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Abstract: The ongoing saga of the fossil carbon-based economy affects the wellbeing of this planet and
its associated life forms, including humans. Although the bioeconomy is widely advocated as a solution,
it is not growing quickly enough due to various challenges. Here, we discuss emerging opportunities

to overcome these barriers and enhance the bioeconomy’s potential to contribute to achieving the
United Nations’ Sustainable Development Goals as a result of developments in biomass production

and biorefining. A brief overview of current advances in biomass production, biorefining, and products
together with their applications is provided. A comprehensive vision for the development of a sustainable
bioeconomy is also given. Leveraging scientific and technological advances along with the support of
modeling, assessment, and analyses, can help to address the sustainability concerns of the bioeconomy
and accelerate its progress toward a carbon-neutral future while strengthening bioeconomy concepts of
contributing to equitable economic growth based on holistic sustainable development in harmony with
nature. © 2021 Society of Industrial Chemistry and John Wiley & Sons Ltd.
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Introduction

he world is reeling from environmental, biodiversity, and
T societal crises arising from anthropogenic activities.! The

United Nations has outlined 17 Sustainable Development
Goals (SDGs) for a secure and sustainable future.! To achieve
them there must be an economic paradigm shift.* The
development of the bioeconomy is crucial to this transition.”

The biobased economy or bioeconomy represents an

inclusive and sustainable economic system comprising sectors

of industry and trade involving various streams of biomass

production and biorefining to provide services, processes, and
products while protecting the environment and biodiversity.
Here, biomass production refers to making renewable plant
matter that can be utilized commercially. Biorefining is the
sustainable transformation of biomass into bioproducts (food,
feed, chemicals, and materials) and bioenergy (biofuels,
electricity, and heat).*” Biomass production and biorefining
are separate but interrelated sectors, both of which are crucial
to the success of a sustainable bioeconomy.

The bioeconomy played significant roles in ancient
civilizations by providing most products. As a result of fossil

Correspondence to: Sampath Gajula, School of Chemistry, University of Hyderabad, Gachibowli, Hyderabad 500046, India.

E-mail: sampigreenpath@gmail.com

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd



S Gajula, CRK Reddy

carbon-based industrialization utilizing coal, petroleum,

and natural gas, bioeconomy applications became confined
mainly to food and feed. As sustainability concerns

are increasing, the bioeconomy, with a wide range of
possibilities, is once again gaining the attention of the public,
industry, the scientific community, and other stakeholders.
However, its progress is slow for several reasons, including
misconceptions, insufficient scientific communication, public
awareness, and stakeholder engagement. To stimulate interest
in various bioeconomy sectors, it is important to strengthen
the discussion of opportunities from advances in biomass
production and biorefining and their contributions to
achieving global sustainability.

This article discusses (i) the bioeconomy’s potential for
addressing major global crises; (ii) emerging opportunities
from advances in biomass production and biorefining for
the development of the bioeconomy while deliberating on
challenges; and (iii) a comprehensive vision to accelerate the
growth of sustainable bioeconomy.

Scope of the bioeconomy in
mitigating major global crises

Globally, several environmental, ecological, economic,
societal, and psychological crises persist (Fig. 1), most of
which are interrelated in many ways.® For decades, the
bioeconomy has been advocated as a solution to mitigate such
crises and to achieve several SDGs (Fig. 2).*

Environmental and ecological damage

A healthy environment is vital for life on our planet. Globally,
fossil carbon-based industrialization has grown rapidly
without due consideration of its environmental impact. The
extraction, manufacture, consumption, and disposal sectors
involved in its economy pollute air, soil, and water, causing
harm to humans and other species."”!? Earth has been
dominated by humans for the last 12000 years (Holocene
era), but ecosystems remained relatively stable until the last
two centuries. With modern industrialization and human
population growth, the world is facing the sixth great mass
extinction of species (Anthropocene era).!’ A recent IPBES-
global assessment report mentions that about one million
species are facing extinction.'* An estimated 60% of coral
reefs will be damaged by 2030 and the oceans will contain
more plastic than fish by 2050.

The adaptation to the bioeconomy offers three significant
environmental benefits: (i) halting the conversion of fossil
carbon sources into CO,; (ii) fixation of excess CO, as biomass
and bio-based products; and (iii) preventing pollution from
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Figure 1. Current global crises and causes, and solutions
from the bioeconomy.

fossil carbon-based products and processes by providing
environment-friendly alternatives. Crucially, these products can
be reused, recycled, consumed, or converted into other products
in a circular economy model, thereby minimizing disposal and
pollution issues. With development and restoration of natural
ecosystems, the bioeconomy promises to transform the fate of
this Anthropocene era from fatal to constructive.

Economic, societal, and psychological
crises

The fossil carbon-based economy is unevenly distributed
within and among nations because the fossil carbon sources,
which are being exhausted, are available in a few locations,
limiting the industry to bulk processing in a centralized
manner, confined to a few regions.13 This contributes to an
imbalance in GDP per capita between rural and urban areas,
income inequality, a decline in rural employment, migration,
economiic crisis, and an increase in unemployment due to
large industrial machineries and their automation.'* As the
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Figure 2. Solutions for sustainable bioeconomy development to contribute to achieving SDGs.

poor are generally most vulnerable to climate change, human
development is at risk and conflicts occur more often due to
scarcity of sources and resources, climate change, and economic
crises, which are often interrelated.'* Rapid growth in demand
for goods and an expanding population may increase this risk.

Growing problems and awareness of the situation are
causing psychological and societal problems. The public is
trapped in polluting lifestyles with plentiful supplies and
tends be incautious about this situation.? The only option is
therefore to innovate and provide better products.

In ancient civilizations, the bioeconomy was the greatest source
of employment and GDP. Now, its restoration is considered
necessary to mitigate climate, economic, and societal crises. The
bioeconomy can meet the challenges set by the UN to realize
the green-economy."” As biomass production is largely rooted
in rural areas, it can benefit rural economies and farmers by
providing them with greater employment.'®'” The bioeconomy
can enable the public to enjoy guilt-free consumption by
providing affordable non-polluting products for all.

As several global crises are interrelated,® the bioeconomy’s
positive impacts can be compounded and far-reaching.*

Current debate, barriers, and
challenges in developing the
bioeconomy

Although the bioeconomy is considered to mitigate several
global sustainability crises, it has certain challenges, barriers,
and controversies (Figs 2 and 3).>'*-%" In Kircher’s opinion,

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 15:1221-1232 (2021); DOI: 10.1002/bbb.2227

the transition to the bioeconomy is much more challenging
than the transition from a pre-modern bioeconomy to the
current fossil carbon-based economy.*!

Current biomass production practices, which rely on
resources whose availability is limited and soil management
that is poor, are inefficient and insufficient for projected
future food consumption. They increase risks of poverty,
exploitation, and desertification.**~** Expanding such
practices for commercial non-food products further
increases risk due to food versus non-food competition and
the perceived direct land-use change and indirect land-use
change (ILUC).”®

The currently used biomass has an undesirable structure
and composition, low growth rate, and low mass density and
energy density. These are less suitable for energy and many
other commercial applications and create supply chain issues
for the biorefineries. Continuous production and supply of
biomass is necessary to sustain the biorefineries.”®

The net efficiency of converting through biomass sunlight
to heat / electricity is lower due to low sunlight-capture
capacity, pollution during burning, less utilization of
released heat, and tedious processing of wood-biomass for
liquid and gaseous fuels.”

The use of drop-in strategy methods for converting biomass to
chemicals and plastics that are similar to fossil carbon-derived
ones would not benefit the environment as they cause similar
pollution. Some chemical methods are introduced for direct
sequestering of atmospheric CO, as chemical precursors.”®

Moreover, it is challenging to replace the existing fossil
carbon-based industry due to the fact that it is well
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Figure 3. Solutions to concerns and challenges in biomass production.

established and the economies of entire nations depend on
it."*** Many nations have already imposed restrictions on
food exports due to scarcity, and the export of other bio-
based products is likely to become more difficult.

Opportunities, progress,
and solutions for sustainable
development of the bioeconomy

The bioeconomy differs in many ways from the fossil carbon-
based industry and other primary sectors, and it has many
advantages.”'** In particular, it has advantages over the
fossil carbon-based economy, as summarized in Table 1. The
bioeconomy can help towards the creation of a sustainable
world economy.

The increasing processing cost, effort, and energy input for
fossil carbon sources in contrast with the decreasing costs
and technological developments in biomass production and
biorefining indicate favorable conditions for the development
of the bioeconomy.*"*” Other renewables such as solar and
wind may not be able to meet all needs, and electrification
is unlikely to be viable in many sectors such as marine,
aviation, and heavy transport and machinery.*>*! The
heating, electricity, and transportation sectors need biofuel
participation as an alternative or supplement. Considerable
municipal and agro-residual biomass is available for energy,
and efficient biomass energy utilization systems are being
developed.®**?

There are clear benefits from adopting bio-based
alternatives to non-fuel fossil carbon-derived products, due to
their environmental friendliness, low quantity requirements,
and the lack of other renewable resources. Existing chemical
strategies for conversion of CO, to chemicals are not as
diverse, effective, economical, or environmentally friendly as
biomass production and biorefining.

Technical, resource, and sustainability concerns in
developing the bioeconomy can be addressed in an
interdisciplinary manner by advanced biomass production
and biorefining models with scientific, technological, and
socio-economic innovations and analyses (Fig. 2). To support
this, the current advances and opportunities in various
sectors of bioeconomy is discussed in the following sections.

Science, innovation, and technology

Science, innovation, and technology are reshaping lifestyles
with surprising inventions and products. They can now
facilitate rational approaches to biomass production and
biorefining for selecting methods and precursors, developing
products, and optimizing processes. They can also help in
formulating policies for regulating the various sectors that
constitute the bioeconomy.” The potential for engineering
the biological systems and integrating the principles of

green chemistry and green engineering to create sustainable
value chains is being realized.*** Systems thinking and
interdisciplinary approaches are evolving continuously toward
the achievement of sustainability.*® These can now all provide
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Table 1. Advantages of the bioeconomy compared with the fossil carbon-based economy.

Subject
Source type

Fossil carbon-based economy
Non-renewable fossil carbon sources

Bioeconomy
Renewable biomass resources

Source locations Contained in a few regions of few nations

Can be produced in a variety of places worldwide

Industrial scale,
locations, and activity

Concentrated as large-scale operations and
confined in a few zones for the reasons given above

Can be small scale to large scale in rural and urban areas
for the reason given above

Logistics and supply-

chain above

Operate over long distances for the reasons given

Can be flexible and operate over short or long distances
for the reasons given above

Industry and business
above

Functions with centralized authority for the reasons

Can function in a decentralized manner by local
authorities for the reasons given above

Employment involved in

industry employment for the reasons given above

Uses highly mechanized industry with less

More people with a range of skill levels to be employed
for the reasons given above

Economic equality

Difficult to achieve for the reasons given above

Relatively more opportunities to achieve for the reasons

inside and among given above
regions
Polymers To be obtained by polymerization of chemicals Biopolymers can be used directly or post-treatment

Processing toward

chemicals oxygen addition

Requires chemical processes and mostly involves

Bioprocesses can be used and mostly involve oxygen
removal from major components such as cellulose

Pollution and eco-
compatibility of
processes and products

products are toxic pollutants

Most reagents, solvents, process effluents, and

Can provide non-polluting, non-toxic, edible, and
biodegradable products using non-polluting aqueous-
based processes

opportunities for the development of the bioeconomy to
fulfill the demands of society while addressing environmental,
ecological, and economic challenges. There is much progress
in scientific and innovative approaches for various stages,
resulting in different methods for biomass production,
biorefining, and product applications, as discussed below.

Biomass production

For different regions with environmental and resource
limitations, many suitable biomass production methods are
available or are being developed to avoid potential drawbacks
such as deforestation, soil-degradation, biodiversity loss, or
water and food scarcity (Fig. 3). These can improve biomass
production for food and other products, and address biomass
quality, quantity, and supply-chain issues.

Methods of minimized land and resource use include:
vertical farming;®” high-tech farming to minimize the use of
water, energy, soil, time, etc.; organic and biodynamic farming
to improve soil quality and produce biomass year round;*®
rooftop farming® and urban agriculture*’ for urbanized
areas and houses; and sequential (one after another), multiple
(many at the same time), and flex (one for many applications)
cropping methods to provide food, bioenergy, and other
services with minimal use of land and resources.*"**

Methods of soilless culture systems*® include: hydroponics
to produce biomass in nutrient water media where
wastewater effluents can be used;** microbial, algal, and
bacterial culture to produce specialty products;* aeroponics

to minimize water and nutrient use;*® and ocean-based and
other types of salt-water farming to reduce dependence on
freshwater.”

Integrated farming methods through ecosystem-based
design include permaculture, silviculture, agroecology, and
agroforestry. These approaches contribute to ecosystem
restoration, reforestation, gardening, water conservation,
sustainable land-use management, and self-sufficient biomass
production for the benefit of biodiversity, the environment,
and rural economies.”>*** The use of barren lands through
regenerative agriculture by improving soil-fertility with agro-
and municipal wastes can complement demands for biomass
and promote carbon sequestration.*

Biotechnology is progressing toward increasing biomass
yield, changing biomass structural and chemical morphologies,
increasing capture efficiency of CO, and light, developing
plants to grow faster and larger with available resources and
conditions, and enabling them to grow in barren lands.*’
Biotechnology is also working on the next phases such as
storage, pre-treatment, and conversion. Agrotechnology is also
being developed to increase biomass growth and yield through
monitoring external conditions such as light, temperature,
humidity, nutrients, water, and soil.

Biorefining

Biorefining facilitates value chain development by
manufacturing various products from different components
of a range of biomass sources with distinct properties,

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 15:1221-1232 (2021); DOI: 10.1002/bbb.2227
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Figure 4. Stages, methods, and components of biorefining.

applications, market value, and other characteristics
(Fig. 4).50->2

Biomass contains various components such as cellulose,
hemicellulose, lignin, starch, fatty acids / glycerides, peptides,
and terpenes.”” Biomass can be treated to varying degrees,
including as raw material, modified biomass, biopolymers,
modified polymers, monomers, modified monomers, and
chemicals.?***~>¢ Multiple transformation methods can
be used - for example mechanical, mechanochemical,
biochemical, chemical, thermochemical, or thermal.”-?*30->6->8
From a technological perspective, various steps are being
developed such as pre-treatment, dissolution, chemical
modification, depolymerization, chemical conversion, and
fractionation / separation.””®® From a chemistry perspective,
several disciplines can be involved, such as catalysis,
supramolecular assembly, separation, chemical conversion,
chemical engineering, analysis, and characterization.®!
Biological and synthetic catalysts are being developed
for more selective and efficient conversions.®* For longer
bioproduct shelf-life, modifications are underway to add
bacterial, fungal, and termite resistance properties. To reduce
the dependence on biomass production, models for utilizing
agro-industrial and municipal organic wastes are being
developed with the aim of achieving a sustainable circular
bioeconomy.?6%64

Opverall, biorefining has the potential to provide
replacements for all fossil carbon-derived products while
minimizing cost and pollution, either through similar (using
drop-in-strategies) or alternative (using emerging strategies)
products. Products can be made either directly out of biomass
and components of it (bio—/bio-based), or indirectly from
their chemical transformations (bio-derived). By harnessing
the opportunities from scientific and technological advances,

simple processes comparable to those for making bread or
wine can become commonplace.

Applications

Science and technology is progressing in identifying or
innovating applications for biomass precursors and their
derivatives, to obtain food, feed, biofuels, and many other
products (Fig. 5).% Various biomass sources such as
microalgae,®® macroalgae (seaweed),’ bacteria, and terrestrial
plants can already be utilized for various products and
applications, and novel uses will continue to be discovered
based on functional properties.

Among a plethora of examples, live plants may be
involved directly in the bioeconomy through gardening
and reforestation as both a tourist attraction and a source
of biomass. Algal and bacterial biomass can be used for
nutritional supplements or alternatives to meat and dairy
to avoid animal farming concerns and for more efficient
food consumption. Large quantities of biomass can be
utilized directly or following minimal treatment, in
food, feed, heat / electricity generation, construction,®” 3
furniture, appliances, toys, and packaging.*’ Separated
biomass components such as cellulose, hemicellulose,
starch, peptides, and lignin can be used in various
applications such as paper, furniture, and stabilizers.”
Treated components, including nano-cellulose and
microcrystalline cellulose, and dissolved polymers (plus
their modified derivatives) can be used in composites,
aerogels, clothing, plastics, etc.”"’* Platform chemicals
can be used in a range of applications from fuel-additives
to pharmaceuticals and cosmetics. Bio-based product
wastes can be used as nutrients for soil and organisms.

W 226 © 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 15:1221-1232 (2021); DOI: 10.1002/bbb.2227



Perspective: Advanced biomass production and biorefining methods

S Gajula, CRK Reddy

Natural Nutrients Fuels Construction Industrial Domestic
Forests Food Solid fuels Building Adhesives Detergent Medicine
© | Jele] (X (X ) ® oo LY} LY )
Gardens Feed quuld fuels Bricks Resins Diapers Cosmetics
6] Y Y o0 (Y ) eoe ) (Y )
Gaseous fuels Furniture Lubricants Clothing Perfumes
® O® ®e ® oo
Precursors Appliances Solvents Toys
0 o bt e® o
I.Plants ” @ Biomass H.B|ocomponents ] Paints Packaging
| ® Modified biomass || ® Modified polymers | ce eec e Carbon-capture period
: Long Moderate Short
I HO Platform chemicals | e renie) wevs)

Figure 5. Application examples for bio-based precursors.

Applications can be created for a crop’s main products
together with residues and product wastes to increase
biomass utilization and profits. Overall, most of society’s
needs from basic to specialized, and on a small to large
scale, can be met, while also capturing and relocating
atmospheric and oceanic carbon, either temporarily or
over longer periods of time.

Modeling, assessment, and analysis

Successful design, development, and monitoring of any
complex system like the bioeconomy, which is necessary
for the achievement of SDGs, requires various types of
modeling, assessment, and analysis to chart a roadmap from
beginning to end.

Such methods are either available or in progress for
various stages of the bioeconomy. These include: life-cycle,
sustainability, techno-economic and economic assessments and
analyses for biomass production, pretreatment, biorefining,

7207377 o0

product utilization, and waste management;
compatibility and environmental and ecological footprint
analysis for processes and products;”® toxicological assessment
of the impacts of products on the health of humans, plants, and
other organisms;'” and assessment of the impact of industrial
waste on the environment, to develop mitigation strategies.”®
Many sophisticated tools facilitate detailed understanding
of lifecycle mechanism of molecules in the environment.*’
Indirect land-use change is being understood to prevent its
possible negative impacts.*>*°

Together, these can support the bioeconomy at all stages:
the selection of raw materials, products, and processes;
drafting regulations, permits, and certification; conceptual
design, optimization, and monitoring of biomass production

and biorefining; estimating the cost, energy, and atom

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 15:1221-1232 (2021); DOI: 10.1002/bbb.2227

economy for an industry; mapping the order of priority of
methods for sustainable biomass utilization; and adding
the concepts of the green and circular economy to boost
the bioeconomy. Collectively, these can make a significant
contribution to overcoming the inherent challenges and
achieving the SDGs.

Industrial, business, and rural
development advantages related
to the bioeconomy

Many supportive advantages are emerging for the growth
of the sustainable bioeconomy: current industrial targets
for products to achieve environmental friendliness, non-
toxicity, biodegradability, and frugal productivity; mounting
public interest in and rejection of existing polluting products
alongside enthusiasm for novel products;®' less competition
from fossil carbon-based industrialization in regions where
it has not yet been developed; and ongoing transitions into
the sixth long wave of the economy and the fourth Industrial
Revolution, which are in the initial stages and are anticipated
to be driven by resource efficiency and clean technology.**
Distinct biomass production and biorefining characteristics
position the bioeconomy to function especially well for
rural development: the expansion of biomass production
for commercial products; a preference for decentralized,
small-scale industries and businesses due to the widely
spread locations of biomass production and difficulties in
transporting low-density biomass;'** and better rural-
compatibility because of biomass production when compared
with fossil carbon-based sectors. As access to literacy, digital
information, and technology increases, rural people can
more readily find, learn, adapt, and practice new skills related
to biomass production and biorefining. Large-scale urban
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industries tend to have a catalytic role in the growth of rural
economies through utilizing and participating in innovation,
commercializing outputs, and supplying equipment,
chemicals, enzymes, etc.

Engaging in the bioeconomy has notable advantages for
trade and business. If bioproducts are produced without
negative impacts on human health, the environment, and
biodiversity, then permits for their production, export, and
marketing would be easier to obtain. This enables inter-
regional trade and benefit the nations with sustainable
economic growth and employment leading to friendlier
international policies and relations.

Governmental and intergovernmental
opportunities

Governments play a crucial role in formulating, initiating,
and monitoring new policies, and they function as networks
connecting all sectors. The expansion of the bioeconomy
can be accelerated through inspiration, opportunities, and
support from government initiatives, policies, and funding.

Sustainable development through the bioeconomy is
becoming an important policy objective for governments.*'
Some nations are actively making strategies and policies for
bioeconomy development and encouraging research,>6%%
The European Union has set ambitious targets for bio-based
industrial development to mitigate pollution.®>® India has
partnered with Europe to synchronize efforts to create and
facilitate the bioeconomy.*” The Italian ‘Biogasdoneright’
movement is an inspiring case of creating a bioeconomy and
employment through biorefinery.** One of the best-known
European rural development programs, LEADER (Liaison
entre actions de développement de léconomie rurale — meaning
‘Links between actions for the development of the rural
economy’), was conceived as an integrated and endogenous
approach to rural development, achieved success due to
its innovative character,®® and gives hope for small-scale,
community-based development of bioeconomy models in
rural areas more broadly.

In addition, dedicated international organizations such
as BioFuture Platform, FAO-Global Bioenergy Partnership
(GBEP), International Sustainable Bioeconomy Working
Group (ISBWG), Roundtable on Sustainable Biomaterials
(RSB), and International Energy Agency (IEA) are
continuously working on developing the bioeconomy for
SDGs through collaboration, goal-setting, roadmaps, policy-
making, certification, etc.

Besides, nations’ other commitments to tackle climate
change and pollution are indirectly supportive for promoting
bioeconomy development. These include the Paris agreement
by 195 nations to mitigate climate change and pollution,

Perspective: Advanced biomass production and biorefining methods

the UK’s Climate Change Act and declaration of climate
emergency, and New Zealand’s Climate Change Response
(Zero-Carbon) Amendment Act 2019, to nullify the net
emission of greenhouse gases by 2050. Many nations are
beginning to ban or reduce the use of fossil carbon-derived
products such as single-use plastics, and are willing to replace
them with bio-based ones.

A comprehensive vision
for the development of the
bioeconomy

A sustainable world necessitates harmony in and among the
citizen, society, and nature. As the bioeconomy is considered
crucial for transforming society to meet this goal, it should
therefore be carefully designed and developed for (i) building a
sustainable economys; (ii) improving the quality of human life;
(iii) mitigating negative impacts on the environment, and (iv)
conserving biodiversity. The approaches, feedstocks, processes,
and products involved should thus be selected or designed
considering many factors to satisfy multiple entities.*’

The development of the sustainable bioeconomy in line
with the SDGs may require global participation in innovation
and localization of industries with social and environmental
benefits while considering competitiveness and costs;>*"*!
feedstocks, products, and processes that adhere to the
principles of green chemistry and green engineering;*
multifunctional use, reuse, recycling, and waste management
practices to minimize net consumption;>*%>
viable processes, frugal innovation, and attractive high-quality
products to compete with fossil carbon-based industries and
satisfy all economic levels in society while minimizing the
gaps between them; new chemical transformation methods to
supplement or replace many current products;80 integrating
biorefineries with existing fossil carbon-based industries to
avoid conflict;’*** continuous biomass supply to satisfy the
interdependence of supply chains, industries, and jobs;*® and
synergy among biomass types, products, and applications.

Transformation toward a sustainable bioeconomy calls for
multidisciplinary, interdisciplinary, and transdisciplinary
approaches,” so that the best traditions of science and
innovation are coupled with systems thinking and systems
design, which begins at the molecular level and results in
positive global impacts;* considerations of human emotions
and approaches from the social sciences are integrated
with findings from the natural sciences to align human
and environmental wellbeing and to strengthen public
engagement in collective action to address problems;”"**
knowledge from diverse subject areas, experts from different
fields, and stakeholders from various sectors come together,

economically
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leading to scientific progress, innovation, design, investment,
deployment, and development;>*'#2%* and complex R&D
collaborations, social and policy support mechanisms, and
financial incentives are simplified and readily accessible to all
stakeholders including farmers and rural communities to lower
barriers to entry for participation in the bioeconomy.>'”%*

Marketing management is also crucial in reducing gaps
between innovation and socio-technological transformations.
Artificial intelligence (AI) can be significantly helpful in
many stages of the bioeconomy. Social media can be used
to communicate updates related to biomass production and
biorefining. Celebrity promotion can encourage people to
engage in the bioeconomy.

Ultimately, scientists, innovators, policymakers, industry
leaders, and other stakeholders have a pressing collective
responsibility to develop a sustainable bioeconomy to relieve
the public of the negative impacts and consequences of their
fossil carbon-based lifestyles.
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