility.

Processing and conversion

Biorefineries, fermentation systems, digesters,
pyrolysis units, cell-culture systems, or other
conversion technologies may be needed.

Capital cost, conversion efficiency, scale,
modaularity, co-products, and learning determine
competitiveness.

Risk and variability

Weather, disease, pests, drought, fire, moisture,
contamination, and yield variation can affect supply
and quality.

Contracts, insurance, inventories, monitoring,
redundancy, and quality control become part of the
cost structure.

Market structure and control
points

Many upstream suppliers may face few midstream
processors, or processors may face few downstream
buyers.

Value capture may concentrate at bottleneck or
control-point stages unless contracts, cooperatives,
policy, or competition alter bargaining power.

Circularity and co-products

Residues can become inputs, and processing can
generate multiple outputs.

Avoided disposal, co-products, cascading use, and
carbon value can convert a high-cost chain into a
viable one.

Regulation, certification, and
measurement

Bio-based products often require safety approval,
sustainability certification, life-cycle analysis,
traceability, or carbon measurement.

Compliance raises costs but can create market
access, price premiums, credits, public legitimacy,
and demand.

Externalities and social cost

Incumbent non-renewable systems often externalize
emissions, pollution, and environmental damage. Bio-
based systems may reduce some externalities but
create land, water, labor, or biodiversity pressures.

Competitiveness depends on whether
environmental costs and benefits are counted,
measured, priced, or regulated.

This cost map makes clear why the bioeconomy cannot be analyzed product by product alone. The same

renewable input can be cost-competitive in one place and uneconomic in another depending on feedstock density,
transport, infrastructure, processing capacity, standards, co-products, policy, finance, and market demand. It also
shows why public policy is not external to the supply chain. Policy shapes what materials can move, which
products count as low-carbon or bio-based, how environmental claims are measured, which actors can
participate, and where value is captured.

Control points are the stages, assets, rules, or capabilities that determine who can organize a bioeconomy supply
chain and who captures value from it. A control point may be a harvesting technology, a biorefinery, a processor, a
proprietary microbial strain, a data platform, a certification system, a carbon measurement protocol, a storage
facility, a pipeline connection, a procurement rule, a permitting pathway, or a public standard. Control points
matter because they convert technical possibilities into economic power.

This is where the we connect supply-chain analysis to regional development. Feedstock-rich regions may supply
biomass, residues, land, water, labor, and environmental carrying capacity while other actors capture higher-value
processing, data, finance, intellectual-property, and standard-setting functions. A bioeconomy transition can
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therefore reproduce extractive regional relationships under a new technological label. It can also support rural
renewal if it creates processing capacity, technical employment, local ownership opportunities, environmental
improvement, and durable regional capabilities.

The issue is who controls the chain, where value is captured, which costs are shifted, and whether governance
links productivity gains to public goals. This is why supply-chain reconfiguration, value capture, governance, labor,
circularity, and the inland/coastal division remain central to the analysis.

7. Sectoral reach

The bioeconomy reaches across many domains. Its significance is that the same substitution and supply-chain
logic reappears differently across agriculture, forestry, marine systems, construction, energy, chemicals, waste,
manufacturing, and health. Each domain raises the same questions: What is being substituted? Which tools make
the substitution possible? What does the substitution do to the supply chain? Where are costs, risks, and control
points created? Who captures value?

Domain

What changes

Supply-chain issues to emphasize

Agriculture

From food and fiber to feedstocks for fuels,
chemicals, materials, soil health, carbon, climate
adaptation, and environmental services.

Precision agriculture, genomics, breeding, sensors,
extension, water, labor, feedstock reliability, input
efficiency, producer bargaining power.

Forestry

From timber and pulp to engineered wood, biomass,
carbon storage, fire-risk management, and
biorefinery inputs.

Remote sensing, ecological monitoring, biomass logistics,
long cycles, transport, fire policy, carbon measurement,
sustainable harvest.

Marine systems

Algae, kelp, aquaculture, blue carbon, marine-
derived compounds, nutrient recovery, and blue
bioeconomy possibilities.

Cultivation systems, harvesting technology, sensors,
genomics, processing, offshore infrastructure, regulation,
multiple product streams.

Construction

Bio-based and wood-based materials substitute for
some carbon-intensive materials.

Engineered wood, bio-composites, life-cycle analysis,
building codes, insurance, structural performance,
certification, sustainable forestry.

Energy

Biofuels, renewable natural gas, biomass power,
waste-to-energy, and sustainable aviation fuel
supplement the broader renewable transition.

Fermentation, digestion, gasification, pyrolysis, carbon-
intensity measurement, feedstock density, mandates, co-
products, blending and distribution.

Chemicals and materials

Biological feedstocks and processes produce
bioplastics, enzymes, solvents, adhesives, fibers,
and industrial compounds.

Synthetic biology, fermentation, biorefineries, process
engineering, cost parity, standards, scale-up, end-of-life
systems.

Waste and circular systems

Organic waste becomes feedstock rather than only
disposal burden.

Separation, digestion, insect systems, composting,
nutrient recovery, traceability, contamination control,
collection, regulation, avoided disposal.

Manufacturing and health

Biomanufacturing and biopharma use living systems
as production platforms.

Cell culture, fermentation, synthetic biology, quality
control, cold chains, regulatory approval, IP, scale-up,
high-value logistics.

This sectoral reach also explains why the bioeconomy is difficult to govern. Agriculture, energy, environment, labor,
education, finance, public health, water, and regional development agencies often operate with separate
mandates. Bioeconomy supply chains cross those boundaries. The governance task is to create conditions under
which viable, accountable, and inclusive chains can form.

The bioeconomy should therefore be read as a structural transition in the economy's material base. Its core
movement is substitution: renewable biological resources, processes, and circular residues replace or
supplement non-renewable inputs, materials, fuels, processes, and waste systems. This substitution rests on
advances in science and technology, although it also depends on markets, regulation, public investment,
standards, infrastructure, and regional capability formation.

The supply-system question follows from that shift. Once resources are grown, recovered, engineered, circulated,
and measured rather than only mined, drilled, refined, and discarded, the organization of production changes. New
infrastructures are needed. New cost structures appear. New control points emerge. New forms of regional
opportunity and vulnerability are created. This is why the bioeconomy is simultaneously a technological transition,
an economic transition, a policy transition, and a regional development question.
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8. Research questions opened by the new bioeconomy

Once the bioeconomy is understood as renewable substitution plus supply-chain reconfiguration, a set of
economic and political-economy research questions follows. This section names those questions without trying to
answer all of them.

e Scale of transformation: How much of the economy is affected when renewable biological inputs, biological
processes, and circular systems substitute for non-renewable inputs? Which sectors are deeply transformed
and which are only marginally affected?

e Measurement: How should the shift from non-renewable to renewable supply be measured: feedstock shares,
value added, employment, emissions avoided, supply-chain formation, capital investment, material flows,
regional value capture, or social cost?

e Supply-chain design: Which stages of the chain become decisive: upstream feedstock production, midstream
conversion, downstream standards and markets, or data and measurement systems?

e Control and value capture: Who controls the new processing nodes, data systems, biological tools, standards,
logistics hubs, and certification systems? Do farmers, regions, processors, technology firms, workers,
consumers, or public institutions capture the value?

e Costallocation: Which costs disappear, which costs newly appear, and which costs are shifted among firms,
consumers, workers, regions, and the public sector?

o Externalities: When does renewable substitution reduce total social cost, and when does it simply move
environmental pressures from fossil systems to land, water, forests, labor, or biodiversity?

e Regional development: Can feedstock-rich regions capture processing and innovation value, or will they supply
raw biological inputs while other regions capture higher-value activities?

e Governance: What forms of public investment, standards, procurement, permitting, extension, workforce
training, and risk sharing allow viable, accountable, and inclusive chains to form?

9. Summary: what this means

We have one central claim. The new bioeconomy is a structural transition in the material base of production. Its
core movement is substitution: renewable biological resources, biological processes, and circular residues
replace or supplement non-renewable inputs, materials, fuels, processes, and waste systems.

This substitution creates opportunity, but biological resources are limited. They can create land, water, labor,
biodiversity, pollution, or governance pressures if poorly managed. The economic question is where renewable
biological inputs and processes can reduce dependence on non-renewable systems, lower total social costs,
create value, and improve resilience.

The second point is that renewable substitution requires changed supply systems. Biomass must be grown or
collected. Residues must be separated, stabilized, and measured. Biological processes must be scaled. Products
must be certified, transported, financed, regulated, and accepted by users. Aresidue is not a resource untilit can
move through a reliable chain. A biological process is not an industry until it can be organized, governed, and
connected to demand.

The rest of the book considers what this will mean in practice. It asks where the new bioeconomy creates
opportunity, where it creates new risks, who captures value, which regions gain or lose, and what public rules are
needed. The central point is simple: the new bioeconomy substitutes renewable biological resources and
processes for non-renewable ones, and that substitution matters economically only when supply systems are
reorganized around it.
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