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RENEWABLE CARBON: A WAY TO DECARBONIZATION,
DEFOSSILIZATION, AND NEW BUSINESSES

ABSTRACT

This technical note examines the dynamics of innovation surrounding the use of bio-
mass as a renewable carbon source, emphasizing its potential to reduce emissions and
promote economic development. Through a series of in-depth case studies, the current
state and prospects of selected production chains in Brazil are examined, along with
their implications for industrial policy. The case studies focus on sugarcane, macauba
and acal, and illustrate the various stages involved in establishing a production chain.
The sugarcane production chain is well-established and vertically structured. It achieves
a high level of biomass utilization. However, product diversification and circularity re-
main low. The acail production chain is solely structured to produce pulp, which consti-
tutes less than 30% of the fruit mass. The necessary infrastructure to treat and add value
to residues, by-products, and co-products is lacking. Macauba represents a unique case.
It has great potential for producing oil, which can be used as a feedstock for sustainable
aviation fuel (SAF) and renewable diesel. Despite major investment announcements, its
production chain is still under development and exhibits no residue valorization at the
current stage of unstructured extraction. Regarding the implications for industrial pol-
icy, this technical note emphasizes that policies and strategies must consider the gen-
eral perception of biomass's potential and the level of structuring within the chains. Any
recommendations or policy instruments designed to facilitate the sustainable exploita-
tion of biomass should consider the key attributes of biorefining: product diversification,

full utilization of biomass, circularity, and regional/territorial integration
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De fato, o carbono € um elemento singular: € o Unico que sabe
se ligar a si mesmo em longas cadeias estaveis sem grande dis-
péndio de energia, e para a vida na terra (a Unica que até agora
conhecemos) necessita-se justamente de longas cadeias. Por
isso, o carbono € o elemento-chave da substancia viva: mas sua
Promocao, seu ingresso No mundo vivo Ndo € comodo, e ele deve
seguir um caminho obrigatdrio, intrincado, clareado (e ndo ain-
da definitivamente) apenas nestes Ultimos anos. Se a conversao
organica do carbono nao se desenrolasse quotidianamente ao
nosso redor, na escala de bilhdes de toneladas por semana, onde
qguer que aflore o verde de uma folha, caber-lhe-ia de pleno di-
reito o nome de milagre (Levi, 1994, p. 226-227).
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Executive summary

In order to decarbonize emissions-intensive sectors, it is necessary to identify these sec-
tors and reduce their emissions using a specific approach. Coal-fired electricity genera-
tion, transportation, steel production, and cement manufacturing have been identified
as target fields. These industries often undergo decarbonization processes involving
technologies based on non-fossil resources. Examples include generating electricity via

wind or solar energy and producing green hydrogen through water electrolysis.

However, some alternatives for reducing emissions do not actually involve decarbon-
ization. Instead, they rely on carbon-intensive resources derived from renewable sourc-
es. In these cases, decarbonization does not occur by avoiding CO, emissions from
burning fuels. Rather, it occurs through the absorption of emitted CO, for photosyn-
thesis and the growth of new biomass, or renewable carbon. Through this process,
atmospheric carbon is absorbed and converted into biomass, leading to a cycle that
minimizes emissions, as shown by biofuels. Similarly, bioproducts, such as chemicals

and materials, could reduce emissions and create new industrial opportunities.

From this perspective, some authors advocate for the use of the term "defossilization"
instead of "decarbonization." The importance of renewable carbon is linked not only to its

role in reducing emissions but also to its potential to create new sustainable businesses.

This technical note presents the dynamics of innovation surrounding the exploitation
of biomass as a renewable carbon source, emphasizing its role in reducing emissions
and promoting economic development. This study examines the current state and
prospects of selected production chains in Brazil through comprehensive case studies,

as well as their implications for industrial policy.

The case studies were developed based on a systemic approach to the biorefining
process, which sustainably converts biomass into marketable products. This approach
takes into account not only the stage at which a biorefinery converts a resource into
biofuel or another bioproduct, but also the entire production chain, from biomass pro-
duction to the marketing of the resulting products. A biorefining production chain
comprises four main stages: biomass supply, processing or beneficiation, industrial

transformation (biorefinery), and marketing.



This technical note proposes valuing biomass beyond its conventional role of reducing
emissions. Although biofuels can significantly reduce emissions, particularly in trans-
portation, biomass should also be viewed as a sustainable opportunity for industrial
development. Renewalble carbon from biomass is considered a valuable resource for
developing various non-energy bioproducts, including biomaterials and biochemicals.

This contributes to the growth of new businesses and industrial activities.

This perspective on biomass valorization requires a biorefining approach that focuses
on developing structured production chains. These chains should be structured to
ideally meet four criteria: product diversification, full utilization of biomass, circu-

larity, and regional/territorial integration.

Sugarcane, macauba, and acai were selected as case studies. These three cases illus-

trate the different stages of structuring bioeconomy production chains in Brazil.

The sugarcane production chain is well-established and vertically structured. Although
sugarcane does not achieve full utilization of biomass, it exhibits a significant level of
resource utilization. However, product diversification and circularity remain low. Simi-
lar levels of structuring can be seen in chains based on agricultural commodities such

as corn, soybeans, and planted forests.

The acai production chain is structured solely to produce pulp, which constitutes less
than 30% of the total fruit mass. The chain lacks the infrastructure to treat and add
value to residues, by-products, and co-products. A similar situation occurs with Brazil-

ian biodiversity products, which are generally exploited for one main product.

Macauba represents a unique case. This Brazilian biomass has great potential for pro-
ducing oil, which can be used as a feedstock for sustainable aviation fuel (SAF) and re-
newable diesel. Despite major investment announcements, the macauba production
chain is still in the development stage and, at its current stage of unstructured extrac-

tion, does not present any value-added uses for byproducts and waste.

The identified challenges reflect the diversity of issues related to different levels of pro-
duction chain structuring. These challenges have one thing in common: they involve
process and product innovations in industries that, according to Pavitt's classic clas-

sification, tend to be "supplier-dominated." Such innovations often rely on specialized



suppliers and may be science-based. Studying the innovation ecosystem could help

us understand the dynamics of innovation in different biomass production chains.

In the development of the studied chains, it is also worth noting that non-techno-
logical dimensions seem to play a relevant role in some cases. Creating new business

models is key to overcoming the identified challenges of the acai and macauba chains.

Concerning the implications for industrial policies, it should be emphasized that
policies and strategies must take into account the general perception of biomass’s

potential. It will be essential to consider the levels of structuring of the chains.

Consequently, any recommendations or policy instruments used to structure the sus-
tainable exploitation of biomass must consider the key attributes of biorefining: prod-
uct diversification, full utilization of biomass, circularity, and regional/territorial integra-
tion. Since these concepts are not widely institutionalized in academic, industrial, or
governmental circles, efforts should be made to disseminate and discuss them, which
could lead to a better understanding of the opportunities and challenges of sustain-

ably exploiting biomass in the country.



1. Introduction

In order to decarbonize emissions-intensive sectors, it is necessary to identify them
and reduce their emissions using a specific approach. Coal-fired electricity generation,
transportation, steel production, and cement manufacturing have been identified as
target industries. These segments often undergo decarbonization processes involving
technologies based on non-fossil resources. Examples include generating electricity
via wind or solar energy and producing green hydrogen through water electrolysis.

However, certain alternatives for reducing emissions do not involve decarbonization.
Instead, they use carbon-intensive resources that are derived from renewable sources.
Through this mechanism, atmospheric carbon is absorbed and converted into bio-
mass, leading to a cycle that should minimize emissions. This is the case with tra-
ditional first-generation biofuels, such as ethanol and biodiesel, as well as advanced
biofuels, such as second-generation ethanol (2GE) and sustainable aviation fuels (SAF).
Bioproducts, such as chemicals and materials, could also reduce emissions and create
new industrial opportunities.

In these cases, decarbonization does not occur by avoiding CO, emissions from burn-
ing fuels. Rather, it occurs through the absorption of emitted CO, for photosynthesis
and the growth of new biomass, or renewable carbon. From this perspective, some
authors advocate for the use of the term "defossilization" instead of "decarbonization."
The first section of this technical note provides a conceptual discussion of the terms
"decarbonization" and "defossilization," highlighting the notion of renewable carbon.
The importance of renewable carbon is linked not only to its role in reducing emissions

but also to its potential to create new sustainable businesses.

To better understand the opportunities and challenges of using biomass for decar-
bonization, the analysis should not be limited to specific economic sectors. A sector-
specific view hinders recognition of the potential of renewable carbon in industrial
transformation. This limitation is particularly evident in countries like Brazil, which has
abundant biomass resources and extensive experience industrializing these resources
in the sugar-energy, pulp and paper, and agro-industrial sectors. A sector-specific ap-
proach to decarbonization tends to focus on products such as sustainable aviation fuel
(SAF) as solutions to specific problems. However, a resource-focused vision of biomass
can leverage its potential for transformation and industrial valorization by exploring
opportunities to add value, especially through the valorization of residual biomass,

which is often overlooked.



- Introduction

This technical note presents the dynamics of innovation surrounding the exploitation
of biomass as a renewable carbon source, emphasizing its role in reducing emissions
and promoting economic development. Through comprehensive case studies, this
study examines the topic by looking at case studies of the current state and prospects
of selected production chains in Brazil and their implications for industrial policy.

Sugarcane, macauba palm, and acail were selected as examined case studies. They
were developed based on a systemic approach to biorefining. This approach considers
not only the stage in which a biorefinery converts a resource into a biofuel or other bio-
product, but also the entire production chain, from biomass production to commer-
cializing the resulting products. A biorefining production chain, therefore, comprises
four main stages: biomass supply, processing, industrial transformation (biorefinery),
and commercialization.

A systemic approach to the biorefining concept encompasses the activities involved
in each stage of the production chain, from supplying the raw materials to marketing
the end product. Furthermore, it integrates the production and innovation ecosystem,
contrasting with the current view, which generally focuses exclusively on the industrial
transformation or biorefinery stage.

Accordingly, the systemic view considers production chains from the perspectives of
the bioeconomy and the circular economy. The objective is to sustainably valorize bio-
mass by diversifying products, maximizing resource utilization, promoting circularity,
and facilitating the regional and territorial integration of activities within industrial
symbiosis arrangements. Thus, product diversification, full utilization, circularity, and
regional integration are ideal attributes for biomass exploitation.

This technical note is organized into five sections. Following this introduction, the sec-
ond section provides a literature review, focusing on the conceptual aspects of renew-
able carbon (2.1) and the critical aspects of structuring biorefining production chains to
promote decarbonization and defossilization (2.2). This conceptual review is followed,
in section 3, by a brief exploration of policies for the valorization of renewable carbon
in selected countries and in Brazil. Section 4 outlines three case studies — sugar cane,
macauba, and acai — addressing the challenges and opportunities of using biomass
for decarbonization within these production chains. The final section summarizes the

study's main conclusions and implications.



2. Conceptual aspects

This section discusses biomass as a renewable carbon source and its various roles in the
defossilization and decarbonization of production chains. It highlights key factors that
should be considered to evaluate the contribution of biomass to decarbonization, par-

ticularly focusing on the sustainable production models associated with these resources.
2.1. Renewable carbon

As discussed in the introduction, there is currently an intense search for strategies to
reduce the levels of carbon dioxide (CO2) and other greenhouse gases (GHG) in the at-
mosphere. These emissions occur in various economic activities, with varying emission
intensity and types of gases emitted, resulting in different perspectives®.

Within this context, the use of biomass emerges as an interesting alternative. However, it
is essential to clarify that the use of biomass does not constitute an absolute advantage
over other sources in terms of sustainability issues. Several issues need to be discussed to
understand its potential contribution to decarbonization and defossilization processes.

First, it is necessary to highlight that all biomass is a renewable carbon® source, as de-
fined by Carus et al. (2020): "renewable carbon involves all carbon sources that avoid
or replace the use of any additional fossil carbon in the geosphere, Carus et al,, 2020,
pP28." However, it should be emphasized that biomass is not the only source of renew-
able carbon; the concept also includes atmospheric or captured CO,, as well as CO-
contained in recycled materials (the circular economy).

Iskandarova (2025) defines defossilization as the elimination of the extraction and use of
materials of fossil origin, including those used to produce fuels and products containing
carbon. The concept is mainly applied to the production of materials, chemicals, and

plastics, where carbon is a basic raw material and comes primarily from fossil carbon

>In general, the production and burning of fossil fuels is considered the main source of GHG emissions.
However, it is important to emphasize that in Brazil, methane (CH4) emissions from livestock farming
and carbon monoxide and dioxide (CO and CO2) emissions from forest fires are central issues.

® This concept forms the basis of the Renewable Carbon Initiative (RCI), which encompasses a diverse
range of organizations, including established companies, startups, research institutes, and other enti-
ties, with the goal of defossilizing the chemical and materials industries.
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sources (coal, oil, and natural gas). In these sectors, efforts towards sustainability extend
beyond merely reducing emissions, seeking renewable or non-fossil alternatives to re-

duce dependence on fossil raw materials.

Defossilization has been gaining attention in sectors where decarbonization — which
refers to the removal of carbon from the system (Martin, 2025), through the reduction or
elimination of carbon dioxide (CO2) and other greenhouse gas (GHG) emissions —is chal-
lenging to achieve due to dependence on carbon sources as raw materials for conver-
sion processes. Biomass is a central element in this approach, as it can provide non-fossil
carbon for a wide range of bioproducts. Replacing fossil raw materials with biomass to
produce biochemicals and biomaterials requires developing competitive technological
routes, creating new applications, and structuring sustainable value chains to utilize bio-
mass and promote circularity fully. There are numerous opportunities for defossilization
arising from the use of residues generated by biomass-based chains. Bioplastics, surfac-
tants, activated carbon, biocomposites, and solvents are some examples.

In general, the concept of defossilization also extends to energy production and use,
through the replacement of fossil fuels with alternative sources. In this field, biomass
can also contribute to decarbonization gains.

In the context of decarbonization, biomass can contribute in several ways. In the en-
ergy sector, for example, where GHG emissions are very intense, biomass can be used
as a raw material to produce biofuels and bioenergy, replacing fossil fuels. Like fossil
fuels, burning biofuels releases CO,. However, biomass growth removes CO2 from the
atmosphere for use in photosynthesis, forming a cycle that offsets the CO2 generated
by burning biofuels. For energy generation from biomass to positively impact decar-
bonization, the overall emissions balance must show a reduction comparable to that
achieved by using fossil fuels.

Utilizing residual biomass further improves the emissions balance by moving toward
full utilization of biomass. This is a crucial point in discussions about advancing the
structuring of biomass production chains dedicated to energy, where the partial utili-
zation of biomass is often observed. It is important to note that the potential benefits
of decarbonization vary across biomass types, and that land use, planting, and harvest-
ing processes affect overall sustainability gains.

For instance, Bachion and Arantes (2025) highlight significant differences in raw ma-
terials and production between corn ethanol produced in Brazil and the USA. These
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differences influence the potential for reducing CO2 emissions compared to fossil fu-
els. Brazilian corn ethanol is primarily manufactured from second-crop corn, which is
planted immediately following the soybean harvest, utilizing the same area. In con-
trast, the United States relies on a single-crop system that competes with alternative
uses for land. Furthermore, in terms of production, Brazilian plants — including those
based on corn and sugarcane — use renewable energy for cogeneration, rather than
relying on fossil fuels. Thus, it is evident that the contribution of biomass use to the de-
carbonization process can vary considerably, and it is essential to consider the various
factors that influence the potential for reducing GHG emissions.

It is worth highlighting that in the energy context, there are other approaches to de-
carbonization besides the use of biomass: other renewable energies, such as wind,
solar, geothermal, and hydroelectric; carbon capture and storage (CCS); routes for ob-
taining renewable hydrogen, which can be used to generate electricity or produce
heat; and nuclear energy. As Lau and Tsai (2023) argue, there are different paths to
accelerate decarbonization, and each country will choose its own based on its energy
specificities and social context. McKinsey (2018) corroborates this idea by discussing
ways to decarbonize the industrial production processes of cement, steel, ammonia,
and ethylene. In summary, a combination of technical solutions is needed for the de-
carbonization of industries.

Therefore, not only the energy sectors but also the construction and industrial sectors
are seeking approaches to decarbonize their activities. More efficient processes, car-
bon storage, and new energy sources should be considered. Zhou (2023) emphasizes
that the primary task of decarbonization relies on clean energy and highly efficient uti-
lization, which necessitates interdisciplinary and transdisciplinary research to address
technological challenges.

In summary, the advantage of using renewable carbon is inherent to the structuring
of biomass-based production chains. However, depending on the structure of the pro-
duction chain, the gains from defossilization and decarbonization may not necessarily
Mmaterialize. Therefore, to maximize the benefits of biomass utilization, it is crucial to
carefully consider aspects of circularity, resource utilization, and product diversification.
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2.2.Critical aspectsforstructuring biorefining production chains
to foster decarbonization and defossilization

As mentioned in the previous section, the level of decarbonization and defossiliza-
tion achieved through biomass utilization depends on the structure of the production
chains of these biological resources. Therefore, new production chains must be devel-
oped or existing ones adapted to incorporate aspects that make these chains more

circular and sustainable.

The industrial use of biomass can improve the balance of carbon emissions through the
efficient use of resources and the cascading use of biomass aimed at full resource utili-
zation and product diversification. Therefore, biorefineries — defined as industrial units
that convert biomass into bioproducts — need to be designed to enable decarboniza-
tion and defossilization. It is essential to broaden the perspective on biomass utilization
beyond its conversion into bioproducts in biorefineries and consider how upstream and
downstream processes are organized. A recurring issue in sustainable production and

valorization of these resources is land use and competition with food production.

The concept of biorefining is introduced through a comprehensive systemic approach,
asoutlined in Task 42 of the IEA Bioenergy (2022). "Biorefining is the sustainable process-
ing of biomass into a variety of marketable products and energy." This concept broadens
the traditional understanding of a biorefinery's physical scope. MDIC/PNUD, Bomtempo,
2025, suggests incorporating the following stages and activities: (1) the supply of bio-
mass, which encompasses land use, planting, and harvesting; (2) the processing stage,
during which the biomass undergoes pretreatment processes; (3) the biorefinery stage,
during which the biomass is converted into bioproducts; and (4) the commercialization

phase, during which the resulting bioproducts are marketed (see Figure 1).

Figure 1 - The biorefining production chain

BIOMASS SUPPLY PROCESSING BIORREFINERY COMMERCIALIZATION

Source: MDIC/PNUD, Bomtempo (2025).
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This proposal directly results in the industrialization of biorefining production chains,
which must include research, innovation, and development efforts leading up to a bio-
refinery phase. From a public policy perspective, the challenges are more complex,
especially regarding planting models for these biological resources. Based on the prin-
ciple that the production and use of these resources must be sustainable from en-
vironmental, economic, and social perspectives, the following key attributes should
guide the structure of biomass production chains: product diversification, full utiliza-
tion of biomass, circularity, and regional or territorial integration.

The effective use of biomass is linked to reduced waste generation, improved resource
utilization, and lower emissions. Regional and territorial integration is crucial for pro-
duction chains to have significant local impacts. This offers economic, environmental,
and social benefits through regional development. One strategy to promote defossil-
ization is to diversify products by producing a variety of bioproducts that can replace
fossil-based products. Promoting bioproducts should extend beyond biofuels to in-
clude products in various economic sectors. However, defossilization does not neces-
sarily imply decarbonization. For example, Lin et al. (2025) evaluated different scenar-
ios involving bioproducts from a sugarcane biorefinery and found that the circularity
and sustainability of the analyzed systems varied. The authors found that using waste
to produce bioproducts does not always result in environmental benefits, such as re-
duced emissions. In some cases, the processes involved in obtaining these bioprod-
ucts can be carbon intensive. This example shows that diversifying products alone is
insufficient for decarbonization, even if it reduces reliance on fossil fuels. Therefore, the
selection of products within production chains is a critical area that requires attention
from public policies and corporate strategies.

To ensure circularity, the following principles must be upheld: integral resource use,
cascading biomass use, waste valorization, and regeneration through biological cycles
(Gursel et al, 2022). Recent literature emphasizes the growing concern for character-
istics that improve the sustainability of biomass utilization and maximize the poten-
tial for renewable carbon valorization. This includes adopting sustainable, regenerative
production models that benefit local communities. One example is planting crops on
degraded land to support environmental recovery and economic activity.

Aligning with these principles, the Brazilian National Bioeconomy Strategy (Brasil,
2024) outlines guidelines that promote the sustainable use, conservation, regenera-
tion, and valorization of biodiversity, as well as the conservation and sustainable use

of ecosystem services. Additional guidelines emphasize decarbonizing production
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processes and advocate for biomass production and processing systems that do not
involve converting original native vegetation. The strategy encourages practices such
as regenerative agriculture, productive restoration, recovery of native vegetation, and
sustainable forest management, with a particular focus on healthy food systems.

The sustainable valorization of biomass depends on several factors. To systematically
understand the various challenges involved in structuring these production chains,
however, requires an analytical framework. Bomtempo and Alves (2014) propose four
dimensions that coevolve in bioeconomy opportunities: raw materials/resources, tech-
nologies, products, and business models.

In addition to technological challenges, developing bioeconomy opportunities pres-
ents various difficulties. In this regard, business models demonstrate how actors inte-
grate their decisions on raw materials/resources, technologies, and products to com-
pete effectively in the bioeconomy landscape.

Ultimately, to complement this conceptual review of opportunities in renewable car-
bon and biomass production chains, it is important to consider how public policies
address these challenges. Accordingly, the following section will cover this topic briefly.



3. Renewable carbon valorization policies

This section provides an overview of policies that promote biomass exploitation in Brazil
and other countries, including the United States, Finland, France, China, Australia, and
Thailand, subsequently laying the groundwork for a brief discussion of Brazilian initia-
tives. In general, strategies and policies related to renewable carbon through biomass
are diverse, indicating the various paths industrial use of biomass can take. Although the
term "renewable carbon" is increasingly adopted, strategies and policies often focus on

biomass exploitation without explicitly mentioning renewable carbon itself.

3.1. Overview of policies in selected countries

In the United States, the national document explicitly referring to policies aimed at the
industrial use of biomass dates to 2012, with significant updates starting in 2022. Under
this framework, advanced biotechnology is the foundation for developing various ar-
eas of activity. Since the 1970s, the US Department of Energy (DOE) has supported the
development of bioenergy through the Bioenergy Technologies Office (BETO). BETO
encourages the industrial use of biomass through the concept of biorefineries, with an

emphasis on product diversification, combining bioenergy and bioproducts.

The Billion-Ton Program, managed by the DOE since 2005, has monitored the struc-
turing of biomass supply, with updates in 2011, 2016, and 2023. In addition, the Bio-
preferred Program, a USDA-managed public procurement and labeling program for

bioproducts, has been in place since 2002.

In Europe, countries such as Finland and France have also been working to promote
the industrial use of biomass as a renewable source of carbon. Finland, for instance,
launched its National Bioeconomy Strategy in 2014. Several updated documents have
been published, most recently the National Bioeconomy Strategy in 2022. Notable ad-
vancements include the incorporation of the Circular Economy and the alignment of

related policy mixes at the national and European levels.

In France, the national strategy launched in 2018 was developed through a bottom-up
process that included stakeholders from the French bioeconomy. Several initiatives have
also emerged in recent years, many of which have been coordinated by ADEME (the

French Agency for Ecological Transition). Various ministries have been involved, though
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there has been no explicit coordination between them. Crucially, regional integration is
a distinctive feature of the French bioeconomy, as exemplified by the Pomacle-Bazan-

court facility, which serves as a benchmark example of an integrated biorefinery.

To support this model, competitiveness clusters were created in the early 2000s, one
of which was IAR (Industrie et Agro-ressources), a cluster focused on the non-food
use of agricultural resources. Now known as Bioeconomy-for-Change (B4C), the IAR
has around 500 members and is a leading network for developing the bioeconomy in
France, Europe, and internationally.

In a similar vein, countries in Asia and Oceania have also developed strategies and poli-
cies related to renewable carbon through biomass. For example, China's interest in the
bioeconomy first appeared in a structured form in the 14th Five-Year Plan (2021-2025),
though frameworks in the Circular Economy (CE) field have been observed since 2005
and 2006. Thailand is another Asian country with ongoing initiatives related to the in-
dustrial use of biomass since the 1980s, focusing on biotechnology. Notably, Thailand
prioritizes bioplastics over biofuels and bioenergy, unlike most other countries.

Regarding Oceania, Australia has developed bioeconomy policies and initiatives at the
state level rather than the national level. Updated in 2022, these measures primarily
focus on biofuels, particularly sustainable aviation fuel (SAF).

The most common focus regarding technology choices is on biotechnology, suggest-
ing that countries consider advanced biotechnological knowledge as the basis for re-
source-enhancing technologies. Consequently, in some cases, there is an emphasis on
building capacity for RD&I development in this area, including providing incentives for
training specialized professionals.

The bioeconomy's cross-cutting nature is reflected in its highly complex production
and innovation ecosystem, which comprises multiple and diverse actors. Given these
conditions, it is important to consider the balance of policies related to the topic. This
point is particularly emphasized in Finland's documents.

3.2. Overview of policies in Brazil

In Brazil, programs and policies related to biomass use are mainly focused on bicen-

ergy. Several initiatives have been identified since the 1970s, when the National Alcohol
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Program — Proalcool was created, and up to the recent Fuel of the Future Law (Lei do
Combustivel do Futuro) and the BNDES/FINEP call for business plans for investments
in low-carbon aviation and navigation fuels, through several other programs, such as
PAISS (BNDES/FINEP in 2011) and RENOVABIO (2017).

A structured set of policies encompassing the bioeconomy in a centralized manner
has yet to be observed. Programs and instruments have been created without con-
sidering previous ones or other initiatives, indicating difficulty in aligning agendas.
To address this gap, Brazil has recently made efforts to establish national strategies
for the bioeconomy and the circular economy. These attempts have resulted in the
drafting and publication of two documents: the National Bioeconomy Development
Plan (PNDBIO) (Brasil, 2025a) and the National Plan on Circular Economy 2025-2034
(PLANEC) (Brasil, 2025b).

Published as a resolution of the National Bioeconomy Commission (CNBio) on Novem-
ber 7, 2025, the PNDBIO establishes the missions, strategic actions, and indicators of
this framework. Eight missions have been designed to guide the development of the
bioeconomy over the next decade. Missions 4, 5, 6, and 7 address aspects related to the
sustainable use of biomass, with Mission 6 explicitly highlighting this point:

Promote the sustainable intensification of biomass production
to meet the demand for bioenergy, bioproducts, and food. This
will significantly reduce net greenhouse gas emissions per unit
of product and contribute to the goals of the Climate Plan. It will
also contribute to job and income generation, the recovery of
degraded areas, and productive restoration without generating

conversion of original native vegetation. (Brasil, 2025a, p 60)

Published in May 2025, the PLANEC 2025-2034 sets out guidelines, targets, and coor-
dinated initiatives to consolidate the circular economy in the country. The plan was
developed by a forum with broad participation from ministries, government agencies,
and professional associations. One of PLANEC's strengths is its effort to establish a gov-
ernance and coordination structure involving different levels of government. However,
it should be noted that despite mentioning the valorization of agro-industrial residues,

PLANEC does not effectively address the bioeconomy, biorefineries, or biomass.

The development of national plans for the bioeconomy and the circular economy,
involving government agencies and stakeholders, is certainly a significant step in ori-

enting policies and strategies for the next ten years. It should be noted, however, that
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the lack of greater integration between the two documents has prevented a vision of
the circular bioeconomy from becoming more explicit, as has been the case in the

main international plans.

3.3. Comparing Brazil's initiatives and international experiences

A comparison can be established between Brazilian initiatives and policies and inter-
national experience. Some of the points for comparison include the length of experi-

ence, policy focus, circularity, and supply and demand policies.

Brazil's trajectory began in the 1970s with the National Alcohol Program. Concurrently,
the US has also begun developing biocenergy frameworks. In this regard, the Brazil-
ian initiative is pioneering. However, broader national bioeconomy plans have only re-
cently been developed in the country, whereas most of the selected countries' national

strategies and plans in bioeconomy date back to the 2010s.

Regarding the focus of policies, it should be noted that, although international experi-
ences remain centered on bioenergy, there is a growing interest in product diversifica-
tion. In contrast, Brazil's initiatives remain primarily focused on bioenergy and biofuels.
However, the national plans for the bioeconomy and circular economy currently being

implemented in Brazil broaden this focus.

As a prime example, the Bioenergy Technology Office (BETO), US Department of Ener-
gy (DOE), which explicitly considers the joint production of bioenergy and bioproducts
as an objective of biomass exploitation. Another interesting point is Malaysia's decision

to focus on bioplastics.

The growing importance of circularity indicates the value placed on bioproducts be-
yond bioenergy. Valorizing this specific attribute has become an important dimen-
sion in relation to using renewable carbon. In Europe, the bioeconomy is increasingly
viewed as circular, as evidenced by the Finnish strategy. However, based on a sample
of some of the countries studied, it is evident that, although circularity is mentioned
and recognized in several documents, it remains an attribute yet to be integrated into
national strategies.

Experience in supply and demand policies can be highlighted in the countries studied.
Supply policies are common in several countries, generally using classic instruments
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such as tax exemptions, low-interest loans, and grants. One distinguishing feature of
some national strategies is offering grants for demonstration plants. Grants are typical-
ly offered for bench and pilot research. In the US, continued support for such funded
projects may depend on periodic monitoring and evaluation.

Also, Brazil has experimented with the implementation of supply policies. One exam-
ple is PAISS 2011, which largely enabled the implementation of two pioneering second-
generation ethanol production plants in the country. More recently, there was also a
call for SAF production in 2024, in addition to the ongoing development of RENOVA-
BIO. This program has proven to be an interesting initiative for enhancing environ-
mental performance. However, it is still restricted to biofuels.

In contrast, demand policies are much less developed. This area needs policy inno-
vations, particularly for non-energy bioproducts. Apart from biofuel mandates, few
demand-side instruments are on record. One example that can be considered consol-
idated is the Biopreferred Program in the US. This program is a system of public pro-
curement and labeling of products with renewable content. Managed by the United
States Department of Agriculture (USDA), the program has existed for over 20 years;
however, it has yet to produce results indicating a clear shift toward favoring the con-
sumption of bioproducts. Simultaneously, Brazil maintains extensive experience with
biofuel mandates, which were renewed and reaffirmed in the Fuel of the Future Law.

The cross-cutting nature of the bioeconomy involves different agencies and govern-
ment bodies in policy and implementation planning, rendering coordination and gov-
ernance strategies challenging. While countries are committed to involving most of
the relevant bodies, it appears that they do not yet have clear coordination and gover-
nance protocols to align them.

Both France and the United States have established agencies dedicated to bioecono-
my-related initiatives. In France, the Ecological Transition Agency, a public institution
affiliated with various ministries, is a key player in this field. Similarly, since March 2024,
the National Bioeconomy Board in the US has been dedicated to biotechnology and
biomanufacturing agendas.

Through case studies, we aim to identify opportunities that can enhance the sustain-
ability and circularity of biorefining production chains, promoting decarbonization
and defossilization. These targeted studies will also highlight the challenges associ-
ated with such opportunities, thereby drawing policy implications.



4. Case studies: three representative chains for
the valorization of biomass in Brazil

A multiple-case study approach was adopted to discuss the dynamics of renewable
carbon valorization. The biomass chains selected for study met the following crite-
ria: biomass supply model (cultivated or extracted), significant level of exploitation in
terms of volume, growth prospects, and economic potential. Substantial volumes of
residual biomass at the current level of exploitation were also considered. Based on
these criteria, the following chains were selected: sugarcane, macauba, and acal.

Additionally, the selected cases should reflect the diverse nature of biomass exploi-
tation opportunities in Brazil. On one hand, sugarcane is an agricultural commodity
with a long history of large-scale production and industrialization. In contrast, the acaf
supply chain exemplifies the development of Brazilian biodiversity resources while ad-
dressing extractivism. Meanwhile, the macauba production system is another native
biodiversity resource that demonstrates a potential transformation to a commodity-
level production scale. However, this scale must be compatible with the production of
sustainable aviation fuels (SAFs) while ensuring sustainability.

The case studies characterized each production chain in terms of its technological
and innovation dynamics, identifying the current level of economic structuring and
highlighting the stages that were developed, under development, and yet to be devel-
oped. As presented in Section 2, the challenges of structuring production chains can
be studied by considering four key coevolving dimensions: raw materials/resources,

technologies, products, and business models (Bomtempo & Alves, 2014).

4.1. Case 1 - Sugarcane

Sugarcane comprises a group of tall, perennial grasses belonging to the genus Sac-
charum and the tribe Andropogoneae. It is native to tropical regions of South Asia and

Melanesia and is primarily used to produce sugar and ethanol.

Brazil is the world's largest producer of this biomass, harvesting 8.77 million hectares
in the 2023/24 season, according to CONAB (2025). This yielded 677 million tons of
sugarcane with an average yield of 77,233 kg/ha. About 65% of sugarcane production is

concentrated in the southwestern region.
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Although sugarcane generally adapts well to Brazilian territory and is cultivated in sever-
al states, it remains a crop that requires specific environmental conditions related to cli-
mate, temperature, humidity, light, soil, and nutrient availability. The ideal environment
has two distinct climatic phases: a warm, humid period for germination and vegetative
development, followed by a cool, dry period for maturation and sucrose accumulation.

Consequently, sugarcane cultivation has become increasingly important in Brazilian
agriculture. This growth is driven by record sugar production and exports, as well as
the crop's significant contributions to ethanol-based automotive fuel and bagasse-
based energy generation. To support this expansion, Brazil boasts technological prow-
ess across all stages of sugarcane cultivation, from planting and harvesting to indus-

trial production of derivatives and energy generation.

41.1. Production Chain Structuring — Challenges and Opportunities

The sugarcane production chain is large-scale and integrated, with some product di-
versification. This type of production chain is common for agricultural commodities

and involves large-scale monocultures.

Structurally, these chains are characterized by deep integration among cultivation,
processing, and industrialization, often involving vertical integration. Consequently,
technological integration is greater than in other types of chains, though it can vary
depending on the firms involved.

High technological incorporation is common in the initial stages of the supply chain,
where efforts are focused on increasing productivity and sustainability through ge-
netic crop improvement, biological pest control, biofertilizers, and the development of
machinery for agricultural processes. According to the map of achievable sugarcane
productivity in Brazil (ESALQ/USP, 2025), the yield gap relative to the national average
productivity is around 35%.

It is important to note the technological challenges associated with new processes for
recovering residues, by-products, and co-products during the processing and indus-
trialization stages.

Brazil is the world's largest producer and exporter of sugarcane derivatives due to
its highly structured production and supply chain. In recent years, sugar's share of
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the global market has exceeded 30%. In addition to producing sugar, Brazil uses
sugarcane juice to produce ethanol, establishing itself as the world’s second-largest

producer of this biofuel.

Historically, the global oil crisis of the 1970s sparked interest in alternative energy
sources for power generation and fuel production. Ethanol, the world's most widely
used biofuel, was one of the natural candidates that emerged as a main competitor to
oil-derived automotive fuels. However, increasing its production from starch and sug-
ar, primarily from corn and sugarcane, faced strong resistance, particularly in Europe,
due to its potential conflict with food production. Although this resistance is debatable
in the Brazilian case (BNDES, 2025a), finding new sources of ethanol production has

become essential for its growth as an oil substitute.

One alternative was to enable the production of advanced biofuels (such as ethanol
and biodiesel) from biomass that would not compete with food production and offer
a greater variety of sources. Ethanol derived from starch and sugar, such as sugar-
cane juice, is known as first-generation ethanol (1IGE). Conversely, the advanced form
produced from non-food biomass, including agricultural and forestry residues, ined-
ible crops, or municipal solid waste, is referred to as second-generation ethanol (2GE).
Lignocellulosic ethanol, produced from agroforestry lignocellulosic biomass, is consid-
ered the primary form of second-generation ethanol production; however, it still faces

technological and production cost challenges that hinder large-scale production.

In the 2025/2026 harvest, ethanol production in Brazil is estimated to be around 37 bil-
lion liters, with 26 billion liters derived from sugarcane and the rest from corn. Based
on data from the 2024/2025 harvest, an estimated 426 sugarcane mills are operating
in Brazil. Over half of these facilities are in the southeast region, primarily in Sado Paulo

state, which has approximately 169 mills.

Beyond sugar and ethanol, the sugarcane production chain generates co-products,
by-products, and residues such as molasses, bagasse, straw, vinasse, filter cake, fusel

oil, raw alcohol, dry yeast, and biogenic CO2.

Among these, the main by-product of the sugar industry is molasses, which is pro-
duced at a rate of 40 to 60 kilograms per ton of processed sugarcane. Due to its high
content of total sugars and other components, molasses is primarily used in the pro-
duction of ethanol in Brazil. Furthermore, it can also be used in various biotechnologi-
cal processes as a raw material for producing protein, feed, pressed yeast for baking,
and antibiotics, among other applications.
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Bagasse is another important by-product, representing the fibrous residue left over
after juice extraction. The amount produced depends on the fiber content of the pro-
cessed sugarcane. On average, it contains 46% fiber and 50% moisture, yielding ap-
proximately 280 kilograms of bagasse per ton of processed sugarcane. Bagasse is pri-
marily used as boiler fuel in the mills to generate electricity and steam. In fact, about
90% of mills participate in the country's energy cogeneration system, representing
approximately 75% of the bioelectricity generated for the grid in Brazil. Additionally,
bagasse can be used as raw material to produce lignocellulosic ethanol (2GE) and de-
velop new cellulose-based materials.

Three other by-products that can be refined and sold to special markets are fusel all,
raw alcohol, and dry yeast. Fusel oil consists of alcohols (such as ethyl alcohol and higher
alcohols), furfural, aldehydes, and fatty acids. It is produced at a ratio of 0.05 to 0.2 liters
for every 100 liters of alcohol, a proportion that depends on the quality and type of sugar-
cane and the grade of the alcohol produced. Once isolated, fusel oil can be refined to ex-
tract alcohols of varying purity and to obtain other chemicals, such as solvents. Similarly,
raw alcohol is an impure mixture of water and alcohol produced at a ratio of 1 to 5 liters
for every 100 liters of alcohol, varying according to sugarcane parameters and distillation
operating conditions. Raw alcohol produces extra-fine and neutral alcohols and can be
used as fuel. Lastly, dry yeast is a residue obtained by drying some of the yeast milk that
is released during fermentation. It is produced at a ratio of 2.5 kilograms per 100 liters of
alcohol and contains 35% protein and high levels of vitamin B.

Two other by-products that were historically classified as pollutants are now recog-
nized as valuable resources offering significant opportunities for valorization.

Specifically, vinasse, produced during wine distillation, has always been considered the
most polluting residue from sugarcane production. It is typically generated alongside
alcohol, at a ratio of 12 to 18 liters of vinasse per liter of alcohol, depending on the variety
of sugarcane. Its main use is to fertilize sugarcane fields; however, there is growing inter-
est in using vinasse and other residues for biogas and biomethane production. Comple-
menting this, filter cake is the residue from the mechanical filtration of sludge during
sugar and alcohol production after the juice clarification. Produced at a rate of 20 to 40
kilograms per ton of sugarcane and has an average moisture content of 75%, filter cake
can be co-digested with vinasse, being used to produce biogas and biomethane.

The future of sugar and ethanol mills based on sugarcane offers opportunities to in-
crease productivity in the field and in the industry, as well as to adapt plants to biore-
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fining concepts. To do so, biorefineries should consider the full use of biomass, encom-

pass a range of raw materials and products, and adopt a circular economy approach.

A concrete step in this direction was the construction of two second-generation etha-
nol production plants in Brazil that utilize sugarcane bagasse and straw, alongside
another plant built in Italy, and two more in the United States. However, the results fell
short of expectations. Despite efforts to develop technological packages, only one of
the six pioneering global initiatives remains in operation: Raizen's plant in Brazil. After
approximately one year of operation, these plants were unable to stabilize under de-
sign conditions due to issues with the industrial feeding systems for the biomass. Most
pretreatment feed systems operated well below design capacity due to clogging, scal-
ing, material buildup, and equipment erosion and corrosion, resulting in discontinuity.

However, these results are not discouraging; rather, they represent another step in
the innovative process of converting residues (or by-products) into new types of raw
materials on a large scale. Despite the difficulties involved in handling biomass, these
projects proved that it is technically feasible to produce ethanol on a commercial scale
from lignocellulosic material. Nonetheless, there are still challenges regarding the ex-
pected yields and production costs, especially the enzyme cocktails needed for the
hydrolysis stage. Additionally, advances were identified in using lignin as boiler fuel,
which frees up part of the bagasse for higher-value uses, though further developments
are needed to make 2GE production technically and economically viable.

In addition to the challenges of increasing productivity and those related to 2GE pro-
duction, the sugar and alcohol industry still needs to address other challenges, such
as replacing burning techniques (which are still used in some regions) with modern
techniques; upgrading mills with technology: valorizing waste, by-products, and co-
products (such as vinasse, bagasse, straw, and CO,): reducing diesel consumption in
mill fleets; and increasing the use of biofertilizers and bio-inputs.

Table 1 summarizes the main challenges identified for structuring each stage of the
sugarcane production chain.



Case studies: three representative chains
for the valorization of biomass in Brazil

Table 1 - Challenges identified in structuring the sugarcane production chain.

Raw
Materials

Technology

Product

Business
Model

Production
and harvest
(biomass supply)

Enhance crop
productivity and
reduce environmental
impact.

Development of
technologies to
improve productivity
and sustainability;
use of biological
pest control,
biofertilizers, and
other biotechnology
resources.

Development of
strategies regarding
new raw materials, in
particular corn.

Processing

Development of
processes for the
treatment and
valorization of
by-products and
residues.

Development of
processes and
techniques for
the treatment

of co-products,
by-products, and
residues.

Level of integration
between traditional
products (sugar,
ethanol, electricity)
and the valorization
of by-products and
residues (biogas,
biomethane, CO2,
and others).

Commercializa-
tion

Industrialization
(biorefining)

Full use of resources,
including by-products
and residues.

Development and
improvement of
technologies for
converting by -
products and waste
on an industrial
scale.

Improvements and
optimization of
technologies to meet
the specific needs of
intended applications.

Development of
new products,
mainly derived from
by-products and

Development of
applications for new
products, considering
alternatives for

residues. internal and external
consumption.

Feasibility of To build partnerships

integrated with stakeholders in

the economic sectors
of the intended
applications.

biorefineries with
greater circularity,
comprehensive use
of resources, product
diversification, and
regional integration.
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4.1.2. Contributions to reducing GHG emissions

As previously mentioned, initiatives are being developed to reduce greenhouse gas
(GHG) emissions, such as converting residues from sugar-ethanol plants into products

for mill or market use.

For instance, bagasse, which was previously used primarily to generate electricity for the
plants, is now being put to more valuable use at Raizen’s facilities. Some bagasse is used
to produce 2GE, which generates lignin that partially replaces bagasse as boiler fuel. Ad-
ditionally, some straw, a residue that was previously left in sugarcane fields, is now being
burned to generate electricity and replace bagasse. Companies such as Sdo Martinho
and COCAL are studying how to use straw, of which approximately 50% must remain
in the sugarcane field to protect the soil, to produce biomethane through biodigesters.
Companies are also studying the electrification of plants because using alternative ener-
gy sources, such as solar and wind, can yield more straw, bagasse, and lignin for produc-
ing cellulosic fuels, such as 2GE and biomethane, which have strong market potential.

Regarding other streams, phosphorus-rich filter cake can be used as fertilizer for crops.
Despite its recognized polluting potential, vinasse offers opportunities for environ-
mental sustainability and energy efficiency. It can be applied to crops to take advan-
tage of its nutrients and promote sustainable agriculture, or it can undergo anaerobic
biodigestion to produce biogas and biomethane. Biomethane produced from vinasse
and other waste materials, such as straw and filter cake, can fuel biorefineries' fleets of
heavy vehicles. This reduces their CO, emissions by lowering their consumption of fos-
sil fuels, such as diesel. Biomethane can also be sold on the market for industrial use

or heavy transport, as COCAL has been doing.

Parallel to liquid and solid residues, CO,, another well-known by-product released dur-
ing fermentation, has also been the subject of efforts to valorize it. Another source of
biogenic CO, that must be considered is the purification of biogas to produce bio-
methane. While the potential to use carbon dioxide as a raw material for other market-
able products is limited, possible applications include producing urea-based fertilizers
and chemicals, such as organic acids and methanol. Research is underway to explore
using it in a methanol generation process for use as a marine fuel. Additionally, there
are studies on CO, capture and storage (BECCS) for selling carbon credits to com-
panies that cannot reduce their carbon footprint. Furthermore, diesel consumption
can be rapidly reduced by investing in the adaptation of heavy-duty fleet vehicles and

plants to run on ethanol or biodiesel.
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4.1.3. Policy Challenges and Implications

Although the sugarcane production chain is already well-structured and integrated, there

are still potential opportunities that could be supported and stimulated by public policies.

Using different types of sugarcane lignocellulosic biomass, such as bagasse and straw,
as raw materials for biofuel production is a vision for the future, given the current chal-
lenges. For instance, enzymes are the primary cost barrier in producing lignocellu-
losic fuels, hindering the competitiveness of cellulosic-based ethanol compared to
first-generation ethanol. However, new developments in producing enzymatic cock-
tails could enhance the competitiveness of cellulosic ethanol. Additionally, encourag-
ing equipment manufacturers to develop new industrial feeding systems for biomass
could promote another critical technological advancement necessary to increase bio-
fuel production from lignocellulosic biomass.

The main obstacles to diversifying products in the sugarcane production chain are
technological and economic. Although technologies exist to convert ethanol into SAF
and hydrogen, as well as CO, into methanol, they do not yet guarantee cost-effec-
tive production. Producing biopolymers and biochemicals may require extensive and
complex facilities and new technologies.

Beyond industrial units, there are opportunities to increase sugarcane agricultural produc-
tivity. Researching new varieties and developing seed cane through partnerships between
companies, private sector bodies, and universities is one way to stimulate this growth.

The challenges faced by the sugarcane industry are not limited to this resource and
may also be representative of other production chains with established industrial and
planting technology and high (but not full) utilization of residues, such as planted for-
ests, corn, and soy.

4.2. Case 2 - Macauba

The macauba palm (Acrocomia aculeata) is native to tropical forests in Brazil and sev-
eral other countries. It is primarily found in Brazil's Central-West and Southeast regions,
particularly in Minas Gerais. Recently, the macauba fruit has garnered significant at-
tention in the advanced biofuels sector, particularly with regard to sustainable aviation

fuel (SAF) and green diesel. The commercial aviation industry is under increased pres-
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sure to reduce emissions, creating a favorable environment for developing alternatives
to fossil fuels. Macauba palms have a high oil yvield, making them an important raw
material for biofuel production.

The choice to study the macauba palm is justified because this biomass is still in the
early stages of structuring its supply chain. Transitioning macauba from extractivism
to cultivation poses major challenges. Understanding the critical factors for scaling
up the supply of this raw material in the bioeconomy can provide valuable insights
for developing public policies that support biomass supply chains. The supply chain
must be structured to provide substantial volumes because the primary application of

industrializing and valorizing macauba is for producing biofuel.

Currentinvestments from Acelen Renewables, a renewable energy company owned by
Mubadala Capital that operates an oil refinery in Bahia, Brazil, underscore the potential
of macauba as a strategic resource for decarbonizing the energy sector. Additionally,
BASF, a chemical company, recently announced a supply agreement with Inocas, a
startup focused on developing the macauba supply chain. BASF is seeking alternatives
to fossil-based chemicals for its products. This case study illustrates the challenges of
organizing the macauba supply chain to increase its industrial value. These challeng-
es were identified by reviewing scientific articles, technical reports, news articles, and
other gray literature. The primary stakeholders discussed in this study are Acelen, Ino-

cas,and S. Oleum, all of which are involved in implementing various industrial projects.

4.2.1. Production Chain Structuring — Challenges and Opportunities

The macauba value chain can be broken down into four stages: production and harvest-
ing (biomass supply), processing, industrialization (biorefinery), and commercialization.

In the first stage of biomass supply, macauba is currently sourced through extractiv-
ism, a supply chain that is poorly structured. This process primarily involves small fami-
ly farmers, who often shift their focus to other crops and economic activities due to the
low profitability of macauba products. However, interest in this resource is increasing,
leading to efforts to transition from extractive production to cultivation. Acelen, an en-
ergy company that invests in the industrial development of macauba, has estimated
total expenditures of around US$3 billion. Of this amount, $1 billion will go toward con-
structing the SAF plant, and $2 billion will go toward developing large-scale agricul-
tural plantations in Minas Gerais and Bahia. This investment highlights the significant
efforts required to establish a large-scale biomass supply.
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Exploiting the palm in a sustainable manner can help preserve the natural ecosystem.
In order to establish biomass-based production lines that promote the transition away
from fossil fuels across economic and industrial sectors, it is crucial to not only provide
resources from renewable sources but also to implement sustainable practices and
models that protect biomes and restore degraded lands.

Macauba can be cultivated on degraded land to help restore it. Companies involved
in palm development aim to integrate its cultivation with the restoration of degraded
pasturelands. They present planting macauba alongside other crops through agro-
forestry and silviculture systems as a means of providing environmental services. One
such company, Inocas, reports having cultivated 3,000 hectares of macauba using
agroforestry and integrated crop-livestock-forestry systems on degraded pasture-
lands. Inocas is also creating ecological corridors between previously isolated areas
designated as Permanent Preservation Areas (APP) and Legal Reserves (RL) through
these plantations.

Current efforts to commercially exploit the palm concentrate on identifying and select-
ing species with the highest oil yields. This is essential for advancing the domestication
of these species. Studies have shown significant variation in the potential to obtain fruit
and its components, highlighting the importance of genotype mapping. Embrapa has
conducted genetic mapping of macauba in various Brazilian regions, revealing notable
differences in fruit oil content and composition in the pulp and almond.

Another variable that has been mapped is the number of fruit bunches, which also
showed considerable differences among the studied plants. A significant disparity in
fruit production was observed; the average yield of the studied populations was 36.1
kg/ha, whereas selected plants yielded 114 kg/ha. This variation makes it difficult to
estimate expected productivity and assess the viability of future projects focused on
fruit exploitation. Selecting higher-productivity species requires genetic diversity and
time. Thus, achieving high productivity at scale in the short term is not feasible. The
transition to larger scales should only occur after genotypes that ensure the expected
productivity have been selected. This approach aims to avoid the challenges encoun-
tered with castor oil plants and jatropha.

One of the main challenges of expanding this cultivation is the limited availability of
seeds. Since projections indicate that thousands of hectares will be involved in cultiva-
tion in the coming years, access to seeds is essential for new stakeholders interested in
macauba farming. This is crucial for both scaling commercial projects and conducting
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short-term tests. In response to this challenge, various stakeholders have begun invest-
ing in initiatives to improve seed availability. For example, Acros, a spinoff of the Agro-
nomic Institute of Campinas (IAC), is committed to developing macauba processes and
products. The company recently announced plans to establish the first biofactory for
macauba propagation and has also stated that the initial phase of its project will focus
on producing seedlings using cloning and genetic engineering techniques. In August
2025, Acelen launched Agripark, an agro-industrial technological innovation center in
Montes Claros, Minas Gerais. The center will develop research projects encompassing
the entire process, from seed germination to seedling production (BNDES, 2025b).

Since establishing a large-scale biomass supply through cultivation is a lengthy pro-
cess, itis necessary to utilize native plants through extractive activities in the meantime.
Due to the region's poor infrastructure, the successful implementation of these activi-
ties will require organizational efforts. It is important to view these activities as more
than just a temporary solution until large-scale cultivation is realized. They should also
be viewed as a strategy for maintaining and protecting biomes. For instance, Inocas
has partnered with extractivists to source the fruit and collaborates with small rural
producers to cultivate seedlings.

The macauba fruit consists of several fractions, comprising the following proportions
of the total fruit mass: the epicarp (outer shell), 20%; the mesocarp (pulp), 40%; the
endocarp (kernel shell), 33%; and the kernel, 7%. Other parts of the plant, such as the
leaves, thorns, and stems, can also be utilized (Sorita et al., 2024).

Macauba oil can be extracted from the pulp or the kernel of the fruit; each has unique
properties. Pulp fraction has a higher content of saturated fatty acids, making it ideal
for producing biodiesel, green diesel, sustainable aviation fuel, and various chemicals,
as well as other biofuels. Conversely, kernel oil is valuable for its applications in cosmet-
ics, food, pharmaceuticals, and many other industries. The first step in processing the
fruit after harvesting is drying. Typically, small producers and cooperatives expose their
fruit to the environment to dry it naturally.

After drying, the pulp is peeled, depulped, and pressed to separate the endocarp from
the kernel, which allows for oil extraction. However, this mechanical method is inefficient
because a significant amount of oil remains in the pulp, resulting in lower-quality oil.

According to Cardoso et al. (2017), the oil extraction stage is critical to the viability of
using macauba on an industrial scale. The extraction process is mechanical and uses
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presses. However, less than 50% of the oil is typically recovered from the pulp, leaving
a significant amount in the residual cake (Favaro et al., 2022). Thus, more efficient and
innovative solutions for extracting oil from the cake are needed (Favaro & Rocha, 2022).

The two most common methods for industrial extraction of edible oils are mechanical
and solvent extraction. Nonetheless, both methods often yield unsatisfactory results,
reducing the cost-effectiveness of operations. To improve oil recovery, an additional
solvent extraction step is required to extract the remaining oil from the cake. This ad-
ditional step, however, increases the overall cost of the process by introducing extra
procedures, such as solvent recovery (Sorita et al., 2023).

Research has been conducted on agueous extraction and other advanced methods
considering the specific characteristics of the macauba fruit. The industry is increas-
ingly focusing on enzyme-assisted aqueous extraction. Traditional agueous extraction
without enzymes achieves oil recovery rates of 67%-73.5%, but enzyme-assisted meth-
ods can boost recovery rates to 88.7% (Favaro et al.,, 2022). However, scaling up aque-
ous extraction for industrial purposes presents several challenges. These challenges
include process scalability and stability, as well as the costs associated with acquiring

enzymes and designing equipment for industrial-scale operations (Favaro et al,, 2022).

The development of the macauba supply chain is driven by the increasing demand
for advanced biofuels, especially in the aviation industry, as part of its efforts to reduce
carbon emissions. However, establishing a macauba value chain allows to produce
various other bioproducts, thus increasing the plant’s potential as a valuable resource
in the bioeconomy. The literature presents a wide range of derivatives across different
application sectors: Energy: biofuels such as biodiesel, green diesel, aviation biokero-
sene, and solid biofuels; Food: protein isolates, jellies, flours, supplements, etc.; Phar-
maceuticals: antioxidants, vitamins, anti-glycemic agents, and others; Biomaterials:
biopolymers, biofilms, biocomposites, bricks, particleboard panels, and others; Water
Treatment and Environmental Remediation: activated carbon and adsorbent materi-
als. Additional products include biochar and various chemicals, such as surfactants,
fatty alcohols, fatty acid methyl esters, fatty acid methyl ester sulfonates, and fatty acid
amides (Favaro & Rocha, 2022; Sorita et al., 2025).

Most of the technologies associated with these opportunities exhibit high technologi-
cal maturity and have been implemented on an industrial scale. Nevertheless, ma-
cauba's specific characteristics complicate developing products that meet unique ap-

plication performance requirements.
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A significant challenge to achieving economic and environmental sustainability in the
utilization of biomass within the macauba chain is the need to make full use of the co-
products and residues generated during biorefining. Consequently, biorefineries must
diversify the raw materials they use and the products they manufacture. However, it
remains unclear how these companies will manage the waste and co-products that
will be generated at anticipated future production scales.

Table 2 summarizes the main challenges identified in structuring each stage of the
Mmacauba production chain.

Table 2 - Challenges identified in structuring the macauba production chain

Production Processing Industrialization | Commercializa-
and harvest (biorefining) tion
(biomass supply)
Raw Transition from Development of Full use of resources,
Materials extractivism to procedures and including by-
cultivation and techniques that Oproducts and
the associated ensure the quality waste.

Technology

Business
Model

challenges.

Development

of technologies
ranging from genetic
selection, cloning,
seed and seedling
production, to
harvesting.

Development of
sustainable supply
production models
(ILFP systems

and agroforestry
systems).

of the oil obtained

during the extraction

stage.

Development of
clean technologies
with increased
productivity and
industrial scale.

Level of integration
between the oil
extraction stages
and conversion into
bioproducts.

Improvements and
optimization in the
use of conversion
technologies.

Obtaining a wide
range of products.

Feasibility of
integrated
biorefineries with
greater circularity,
comprehensive
use of resources,
and product
diversification.

Improvements and
optimization of
technologies to
meet the specific
needs of intended
applications.

Developing drop-in
and non-drop-in
applications.

Establishing
Partnerships with
stakeholders from
the economic
sectors of

the intended

applications.
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4.2.2. Contributions to reducing GHG emissions

Macauba has attracted considerable attention from investors and companies due to
its anticipated higher oil yield compared to other oilseeds, such as soybeans and palm
oil. Additionally, macaulba provides an opportunity to develop a low-carbon production
chain due to the plant's characteristics and potential for sustainable production models.
The decarbonization potential of macauba is evident, especially in the biomass supply
process and in reducing dependency on fossil fuels through the production and use of

advanced aviation biofuels and other bioproducts.

A significant advantage of macauba cultivation is that it does not compete with land
designated for food production. Stakeholders involved in this project are committed to
cultivating the crop primarily on degraded land with the intention of restoring it. In this
regard, Acelen has stated that macauba cultivation and production could capture up to
60 million tons of CO, equivalent over the project's entire lifecycle. The company plans
to cultivate macauba on approximately 180,000 hectares of land. Concurrently, accord-
ing to Inocas, a 2,000-hectare agroforestry project could reduce greenhouse gas emis-
sions by 20.75 tons of CO, equivalent per hectare each year compared to emissions from
degraded land (IMAFLORA, 2020). Consequently, the company anticipates a substantial
reduction in emissions by expanding production to 30,000 hectares.

From a scientific perspective, Silva Moreira et al. (2020) investigated the accumulation of
carbon in the palm's biomass above and below-ground across plants of different ages.
They found that the carbon stock of 9-year-old plants was 61.6 tons per hectare, which
corresponds to the sequestration of 226.17 tons of CO, equivalent per hectare. As a result,
the most competitive raw materials from an environmental standpoint are those with
the highest CO; fixation rates. In this context, macauba plants with larger bunches are
advantageous, as noted by Barbosa-Evaristo et al. (2018). These bunches account for up
to 71% of the total CO; fixed by the plants. Therefore, the authors advocate for increased
efforts to select and improve varieties that yield more per bunch.

Looking ahead, macauba offers many opportunities for defossilization by providing al-
ternatives to biofuels and bioproducts derived from fossil fuels. Depending on the raw
materials used and the fuel's carbon intensity, future demand for aviation biofuels is
projected to range from 3 to 9 million cubic meters. In this scenario, using macauba oil
to produce advanced aviation biofuels has advantages over using other oilseeds due to
its lower carbon intensity (EPE, 2024).
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Furthermore, several potential bioproducts present opportunities to reduce the use of
fossil fuels in various economic sectors. For instance, producing biomaterials, such as
biopolymers and construction materials, is one area with great potential. Likewise, us-
ing renewable materials, particularly waste, in the activated carbon industry is another
opportunity in a rapidly growing global market. Finally, in the chemical sector, using
renewable products as raw materials for various applications, including hygiene prod-
ucts, cleaning products, and cosmetics, creates a significant opportunity to reduce
greenhouse gas emissions.

4.2.3. Policy Challenges and Implications

In short, the macauba case study illustrates the difficulties of establishing a scalable
supply of a new raw material in the bioeconomy. Currently, its production chain is un-
structured and does not utilize residues. Therefore, organizing this biomass supply re-
quires technological advancements and innovative business models. Using macauba
on a large scale requires significant investment in research, development, and innova-
tion (R&D&l), as well as in cultivation and industrialization, all of which can be stimu-

lated by targeted public policies.

Crucially, the challenges identified — such as mapping, genetic selection, species do-
mestication, and producing seeds that ensure desired productivity — are specific to a
biomass that is still in the early stages of development. Consequently, the macauba
case underscores the need for comprehensive public policies that support the various

stages of growth, especially across the supply chains of modern biorefineries.

Civen macauba's potential to restore degraded lands, incentives to cultivate it could
align with environmental restoration policies and strategies. However, the transition
from the current situation, which is characterized by unstructured extractivism, low
waste utilization, and limited product diversification, to a supply-based system focused
on cultivation will require different scenarios. This transition will involve an intermedi-
ate stage of organized extractivism, or structured extractivism. This phase can not only
serve as a transitional step toward implementing commercial cultivation but also as a
complementary exploitation model alongside cultivation efforts.

Due to the many challenges of implementing commercial macauba cultivation, es-
pecially the time it requires, structured extractivism is a way to test and demonstrate
technologies. Therefore, public policies should include mechanisms to organize this
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supply and address technological and non-technological aspects. While R&D&I efforts
are widely recognized, the challenges of developing production systems and business

models that organize the supply chain are not always apparent to policymakers.

In addition to addressing biomass supply challenges, it is equally important to promote
comprehensive biomass utilization through waste valorization and product diversifica-
tion. Relying on the macauba palm exclusively for biofuel production on an industrial
scale fails to ensure either maximum biomass utilization or optimal product diversi-
fication. Therefore, policies that promote biorefining should encourage the develop-
ment of circular business models that focus on the comprehensive use of biomass.
This may not necessarily occur within a single facility (biorefinery), since this approach
requires coordination to form partnerships and explore potential industrial symbiosis
models. Additionally, fostering demand for bioproducts derived from biodiversity — an
aspect extending beyond the macauba palm — could play a crucial role in enabling
circularity by utilizing biomass completely and offering diverse products.

4.3, Case 53— Acai

Acai (Euterpe oleracea) is a palm tree native to the Brazilian Amazon. Para is the largest
producer due to favorable soil and climate conditions, especially near the Amazon River.
Historically, acai could only be obtained through extraction. The pulp and palm heart were

essential components of the diet of populations in the northern part of the country.

According to IPAM Amazbnia (2021), the consumption of palm hearts in the 1970s led
to significant pressure to cut down palm groves. The current acai exploitation model
was developed in the 1990s with the expansion of pulp consumption to other regions

of the country and later to the international market.

The increased value of the fruit has had a positive impact on the preservation of acai
palm groves, since logging has decreased to preserve the trees for fruit harvesting.
In this context, acai palm trees are now being planted with various cultivars adapted
to floodplains or dry land, attracting interest from other regions of the country. For
instance, Embrapa Cerrados has developed techniques for cultivating irrigated speci-

mens in the Cerrado (Embrapa, 2025).

Consequently, acai is the most important non-timber product in the Amazon region,

and its production has grown significantly, making Brazil the world's leading producer
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and exporter. According to the Plant Extraction and Forestry Production Survey from
IBGE (2025a), the value of this production in Brazil reached 1.023 billion Brazilian reais
in 2024, marking a 19.9% increase from 2023. Extractive yield, carried out in over 60,000
establishments, reached 247,500 tons; 68% of this volume occurred in the state of Para.
In addition to extraction, cultivated acai production reached 1.7 million tons in 2024,
according to IBGE (2025b), which corresponds to a production value of R$7.8 billion. Of
these cultivated production establishments, 47,800 are dedicated to acai production.
Therefore, total acai production reached 1.9 million tons in 2024, only 12.7% of which
came from extractivism. However, it should be noted that questions have been raised
regarding the accuracy of the cultivation and extractivism data released by IBGE, so
this proportion may differ.

As a result of this growth, the debate on the evolution of acai cultivation has deepened,
highlighting the negative consequences of increased monoculture in the Para region.
From this perspective, planting these groves on dry land and restoring deforested ar-
eas and pastures through agroforestry can be seen as a sustainable way to increase
production and productivity.

4.3]1. Production Chain Structuring — Challenges and Opportunities

The acai production chain is heavily concentrated on pulp extraction, which generates
a significant volume of by-products and residues that pose environmental challenges

but also represent opportunities for sustainable valorization in biorefining.

The acai production chain is complex and involves several stages: planting and har-
vesting, storage, transportation, pulp extraction, cooling and freezing, and commer-
cialization in both domestic and international markets. The various actors involved in
these stages include extractors, producers, intermediaries, processing industries, and
artisanal blenders. Consequently, the relationships between these actors play a deci-

sive role in income distribution throughout the chain.

The harvesting stage is still challenging because it is costly and difficult due to the
height of the palm trees. Harvesting is best done in the morning to ensure the fruit
reaches major consumer centers, primarily in Belém, PA, early the next day. Typically,
the extractive harvest is carried out by the peconheiro, or acai collector. According to
Bittencourt, Potiguar, and Fernandes (2024), "the peconheiro's job consists of climb-

ing the stem or stipe using a ring of vegetable fiber known as peconha, which wraps
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around the feet. They remove the bunches with their hands. This work is primarily car-

ried out by men between the ages of 12 and 25".

Furthermore, Bittencourt, Potiguar, and Fernandes (2024) discuss several health and
safety issues with this task that other links in the chain may overlook. Mechanized har-
vesting is challenging, particularly in floodplain areas. To address this, farmers have de-
veloped rustic equipment, such as harvesting poles that eliminate the need to climb
palm trees, but traditional harvesting methods still predominate. According to Freitas et
al. (2021), with the intensification and rationalization of acaf palm cultivation, harvesting
operations need to be substantially improved, given that, in many areas where the crop
is being implemented, there is a shortage of personnel skilled in climbing palm trees.
Additionally, the traditional system is costly and has low labor productivity. EQuipment
for harvesting peach palm bunches is being tested and may also be used for acaf.

Regarding processing residues, no records were found regarding the use of waste
generated during the harvesting process. There are only indications of its local use as
organic matter for fertilization.

Moreover, proper storage and transportation are critical to ensuring the quality and
food safety of acal, which is highly perishable. Proper preservation is required to main-
tain anthocyanin levels in emerging markets for the berry, such as cosmetics and nu-
traceuticals. Proper care for the fruit must begin at the harvesting stage by avoiding
contact with soil, insects, and other sources of contamination. Moraes and Mello (2022)
point out that there are no public policies for the cold chain in fruit handling. This ul-
timately becomes a critical point in product quality control due to the costs this treat-
ment imposes on local populations.

One key point identified is the role of large middlemen and buyers, who dominate the
distribution of fruit. Consequently, they determine the price of the fruit, which reduces

producers' income.

In terms of end-products, the acai berry pulp is the most interesting product, intended
for direct consumption or as an ingredient in ice cream, sweets, and jams. Additionally,
acaf oil, which is used in the cosmetics industry, can be obtained by cold pressing the
pulp. However, acai pulp constitutes only 30% of the total fruit volume, meaning most
of the fruit is discarded as solid waste. Therefore, using the seeds and by-products
from the pulping process (such as pulp, seeds, and fibers) poses a challenge to the sus-
tainability of the supply chain. Nevertheless, the valorization of these residual streams
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and by-products, in line with the systemic concept of future biorefineries, may hold

environmental, social, and economic interest.

Both artisanal "beaters," who focus on meeting regional demand, and large-scale pro-
cessing companies, who supply domestic and international markets, are involved in
pulp production. IPAM Amazoénia estimates that approximately 14,000 microenterpris-
es engage in artisanal logging in Para and Amapa. In the industrial processing sector,
Lopes et al. (2021) identified about 70 companies, including Sambazon (USA), Coopera-
tiva Agricola Mista de Tomeé-Acu (CAMTA), Petruz Acai, Bony Acai, and A¢ai Amazonas.

Despite this industrial presence, most sources report a lack of infrastructure for pro-
cessing and storage in artisanal production. This requires disseminating good prac-
tices to mitigate the high risk of pulp contamination. In Para, the State Program for
Acal Quality (Decree No. 2,475, September 10, 2010) establishes technical standards
for processing acai to reduce pulp contamination by pathogenic organisms. |deal
acai processing involves selecting, cleaning, and decontaminating the fruit through
blanching, as well as pasteurizing the pulp. Another method is freeze-drying the pulp
to make powdered acai, which is widely used in exports.

As an example of innovation, Bertolini da Amazdnia Industria e Comércio, a compa-
ny based in Manaus, Amazonas, developed an interesting solution for structuring the
chain. They built an 80.20 m x 17.50 m vessel to transport an acal processing unit, as
well as refrigeration, water treatment, and pasteurization equipment. The goal is to
process the acai directly in riverside production regions.

Table 3 summarizes the main challenges identified for structuring each stage of the
acafl production chain.

4.3.2. Contributions to reducing GHG emissions

Various studies and initiatives are exploring the use of acai waste in decoration, cos-
metics, flavoring, charcoal production, fuel, energy production, and the creation of ma-
terials, chemicals, and pharmaceuticals. Some of these initiatives have reached the
commercial stage, though the volumes of seeds used are still relatively small com-
pared to the amount of waste that will be discarded. These fibrous seeds are estimated
to be available in quantities of 1.6 million tons, concentrated in Para, where pulp pro-

ducers are located. These seeds represent approximately 70% of the fruit and consist of
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Table 3 - Challenges identified in structuring the acai production chain

Raw
Materials

Technology

Business
Model

Production
and harvest
(biomass supply)

Coexistence of
different forms
of production:
extractivism
and cultivation,
and associated
challenges.

Development

of harvesting
technologies.
Product health
quality assurance.

Development

of sustainable
supply production
models (ILFP
systems and
agroforestry
systems).

Processing

Development of
logistics to enable
the treatment

and recovery of
by-products and
residues.

Development of
processes and
techniques for
the treatment

of co-products,
by-products, and
residues.

Level of
integration
between the pulp
extraction stage
and by -products
valorization.

Industrialization
(biorefining)

Full use of
resources,
including by-
products and
residues.

Development
and improvement
of technologies
for converting
by-products

and waste on an
industrial scale.

Development of
new products,
mainly derived
from by-products
and residues.

Feasibility of
integrated
biorefineries with
greater circularity,
comprehensive
use of resources,
and product
diversification.

Commercializa-
tion

Improvements and
optimization of
technologies to
meet the specific
needs of intended
applications.

Development
of drop-in and
non-drop-in
applications.

To build
partnerships with
stakeholders in
the economic
sectors of

the intended
applications.

pulp (15%), fibers (4%), and residual seeds (51%) (Lemos et al,, 2021, Cardoso et al., 2025).

However, many investigations are still in the research phase and operate on a labora-

tory scale, as long as the interest in the valorization of acai by-products and waste is

significant and growing. Key areas of interest include energy use, acai "coffee," biochar

production, and seed biorefining, which illustrate the main pathways and their diverse

environmental and economic potentials.
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The energy content of seeds is similar to that of other biomass, such as sugarcane
bagasse in the sugar-energy industry. This biomass can be used to fuel boilers, since
the seeds have a high calorific value of 4500 kcal/kg, which makes this use attractive.
Some commercial-scale applications have been reported. For example, Solar Coca-Co-
la, the second-largest Coca-Cola manufacturer operating in the Midwest, North, and
Northeast regions, has had a project since 2019 to use this biomass in its boilers. Since
then, more than 10,000 tons of acai seeds have been used (Gongalves, 2025). Similarly,
in the cement industry, Votorantim has used them to replace some of the petroleum
coke. The use of the seeds as a replacement for traditional fossil fuels is justified by
their high calorific value (Lemos et al,, 2021). An initiative by Artemyn, a kaolin mining,
production, and export company based in Barcarena, Parg, is also notable. Since the
project began, more than 153,000 tons of acal seeds have been reused, resulting in the
reduction of approximately 265,000 tons of CO, equivalent emissions. Around 40% of
Artemyn's fuel usage has been replaced by acai seeds (Portal Barcarena, 2025).

Furthermore, providing biomass for thermal energy cogeneration is becoming a grow-
ing challenge for new corn ethanol plants, particularly in the Midwest. Consequently,
acal seeds have been considered as a potential biomass source. Eucalyptus chips are
no longer economically or sustainably viable for supplying new corn ethanol plants, so
an alternative is being sought. (NovaCana, 2025).

In addition to their high specific heat, the main advantage of using acai seeds for en-
ergy is the existing knowledge and experience in utilizing biomass for thermal energy
generation. Therefore, there are no significant technological difficulties in using them.
However, there are logistical difficulties regarding supply.

On the other hand, so-called acafl coffee is actually a drink made from roasted and
ground acai seeds. It can be marketed as a blend of traditional coffee or as an energiz-
ing tea. Engenho Café de Acal, a startup located in Amapa, produces about 150 tons of
the drink per year, which corresponds to the consumption of approximately 210 tons of
seeds. The product is sold locally and exported to the U.S., a market that the company
views as promising. Engenho currently employs nine people. The startup generates
annual revenues of R$700,000 and is expected to reach R$1.5 million by 2027 (SEBRAE,
2025). Around 1,000 cooperative families in Amapa supply the startup with seeds, pro-
viding waste with environmental certification. This example illustrates opportunities
for small businesses that don't require cutting-edge technology and allow local fami-
lies to participate in the seed supply chain. Nevertheless, the main obstacle in this

chain seems to be the difficulty in marketing the product.
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Another promising alternative is biochar, also known as biocharcoal, which is a prod-
uct obtained through the pyrolysis of biomass, which is the thermal decomyposition of
organic material at high temperatures in the absence of oxygen. It is a porous, carbon-
rich material that is used as a soil conditioner to enhance fertility, improve water re-
tention, and maintain the soil's physical, chemical, and biological structure. Addition-
ally, biochar serves as a carbon sequestration solution. The global biochar market is
estimated to reach US$859.04 million by 2025, with a projected annual growth rate of
13.6% in the coming years (Fortune Business Insights, 2025).

According to Sato et al. (2020), using biochar made from acai seeds as a soil conditioner is
a promising alternative, given the improvements to soil chemical properties it provides.
Thus, biochar could contribute to the sustainable production of acai. Amazon Biofert is
a startup that produces biochar from this waste. Each ton of biochar requires about four
tons of acal seeds and prevents the emission of 2.5 tons of CO,, which is then fixed in the
soil. The company expects to produce 90,000 tons by 2025 (SEBRAE, 2025).

Ultimately, biorefining acai seeds seems to solve the pollution problem caused by
waste disposal while providing an opportunity to generate high-value products.

There are several opportunities for valorization that can be explored. The seeds' com-
ponents have antioxidant capacity similar to or greater than that of the edible fruit,
suggesting the possibility of extracting polyphenols. Additionally, approximately 50%
of the seeds are composed of mannan, a carbohydrate that can be used to create prod-
ucts of interest, such as mannose, for use in cosmetics, food, and pharmaceuticals. Al-
though these opportunities are still in the laboratory stage, Jorge, Silva, and Brigagao
(2022) published a study that evaluated the technical, economic, and environmental
feasibility of four alternatives for valorizing acai seeds: complete combustion for energy
generation; integrated production of polyphenols and electricity; and co-production
of mannose, polyphenols, and electricity through two different routes, considering a
capacity of 6,000 kg/day of seeds.

The results showed that the payback period for the alternative of complete combus-
tion for energy is 14.1 years, and the internal rate of return is 12.0%. When considering
the co-production of polyphenols and electricity, the economic results improve to a
payback period of 4.5 years and an internal rate of return of 24.5%. However, the eco-
nomic performance remains higher when the biorefining process is used to produce
mannose, a high-value chemical. Joint production of polyphenols, manose, and elec-
tricity yielded the best results: a 2.7-year payback period and a 34.8% internal rate of re-
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turn for a biorefinery processing 6,000 kg/h of seeds. Therefore, the authors conclude
that "the biorefinery is a viable and sustainable way to valorize acai seed waste, which

could help develop a circular bioeconomy in the Amazon region.”

4.3.3. Policy Challenges and Implications

The acal production chain represents an intermediate stage between sugarcane and
macauba production. Although it has established planting technology, residues are
not widely utilized. Overall, the chain illustrates transformation with challenges and
opportunities at various stages. Two challenges should be highlighted at the level of
fruit production and pulp exploitation, whose markets are growing at significant an-
nual rates of over 10%. The first challenge is the presence of middlemen who capture
part of producers' income. The second challenge is the sustainability of acai in new

cultivation areas.

In terms of sustainable fruit valuation attributes (product diversification, full utilization,
circularity, and regional integration), this chain offers opportunities for new businesses
that are still largely unexplored. There are already initiatives to use the seeds for bio-
energy and biochar production, but these remain insignificant relative to the available
volume of residues. Undeniably, these projects have the potential to generate posi-
tive effects in terms of decarbonization or defossilization. However, the development
of biorefining to produce high-value-added products, such as polyphenols and man-
nose, is still at the bench scale.

Accordingly, the current structure of the acai production chain suggests the need to
develop equipment and technologies that improve fruit harvesting techniques. These
improvements would reduce negative environmental, social, and economic impacts
on harvesters, which currently include the dependence on young labor and the in-
tense involvement of middlemen, thereby reducing producers' income.

In addition to technological and equipment developments, public policies may en-
courage the proper use of acai waste, particularly seeds. Consequently, these policies
could reduce large volumes of unused residues, improve seed supply chain logistics,
and support recovery initiative development.
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4.4, Case studies — comparing production chain characteristics
and decarbonization and defossilization opportunities

The three case studies show that production chain structuring, product diversification,
and biomass utilization highlight important issues for advancing renewable carbon
utilization, decarbonization, and defossilization. This discussion is relevant for broad-

ening the horizons of public policies beyond sectoral actions.

The cases present very different situations regarding the structuring of the produc-
tion chain. While sugarcane is a large-scale crop that is already fully established, the
acai chain is undergoing accelerated expansion, whereas the macauba chain is un-
der construction, spanning from extraction to cultivation. Specifically, the sugarcane
production chain has a well-established, generally vertical structure, similar to other
agricultural commodities such as corn, soybeans, and planted forests. Conversely, the
acal production chain is structured solely to produce the main product, pulp, which
represents less than 30% of the fruit. A similar situation occurs with other Brazilian
biodiversity products, which are generally exploited for a main product. The macauba
case is unigue because the structuring process is ongoing: this crop is a biomass de-
rived from Brazilian biodiversity with great potential for oil production as a raw mate-
rial for sustainable aviation fuel (SAF) and renewable diesel, meaning its development

requires large-scale investment and decision-making.

Despite the different stages in structuring the chains, there are challenges to making
them more sustainable, primarily to maximize their contribution to decarbonization.
For example, increased sugarcane agricultural productivity enables more sugarcane
to be produced per hectare, thereby reducing the pressure for additional land for cul-
tivation. Meanwhile, managed cultivation must be monitored and combined with the
recovery of deforested areas and pastures in agroforestry systems. Likewise, planting
macauba palms in degraded areas and intercropping with other crops or engaging
in animal husbandry enhances CO2 capture and the provision of ecosystem services.
Therefore, the examples of acal and macauba make it clear that public policies that
encourage the use of renewable sources are not enough; there must also be instru-
ments that enable the sustainable supply of these resources.

The cases also show significant differences regarding product diversification and full
biomass utilization. Although sugarcane does not achieve full utilization of biomass, it
shows a significant level of resource utilization. However, its level of product diversifi-
cation and circularity is not high, since the focus of the chain is on producing energy,
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and the opportunities to valorize its residues and by-products follow this path, as with
biomethane. From this perspective, product diversification through the full utilization
of sugarcane biomass has the potential to enhance the energy sector's decarboniza-
tion and defossilization contributions. Conversely, using its renewable carbon for other
applications, such as biomaterials, is not currently a priority. Technological challenges
include developing new processes for waste valorization and product creation, indicat-
ing opportunities for change in the biorefinery and commercialization stages.

In contrast, acal is used almost exclusively for one product: pulp. As a result, the chain
remains unstructured in terms of biomass supply, processing, biorefinery, and com-
mercialization. However, there are many opportunities to develop new businesses for
treating and valorizing waste, by-products, and co-products. The examples presented
in the case study focus primarily on energy use, though non-energetic solutions are
also being proposed. Since the chain is in the process of becoming structured, there
is flexibility, and policies can provide direction and speed to help consolidate patterns
that contribute to decarbonization and defossilization. Thus, developing technologies
and business models that utilize biomass fully and diversify products for different ap-
plications can be highly valuable. Attention should also be given to generating high-
value products and promoting regional economic development. Currently, macauba
does not offer residue valorization due to its unstructured stage. However, unlike acaf,
which already has a primary product, the macauba production chain is in the early
stages. The goal is to develop a production chain for oil conversion to SAF, which re-
quires large-scale operations. It is anticipated that, in the future, the macauba produc-
tion chain will resemble the sugarcane supply chain in many ways. Nonetheless, the
guestion is whether the development process can encompass a wide range of non-
energy products and contribute to defossilization across sectors. Once again, opportu-
nities arise for new technologies and business models.

In general, all three cases illustrate that the decarbonization potential of these bio-
masses can increase along the production chain, though this requires differentiated
efforts. For instance, the adoption of sustainable extraction or cultivation models de-
pendson actions taken at the beginning of the chain and varies depending on whether
the chain consists of large-scale, integrated players or small, fragmented ones. In this
context, public policies that stimulate sustainable systems are crucial. Macauba faces
more challenges in achieving large-scale processing in the processing stage, while the
challenges at the biorefinery stage include fully utilizing biomass and valuing residues
and by-products. All three cases underscore the urgency of overcoming technological

and non-technological barriers. Ultimately, they emphasize the potential of biomass
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as a raw material for various products, serving as an alternative to fossil-based feed-

stocks and promoting decarbonization and defossilization.

This requires technological innovation and the development of innovation ecosystems
comprised of diverse players and a knowledge base. Full resource utilization and resi-
due or co-product reduction depend on business models that can overcome challeng-
es related to accessing these resources and their associated costs. As the production
chain evolves, economic, environmental, and social benefits can be achieved.

In short, the cases studied reveal a diverse range of product possibilities, from commodi-
ties to higher-value products, and from small to large production volumes. These possibili-
ties offer varying potential for income generation for small, local producers. In other words,
the decarbonization potential of biomass extends beyond biofuel production. Therefore,
when making decisions about products derived from biomass, it is recommended that
factors such as waste reduction and greenhouse gas emissions be considered.

Table 4 summarizes the issues discussed in the three case studies, comparing them
on five key points: production chain structuring, biomass utilization, decarbonization
potential, defossilization opportunities, and policy implications.



Table 4 - Summary of the three case studies

Biomass

Sugarcane

Production
Chain
Structuring

Biomass
Utilization

Product
Diversification

Decarbonization
Potential

Defossilization
Opportunities

Policy
Implications

Fully established, large -
scale, vertically integrated
chain similar to major
agricultural commodities.
Strong infrastructure and

consolidated industrial base.

Significant use of biomass,
but not full utilization.
Residues mainly valorized
for energy.

Limited diversification;
strong focus on sugar,
ethanol, and energy.

Low circularity. Non-
energy applications (e.g.,
biomaterials) not yet
prioritized.

Strong contribution to the
energy sector. Potential to
expand into biomaterials
and other fossil-substituting
products.

Expand renewable carbon
into non-energy sectors
(chemicals, materials).

Policies to improve
circularity and biomass
valorization beyond energy.

Acai

Undergoing accelerated
expansion. Chain structured
almost exclusively around
pulp production (<30%

of fruit). Fragmented and
not yet integrated into
biomass processing and
commercialization.

Biomass use concentrates
on pulp; residues are largely
underutilized. The early
projects are mainly energy-
focused, with some new non-
energy proposals emerging.

Very low diversification
currently. High potential
for new products from
waste and co-products
(energy and non-energy).
Opportunity to develop
high-value-added
applications.

High potential if biomass is
fully utilized. Can contribute
beyond biofuels into
diversified sectors.

Build diversified innovation
ecosystems to convert
residues into a wide range of
products.

Strong need for instruments
ensuring sustainable supply
and guiding structuring
toward diversification and
circularity.
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Macauba

Chain under construction
(from extraction to
cultivation). Requires
large-scale investment and
strategic decisions. Not yet
structured for industrial-
scale processing.

No significant residue
valorization yet. Future chain
expected to focus primarily
on oil production (e.g., SAF
feedstock).

Currently, minimal
diversification. Future
pathways are likely centered
on oil for renewable fuels.
Opportunity to incorporate
a broader non-energy
product portfolio during the
structuring phase.

Significant future
potential, especially in
SAF and renewable diesel.
Broader defossilization
impact depends on the
diversification strategy
adopted. Also, significant
potential with the adoption
of sustainable cultivation
methods, use of degraded
areas and/or intercropping
with other crops.

Strategic opportunity to
design a chain from the
outset for multi-sector fossil
substitution.

Critical need for investment
incentives, sustainability
standards, and long-term
policy direction to shape the
chain.



5. Conclusion

The valorization of biomass typically centers on bioenergy, particularly biofuels. From
this perspective, biomass contributes to decarbonization by playing a role similar to that
of renewable energy sources; however, this technical note proposes valuing biomass
beyond its conventional role of reducing emissions. Despite the significant emissions re-
duction effects that can be achieved by biofuels, particularly in transportation, biomass
should also be viewed as a sustainable opportunity for industrial development.

In this regard, renewable carbon from biomass is considered a valuable resource for
developing various non-energy bioproducts, including biomaterials and biochemicals,
thereby contributing to the growth of new businesses and industrial activities. These
bioproducts can become sustainable through defossilization rather than decarboniza-
tion, thanks to the renewable carbon contained in biomass.

Conseqguently, this perspective on biomass valorization requires a biorefining approach
that focuses on developing structured production chains. These chains must be able
to utilize resources fully, promote product diversification, achieve circularity, and foster
regional integration. Therefore, two central questions arise: what challenges must be
overcome when structuring these production chains? What policy implications arise
from these challenges?

To address these questions, three case studies were developed to explore chains that
represent the diversity of biomass exploitation situations in Brazil: sugarcane, macau-
ba, and acai. The case studies highlight the main challenges for the full development

of biomass in Brazil, which carry important implications for industrial policy.

In detail, the cases show different stages of production chain structuring. The sug-
arcane production chain has a well-established structure, which is generally vertical.
Similar levels of structuring are seen in chains based on agricultural commodities,
such as corn, soybeans, and planted forests.

On the other hand, the acai production chain is structured solely to produce the main
product, pulp, which accounts for less than 30% of the fruit. Furthermore, the chain
lacks the infrastructure to treat and add value to residues, by-products, and co-prod-
ucts. A similar situation occurs with most of the Brazilian biodiversity biomasses, since

this raw material is generally exploited for the extraction of the main product.
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Conversely, macauba is a unique case. This Brazilian biomass has great potential for oil
production as a raw material for sustainable aviation fuel (SAF) and renewable diesel
(green diesel). Although significant investments have been announced, the produc-
tion chain is still being developed.

In terms of development stages related to refining attributes, the studied biomasses
are underdeveloped. Although sugarcane does not achieve full utilization of biomass,
it shows a significant level of resource utilization. However, the level of product diversi-
fication and circularity is still low.

Acal is exploited almost exclusively for one main product: pulp. Similarly, macauba, in
its current stage of unstructured extraction, does not present residue valorization.

Broadly speaking, the identified challenges reflect the diversity of issues related to the
different levels of production chain structuring. These challenges have one thing in
common: they deal with process and product innovations in industries that tend to
be "supplier-dominated" according to Pavitt's classic classification. As a result, these
innovations often depend on specialized suppliers and are science-based. Therefore,
studying the innovation ecosystem could help us understand the dynamics of innova-

tion in different biomass production chains.

It is also important to acknowledge that, in certain instances, non-technological fac-
tors appear to have a significant impact on the evolution of production chains. Specifi-
cally, the creation of new business models is crucial, as suggested by the challenges

identified for the acai and macauba chains.

Regarding the implications for industrial policies, this technical note emphasizes that
policies and strategies must consider the general perception of biomass's potential. In
this context, it is essential to consider the level of organization of these chains and how

they seek to achieve the attributes of ideal biorefining.

Any recommendations or policy instruments used to structure the sustainable exploi-
tation of biomass must consider the key attributes of biorefining: product diversifi-
cation, full utilization of biomass, circularity, and regional/territorial integration. Since
these concepts are not widely disseminated in academic, industrial, or governmental
circles, efforts should be made to disseminate and discuss them, which could lead to
a better understanding of the opportunities and challenges of sustainably exploiting

biomass in the country.
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Finally, several topics can be suggested as part of a research agenda. As previously
mentioned, the innovation dynamics of biomass production chains depend on an in-
novation ecosystem that requires further understanding to develop effective strate-

gies and policies.

In this scenario, important documents related to bioenergy, the bioeconomy, and the
circular economy were recently released in Brazil. These include the Fuel of the Future
Law, the National Bioeconomy Development Plan (PNDBIO), and the National Plan on
Circular Economy 2025-2034 (PLANEC). Conseqguently, it seems that monitoring and
evaluating the influence of these initiatives on the development of the industry is an
important topic for study.

As for the case studies, it would be appropriate to expand them by including other
types of biomass and by developing indicators and methods to assess the potential
discussed in this technical note.

In addition to biomass case studies, company case studies can provide interesting
insights, particularly regarding innovation dynamics. An initial list of cases of inter-
est could include the following companies: Cocal, Sao Martinho, and Raizen (sugar
and ethanol producers); FS and INPASA (corn ethanol); Suzano and Klabin (paper and
pulp); Tobasa (a biorefinery based on babassu extraction); and Acelen (macauba).



References

BACHION, L. C.: ARANTES, S. M. Etanol de milho: Sistemas de 2% safra e tradicionais.
Agroanalysis, FGV, v. 45, n. 2, 2025.

BARBOSA-EVARISTO, A. et al. Simulation of macauba palm cultivation: an energy-balance
and greenhouse gas emissions analysis. Carbon Management, v. 9, n. 3, p. 243-254, 2018.
Disponivel em: https:/dol.org/10.1080/17583004 20181463783, Acesso em: 5 jun. 2026.

BITTENCOURT, F.; POTICUAR, M., FERNANDES, T. Cadeia de Valor do Acai: Articulacao
e Acesso aos Beneficios. In: MARCOVITCH, Jacques; VAL, Adalberto (org.). Bioeconomia
para quem? bases para um desenvolvimento sustentavel na Amazonia. Sao Paulo:
Com-Arte, 2024. p. 21-62.

BNDESa, Bioethanol, Fast Track to Mobility Decarbonisation, BNDES/CGEE, 2025, Dispo-
nivel em https://www.bndes.gov.briwps/portal/site/home/conhecimento/publicacoes/

livros/bioethanol-fast-track-to-mobility-decarbonisation, Acessoe m 6 jun, 2026.

BNDESb. Com financiamento do BNDES, centro tecnolégico da Acelen para produ-
Zir combustiveis sustentaveis é inaugurado, Agéncia de noticias BNDES, 11 set. 2025.
Disponivel em: https://agenciadenoticias.bndes.gov.br/industria/Com-financiamento-
-do-BNDES-centro-tecnologico-da-Acelen-para-produzir-combustiveis-sustentaveis-

~e-inaugurado/. Acesso em: 11 sep. 2025.

BOMTEMPO, J. V.; ALVES, F. Innovation Dynamics in the Biolbased Industry. Chemical
and Biological Technologies in Agriculture, v. 1, n. 19, 2014. Disponivel em: https:/dol.
org/10.1186/540538-014-0019-8. Acesso em: 5 jun. 2026.

BRASIL, Decreto n®°12.044, de 5 de junho de 2024. Institui a Estratégia Nacional de Bio-
economia. Didrio Oficial da Unido, Brasilia, DF, 2024. Disponivel em: https://www.pla-
nalto.gov.br/ccivil_03/_ato2023-2026/2024/decreto/d12044.htm. Acesso em: 5 jun. 2026.

BRASILa, Plano Nacional de Desenvolvimento da Bioeconomia, PNDBIO, resumo
executivo, Brasilia, DF, 2025, Disponivel em: https://www.gov.br/mma/acl users/cre-
dentials_cookie_auth/require_login?came_from=https®%3A//www.gov.br/mma/pt-br/
noticias/governo-do-brasil-lanca-o-plano-nacional-de-desenvolvimento-da-bioeco-

nomia-pndbio, Acesso em 5 jun, 2026.


https://doi.org/10.1080/17583004.2018.1463783.
https://www.bndes.gov.br/wps/portal/site/home/conhecimento/publicacoes/livros/bioethanol-fast-track-
https://www.bndes.gov.br/wps/portal/site/home/conhecimento/publicacoes/livros/bioethanol-fast-track-
https://agenciadenoticias.bndes.gov.br/industria/Com-financiamento-do-BNDES-centro-tecnologico-da-Ac
https://agenciadenoticias.bndes.gov.br/industria/Com-financiamento-do-BNDES-centro-tecnologico-da-Ac
https://agenciadenoticias.bndes.gov.br/industria/Com-financiamento-do-BNDES-centro-tecnologico-da-Ac
https://doi.org/10.1186/s40538-014-0019-8
https://doi.org/10.1186/s40538-014-0019-8
https://www.planalto.gov.br/ccivil_03/_ato2023-2026/2024/decreto/d12044.htm
https://www.planalto.gov.br/ccivil_03/_ato2023-2026/2024/decreto/d12044.htm
https://www.gov.br/mma/acl_users/credentials_cookie_auth/require_login?came_from=https%3A//www.gov.b
https://www.gov.br/mma/acl_users/credentials_cookie_auth/require_login?came_from=https%3A//www.gov.b
https://www.gov.br/mma/acl_users/credentials_cookie_auth/require_login?came_from=https%3A//www.gov.b
https://www.gov.br/mma/acl_users/credentials_cookie_auth/require_login?came_from=https%3A//www.gov.b

' References

BRASILb, Plano Nacional de Economia Circular, PLANEC, Brasilia, DF, 2025, Disponi-
vel em  https//mwww.gov.br/mdic/acl_users/credentials_cookie_auth/require_login?came

from=https%3A/Mmww.gov.br/mdic/pt-br/assuntos/enec/plano-nacional, Acesso em 5jun, 2026.

CARDOSO, A. et al. Opportunities and challenges for sustainable production of A. acu-
leata through agroforestry systems. Industrial Crops and Products, v. 107, p. 573-580,
abr. 2017.

CARDOSO, F.; VAZ JUNIOR, S.; DORIA, M.; BORSCHIVER, S. A Technology Roadmap for
the Acai Value-Chain Valorization. Sustainability, v. 17, n. 21, p. 9448, 2025. Disponivel
em: https/dolorg/10.3390/su17219448. Acesso em: 5 jun. 2026.

CARUS, M., DAMMER, L.; RASCHKA, A.; SKOCZINSKI, P. Renewable carbon: Key to a sus-
tainable and future-oriented chemical and plastic industry: Definition, strategy, mea-
sures and potential. Greenhouse Gas Science and Technology, v. 10, p. 488-505, 2020.
Disponivel em: https:/doi.org/10.1002/ghg.1992. Acesso em: 5 jun. 2026.

CONAB - Companhia Nacional de Abastecimento. Acompanhamento da Safra Brasi-
leira: Cana-de-Acdcar, ciclo 2024/25 - Quarto levantamento. Brasilia, DF: CONAB, 2025.
Disponivel em: https://www.gov.br/conab/pt-br/atuacao/informacoes-agropecuarias/
safras/safra-de-cana-de-acucar/arquivos-boletins/4o-levantamento-safra-2024-25/bo-

letim-cana-de-acucar-4o-levantamento-2024-25. Acesso em: 5 jun. 2026.

EMBRAPA ACAI. AGEITEC - Agéncia Embrapa de Informacdo Tecnolégica. Brasilia,
DF: Embrapa, 2025. Disponivel em: https://www.embrapa.br/agencia-de-informacao-
“tecnologica/cultivos/acal. Acesso em: 5 jun. 2026.

EPE - Empresa de Pesquisa Energética. Combustiveis Sustentdveis de Aviacdo no Bra-
sil: Perspectivas Futuras. Rio de Janeiro: EPE, 2024. Disponivel em: https:/www.epe.
gov.br/pt/publicacoes-dados-abertos/publicacoes/combustiveis-sustentaveis-de-avia-

cao-no-brasil-perspectivas-futuras. Acesso em: 5 jun. 2026.

ESALQ/USP. Mapa de Produtividade Atingivel de Cana-de-Aclcar no Brasil. Piracica-
ba: GEPEMA, 2025. Disponivel em: https://www.esalg.usp.br/gepema/atias/yp. Acesso
em: 5 jun. 2026.


https://www.gov.br/mdic/acl_users/credentials_cookie_auth/require_login?came_from=https%3A//www.gov.
https://www.gov.br/mdic/acl_users/credentials_cookie_auth/require_login?came_from=https%3A//www.gov.
https://doi.org/10.3390/su1721944
https://doi.org/10.1002/ghg.1992
https://www.gov.br/conab/pt-br/atuacao/informacoes-agropecuarias/safras/safra-de-cana-de-acucar/arqu
https://www.gov.br/conab/pt-br/atuacao/informacoes-agropecuarias/safras/safra-de-cana-de-acucar/arqu
https://www.gov.br/conab/pt-br/atuacao/informacoes-agropecuarias/safras/safra-de-cana-de-acucar/arqu
https://www.embrapa.br/agencia-de-informacao-tecnologica/cultivos/acai.
https://www.embrapa.br/agencia-de-informacao-tecnologica/cultivos/acai.
https://www.epe.gov.br/pt/publicacoes-dados-abertos/publicacoes/combustiveis-sustentaveis-de-aviacao
https://www.epe.gov.br/pt/publicacoes-dados-abertos/publicacoes/combustiveis-sustentaveis-de-aviacao
https://www.epe.gov.br/pt/publicacoes-dados-abertos/publicacoes/combustiveis-sustentaveis-de-aviacao
https://www.esalq.usp.br/gepema/atlas/yp

' References

FAVARO, S.; ROCHA, J. D. A nova cadeia produtiva da macauba para bioprodutos
e descarbonizacdo. Brasilia, DF: Embrapa Agroenergia, 2022. Disponivel em: https://
www.embrapa.br/fen/busca-de-publicacoes/-/publicacao/1149154/a-nova-cadeia-pro-

dutiva-da-macauba-para-bioprodutos-e-descarbonizacao. Acesso em: 5 jun. 2026.

FAVARO, P. S. et al. Aqueous extraction to high yield and quality of macauba (Acroco-
mia aculeata) pulp oil. Applied Food Research, v.2,n.1, p. 100060, 2022. Disponivel em:
https:/doi.org/10.1016/].afres2022.100060. Acesso em: 5 jun. 2026.

FORTUNE BUSINESS INSIGHTS. Biochar Market Size, Share & Industry Analysis. Pune:
Fortune Business Insights, 2025. Disponivel em: https://www.fortunebusinessinsights.
com/industry-reports/biochar-market-100750. Acesso em: 5 jun. 2026.

FREITAS, D. G.; CARVALHAES, M. A BEZERRA, V. S. Boas pradticas na cadeia de pro-
ducdo de acai. Belém: Embrapa Amazdnia Oriental, 2021. Disponivel em: https:// www.
embrapa.br/busca-de-publicacoes/-/publicacao/1135385/boas-praticas-na-cadeia-de-

-producao-de-acal. Acesso em: 5 jun. 2026.

GONCALVES, R. Caroco de acal vira energia limpa para abastecer caldeiras. Correio
Braziliense, Brasilia, DF, 5 out. 2025. Economia. Disponivel em: https:// www.correio-
braziliense.com.br/feconomia/2025/10/7263079-caroco-de-acai-vira-energia-limpa-

-para-abastecer-caldeiras.html. Acesso em: 5 jun. 2026.

CGURSEL, I. V. et al. Defining Circular Economy Principles for Biobased Products. Sus-
tainability, v. 14, n.19, p. 12780, 2022. Disponivel em: https:/doi.org/10.3390/su141912780.
Acesso em: 5 jun. 2026.

IBGEa. Producdo da Extracdo Vegetal e da Silvicultura 2024. Rio de Janeiro: IBGE, 2025.
Disponivel em: https:/biblioteca.ibge.gov.br/visualizacao/periodicos/74/pevs_2024_
v39_informativo.pdf. Acesso em: 5 jun. 2026.

IBGEb. Producdo de acai, cultivo 2024. Rio de Janeiro: IBGE, 2025. Disponivel em: https:/
www.ibge.gov.br/explica/producao-agropecuaria/acai-cultivo/br. Acesso em: 5 jun. 2026.

IEA Bioenergy (Task 42). Global biorefinery status report 2022. Paris: |[EA Bioenergy,
2022. Disponivel em: https://task42.ieabioenergy.com/publications/global-biorefinery-
—status-report-2022/. Acesso em: 5 jun. 2026.


https://www.embrapa.br/en/busca-de-publicacoes/-/publicacao/1149154/a-nova-cadeia-produtiva-da-macau
https://www.embrapa.br/en/busca-de-publicacoes/-/publicacao/1149154/a-nova-cadeia-produtiva-da-macau
https://www.embrapa.br/en/busca-de-publicacoes/-/publicacao/1149154/a-nova-cadeia-produtiva-da-macau
https://doi.org/10.1016/j.afres.2022.100060
https://www.fortunebusinessinsights.com/industry-reports/biochar-market-100750
https://www.fortunebusinessinsights.com/industry-reports/biochar-market-100750
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1135385/boas-praticas-na-cadeia-de-producao
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1135385/boas-praticas-na-cadeia-de-producao
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1135385/boas-praticas-na-cadeia-de-producao
https://www.correiobraziliense.com.br/economia/2025/10/7263079-caroco-de-acai-vira-energia-limpa-par
https://www.correiobraziliense.com.br/economia/2025/10/7263079-caroco-de-acai-vira-energia-limpa-par
https://www.correiobraziliense.com.br/economia/2025/10/7263079-caroco-de-acai-vira-energia-limpa-par
https://doi.org/10.3390/su141912780.
https://biblioteca.ibge.gov.br/visualizacao/periodicos/74/pevs_2024_v39_informativo.pdf
https://biblioteca.ibge.gov.br/visualizacao/periodicos/74/pevs_2024_v39_informativo.pdf
https://www.ibge.gov.br/explica/producao-agropecuaria/acai-cultivo/br.
https://www.ibge.gov.br/explica/producao-agropecuaria/acai-cultivo/br.
https://task42.ieabioenergy.com/publications/global-biorefinery-status-report-2022
https://task42.ieabioenergy.com/publications/global-biorefinery-status-report-2022

' References

IMAFLORA. Carbon Sequestration of INOCAS Macauba Plantations in Brazil. Piracica-
ba: Imaflora, 2020. Disponivel em: https:/admin.imaflora.org/public/media/biblioteca/
inocas_digital_saida_I.pdf. Acesso em: 5 jun. 2026.

IPAM AMAZONIA. Desafios para a Sustentabilidade na Cadeia do Acai. Belém: IPAM,
2021. Disponivel em: https://ipam.org.br/bibliotecas/desafios-para-a-sustentabilidade-

-na-cadeia-do-acai/. Acesso em: 5 jun. 2026.

ISKANDAROVA, M. Bridging the gap between defossilization and decarbonization to
achieve net-zero industry. University of Sussex, v. 1, 2025. Disponivel em: https:/hdl.
handle.net/10779/u0s. 28229498 vI. Acesso em: 5 jun. 2026.

JORGE, F. T. A; SANTANA, A.; BRIGAGAQ, G. V. Acai waste valorization via mannose and
polyphenols production: techno-economic and environmental assessment. Biomass
Conversion and Biorefinery, v. 14, p. 3739-3752, 2024.

LAU, H. C.; TSAI, S. C. Global Decarbonization: Current Status and What It Will Take to
Achieve Net Zero by 2050. Energies, v.16, n. 23, p. 7800, 2023. Disponivel em: https://dol.
0rg/10.3390/en16237800. Acesso em: 5 jun. 2026.

LEMOS, C. et al. Valorizacdo de residuos da industria do acal: oportunidades e desa-
fios. Rio de Janeiro: SENAI/CETIQT, 2021.

LEVI, Primo. A Tabela Periodica. Traducao de Luiz Sérgio Henriques. Rio de Janeiro:

Relume Dumara, 1994.

LIN, S. Y. et al. Circular economy models of sugarcane biorefinery towards carbon neu-
trality and environmental sustainability. Sustainable Production and Consumption, V.
59, p. 305-324, 2025. Disponivel em: https:/doiorg/10.1016/].spc.2025.07.008. Acesso em:
5jun. 2026.

LOPES, M. L. B. et al. A Cadeia Produtiva do Acai em Tempos Recentes. In: MEDINA,
Gabriel da Silva; CRUZ, José Elenilson (org.). Estudos em Agronegocio: participacdo
brasileira nas cadeias produtivas. Goiania: Kelps, 2021. v. 5, p. 115-145.

MARTIN, M. Towards a sustainable and defossilized chemical and process industry.
Computers & Chemical Engineering, v. 201, p. 109245, 2025. Disponivel em: https:/dol.
org/10.1016/j compchemeng. 2025109245, Acesso em: 5 jun. 2026.


https://admin.imaflora.org/public/media/biblioteca/inocas_digital_saida_1.pdf.
https://admin.imaflora.org/public/media/biblioteca/inocas_digital_saida_1.pdf.
https://ipam.org.br/bibliotecas/desafios-para-a-sustentabilidade-na-cadeia-do-acai/
https://ipam.org.br/bibliotecas/desafios-para-a-sustentabilidade-na-cadeia-do-acai/
https://hdl.handle.net/10779/uos.28229498.v1
https://hdl.handle.net/10779/uos.28229498.v1
https://doi.org/10.3390/en16237800
https://doi.org/10.3390/en16237800
https://doi.org/10.1016/j.spc.2025.07.008
https://doi.org/10.1016/j.compchemeng.2025.109245
https://doi.org/10.1016/j.compchemeng.2025.109245

' References

MCKINSEY & COMPANY. Decarbonization of industrial sectors: the next frontier. McKin-
sey Oil & Gas, 2018. Disponivel em: https//www.mckinsey.com/industries/oil-and-gas/our-
-insights/decarbonization-of-industrial-sectors-the-next-frontier. Acesso em: 5 jun. 2026.

MDIC/PNUD, BOMTEMPO, J. V. (2025), Elementos para uma Estratégia Nacional de
Implementacdo de Biorrefinarias no Brasil. Disponivel em https://www.gov.br/mdic/
pt-br/centrais-de-conteudo/publicacoes/biorrefinarias/mdic_biorefineries_eng_v7_re-

gular-maio-2025.pdf

MORAES, P. M. O,; MELLO, D. Politicas Publicas na cadeia produtiva do acal: seguranca
e soberania alimentar na Amazénia e a agenda 2030. Research, Society and Develop-
ment, v. 11, n. 10, p. 453111032850, 2022.

NOVACANA. Para novas usinas, oferta de biomassa é desafio nacional com solu¢des
regionais. S&o Paulo: NovaCana, 3 set. 2025. Disponivel em: https://www.novacana.
com/noticias/novas-usinas-disponibilidade-biomassa-desafio-nacional-solucoes-re-
gionals-030925. Acesso em: 5 jun. 2026.

PORTAL BARCARENA. Carocos de acai viram fonte de energia renovavel e ja substi-
tuem 40% da matriz térmica da Artemyn em Barcarena: Portal Barcarena, 2025. Dis-
ponivel em: https://portalbarcarena.com.br/carocos-de-acai-viram-fonte-de-energia-
-renovavel-e-ja-substituem-40-da-matriz-termica-da-artemyn-em-barcarena/. Acesso
em:5jun. 2026.

SATO, M. K. et al. Biochar as a sustainable alternative to acai waste disposal in Amazon,
Brazil. Process Safety and Environmental Protection, v. 139, p. 36-46, 2024.

SEBRAE. Residuos do acai viram “café”, carvao e fertilizante e movimentam negocios sus-
tentaveis na Amazoénia. Brasilia, DF: Agéncia Sebrae de Noticias, 2025. Disponivel em: ht-
tps://agenciasebrae.com.br/inovacao-e-tecnologia/residuos-do-acai-viram-cafe-carvao-e-

-fertilizante-e-movimentam-negocios-sustentaveis-na-amazonia/. Acesso em: 5 jun. 2026.

SILVA MOREIRA, S. L. et al. Above- and below-ground carbon accumulation in cultiva-
ted macauba palm and potential to generate carbon credits. Journal of Cleaner Pro-
duction, v. 265, p. 121628, 2020.

SORITA, G. D. et al. Aueous Enzymatic Extraction Processing: An Innovative and Sus-
tainable Approach for Recovery of Unconventional Qils. Trends in Food Science & Tech-
nology, v. 133, p. 99-113, 2023.


https://www.mckinsey.com/industries/oil-and-gas/our-insights/decarbonization-of-industrial-sectors-t
https://www.mckinsey.com/industries/oil-and-gas/our-insights/decarbonization-of-industrial-sectors-t
ttps://www.gov.br/mdic/pt-br/centrais-de-conteudo/publicacoes/biorrefinarias/mdic_biorefineries_eng_
ttps://www.gov.br/mdic/pt-br/centrais-de-conteudo/publicacoes/biorrefinarias/mdic_biorefineries_eng_
ttps://www.gov.br/mdic/pt-br/centrais-de-conteudo/publicacoes/biorrefinarias/mdic_biorefineries_eng_
ttps://www.gov.br/mdic/pt-br/centrais-de-conteudo/publicacoes/biorrefinarias/mdic_biorefineries_eng_
https://www.novacana.com/noticias/novas-usinas-disponibilidade-biomassa-desafio-nacional-solucoes-re
https://www.novacana.com/noticias/novas-usinas-disponibilidade-biomassa-desafio-nacional-solucoes-re
https://www.novacana.com/noticias/novas-usinas-disponibilidade-biomassa-desafio-nacional-solucoes-re
https://portalbarcarena.com.br/carocos-de-acai-viram-fonte-de-energia-renovavel-e-ja-substituem-40-d
https://portalbarcarena.com.br/carocos-de-acai-viram-fonte-de-energia-renovavel-e-ja-substituem-40-d
https://agenciasebrae.com.br/inovacao-e-tecnologia/residuos-do-acai-viram-cafe-carvao-e-fertilizante
https://agenciasebrae.com.br/inovacao-e-tecnologia/residuos-do-acai-viram-cafe-carvao-e-fertilizante
https://agenciasebrae.com.br/inovacao-e-tecnologia/residuos-do-acai-viram-cafe-carvao-e-fertilizante

' References

SORITA, G. D. et al. Agueous enzymatic extraction of macauba (Acrocomia aculeata)
pulp oil: A green and sustainable approach for high-quality oil production. Food Re-
search International, v. 182, p. 114160, abr. 2024. Disponivel em: https:/dolorg/10.1016/].
foodres.2024.114160. Acesso em: 5 jun. 2026.

SORITA, G. D. et al. Macauba (Acrocomia ssp.) fruits: A comprehensive review of nu-
tritional and phytochemical profiles, health benefits, and sustainable oil production.
Comprehensive Reviews in Food Science and Food Safety, v. 24, n. 1, p. e70097, 2025.
Disponivel em: https:/doiorg/101111/1541-43%770097. Acesso em: 5 jun. 2026.

ZHOU, Y. Worldwide carbon neutrality transition? Energy efficiency, renewable, carbon
trading and advanced energy policies. Energy Reviews, v. 2, n. 2, p. 100026, 2023. Dispo-
nivel em: https:/doi.org/10.1016/.enrev.2023100026. Acesso em: 5 jun. 2026.


https://doi.org/10.1016/j.foodres.2024.114160
https://doi.org/10.1016/j.foodres.2024.114160
https://doi.org/10.1111/1541-4337.70097
https://doi.org/10.1016/j.enrev.2023.100026
https://web.wtocenter.org.tw/file/PageFile/378593/GAGGEN213.pdf 

DECARBONIZATION AND INDUSTRIAL POLICY:
CHALLENGES FOR BRAZIL

- (
il |D,p
> vﬁie DECARBONIZATION

& INDUSTRIAL POLICY




