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Abstract

This study analyzes selected international patent documents and the scientific literature to
identify major Technology Elements and evidence-based research directions for sustainable
bioresource-based material alternatives. Patent documents publicly available during the
most recent 10-year period were searched, and documents representing the same invention
or continuous rights were consolidated into 34 Patent Families. Technical evidence from
abstracts and claims was organized according to six Technology Elements: bioresource,
pretreatment, materialization, functionalization, application, and end-of-life (EOL). Eigh-
teen scientific literature sources were considered, with recent studies prioritized for current
research needs and relevant methodological and foundational studies included where nec-
essary to establish the analytical framework. Agricultural by-products, food and organic
wastes, spent coffee grounds, fruit residues, and algal biomass were repeatedly identified as
major bioresource categories. Pretreatment and materialization technologies were broadly
represented, whereas direct links among EOL and integrated environmental and safety
assessment were relatively limited. These findings indicate that future research should
strengthen connections among feedstock characterization, low-burden pretreatment, high-
value materialization, functional performance, environmental and safety assessment, and
EOL pathways. Research directions were derived by cross-checking technical approaches
disclosed in patent titles, abstracts, claims, and relevant bibliographic information with
research needs reported in the scientific literature rather than by applying an arbitrary
scoring or technology-opportunity ranking system. This evidence-based Technology Net-
work perspective provides a transparent basis for identifying research considerations for
sustainable bioresource-based material alternatives.

Keywords: bioresource; agricultural waste; bioplastics; circular bioeconomy; biorefinery;
end-of-life; life cycle assessment; sustainable materials; patent analysis

1. Introduction
The transition toward a circular and sustainable materials economy has accelerated re-

search on the utilization of biomass and organic waste as alternative feedstocks for material
production. Agricultural residues, food-processing by-products, and other bioresources
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are increasingly investigated as sources of polymers, fibers, composites, functional compo-
nents, and carbon-based materials. Such approaches can contribute to resource efficiency by
redirecting underutilized biomass into higher-value products and by reducing dependence
on conventional fossil-derived feedstocks [1,2]. However, the designation of a material as
bio-based or biomass-derived does not, by itself, establish its overall sustainability. The
environmental performance of a bioresource-based material depends on the characteristics
of the feedstock, pretreatment requirements, material-conversion route, functionalization,
application, and end-of-life (EOL) pathway [2,3]. In particular, energy demand, solvent
use, chemical consumption, process yield, product durability, recyclability, biodegrad-
ability, and post-use recovery can substantially influence the overall sustainability of the
system [4–6].

Recent reviews have demonstrated the increasing diversity of approaches for convert-
ing agricultural and food wastes into biodegradable materials and other value-added
products. Bioresource utilization has been examined within broader biorefinery and
circular-bioeconomy frameworks, including the production of bioplastics, biocompos-
ites, functional materials, and chemical or biological intermediates [7–13]. These studies
indicate that the technical potential of bioresources is strongly associated with their chemi-
cal composition, structural characteristics, and compatibility with downstream conversion
processes. At the same time, pretreatment is often necessary to improve accessibility, re-
move undesired components, or modify the physicochemical properties of biomass before
materialization. Reported approaches include mechanical, chemical, enzymatic, thermal,
and combined treatments. The diversity of these approaches highlights the importance
of selecting pretreatment conditions according to both feedstock characteristics and the
intended material or application rather than treating pretreatment as an isolated processing
step [7,9–11,13].

A further issue concerns the relationship between disclosed technological approaches
and research needs. Patent documents provide evidence of claimed inventions and dis-
closed technical approaches, including specific feedstocks, processing conditions, ma-
terial formulations, functional modifications, and applications. The scientific literature,
in contrast, provides a broader basis for interpreting material mechanisms, processing
limitations, sustainability considerations, environmental impacts, safety, and EOL require-
ments. Recent studies have also demonstrated the usefulness of combining patent and
scientific-literature analyses to examine linkages between technological development and
scientific knowledge [14–16]. Nevertheless, many reviews of bioresource-based materials
remain organized primarily around individual feedstocks, material classes, or applica-
tion areas. This organization is useful for summarizing the literature but can make it
difficult to identify how different Technology Elements are connected across the overall
material-development pathway.

From a circular-materials perspective, therefore, it is necessary to examine bioresource-
based material development as an interconnected Technology Network rather than solely
as a linear sequence from raw material to final product. Such a network can include
bioresource selection and characterization, pretreatment, materialization, functionalization,
application, and EOL or recovery. The network perspective is particularly relevant because
a technically successful materialization step may not necessarily be associated with an
efficient pretreatment process, a high-value functional application, or a defined post-use
pathway. Likewise, the presence of a biodegradable or bio-based material does not auto-
matically demonstrate lower environmental impacts without an appropriate sustainability
assessment, such as life cycle assessment (LCA) [4–6].

Patent analysis can complement literature-based reviews in this context by revealing
which technical elements are repeatedly implemented and which combinations of elements
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occur less frequently within a defined technology corpus. Patent information is especially
useful for identifying technical configurations through abstracts and claims, while the scien-
tific literature can be used to interpret the scientific and sustainability-related implications
of those configurations. Recent methodological studies have shown that large-scale text
mining and ecosystem mapping can be used to examine linkages between patents and
scientific publications [14,15]. In addition, recent reviews combining bibliometric, patent,
and systematic approaches have demonstrated the value of integrating multiple evidence
sources when characterizing emerging waste-derived biopolymer technologies [16–18].

Accordingly, the present study focuses on an evidence-based analysis of sustainable
bioresource-based material alternatives using international patents and the scientific litera-
ture. Rather than experimentally developing or performance-testing a specific material,
the study consolidates patent documents into Patent Families and organizes their technical
evidence according to six Technology Elements: bioresource, pretreatment, materialization,
functionalization, application, and EOL. The resulting evidence database is cross-checked
with the relevant scientific literature to distinguish areas of technological concentration
from Technology Elements that are relatively limited within the analyzed corpus. The study
does not assign arbitrary scores or rank technologies according to a subjective opportunity
index. Instead, research directions are derived from the intersection of patent-disclosed
technical approaches and literature-based research needsThe objective of this approach is to
provide a transparent basis for identifying research directions for sustainable bioresource-
based material alternatives. In particular, the study examines whether current technologies
are concentrated on material conversion while relatively fewer technologies connect pre-
treatment, functional performance, environmental and safety assessment, and EOL within
an integrated Technology Network. By linking patent evidence with scientific evidence, the
analysis aims to identify technically meaningful gaps and formulate research directions that
are traceable to the underlying source data. This framework is intended to support future
research planning without assuming that bioresource utilization is inherently sustainable
and without extending the evidence beyond what can be supported by the analyzed patent
and literature records. In this study, different search periods were applied to the scientific
literature and patent documents according to their distinct information roles and analytical
purposes. Recent scientific literature from the past five years was primarily reviewed
to capture current research considerations, major research issues, technical limitations,
and emerging sustainability-related research needs. In contrast, publicly available patent
documents from the most recent 10-year period were examined to identify how scientific
and technological developments have been reflected in disclosed technical approaches,
including material production, functionalization, and applications. The final patent corpus
comprised 34 Patent Families representing these disclosed technical approaches [19–52].
The different search periods were therefore not arbitrarily defined but were designed to cap-
ture recent research needs through the scientific literature and accumulated patent-disclosed
technical approaches through patent documents as complementary sources of evidence.

Research Purpose

The purpose of this study is to systematically organize major bioresources and Tech-
nology Elements identified in international patents and the scientific literature, analyze
their connections within a Technology Network, and identify relatively limited Technol-
ogy Elements through evidence-based cross-checking. The study further seeks to derive
research directions by comparing technical approaches disclosed in patent documents with
research needs and sustainability considerations reported in the scientific literature.
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2. Materials and Methods
2.1. Analytical Framework

The analytical framework distinguished technical approaches disclosed in patent
documents from research needs identified in the scientific literature and subsequently
cross-checked the two evidence sources (Figure 1). The contribution of this study lies
not in proposing a new taxonomy or entirely new research directions, but in organizing
patent-disclosed technical approaches and literature-derived research needs within a com-
mon six-element analytical framework. Patent analysis can reveal claimed inventions and
disclosed technical approaches, whereas the literature provides complementary evidence
concerning scientific principles, limitations, sustainability, safety, and EOL. By consider-
ing these evidence sources together through six Technology Elements and a Technology
Network framework, this study presents areas that are more frequently represented in the
analyzed corpus and areas for which direct evidence is relatively limited. The resulting
research considerations are therefore derived from cross-source evidence rather than from
subjective technology ranking or opportunity scoring. Patent documents were used to
characterize specific technical configurations, including feedstocks, pretreatment, material-
ization, functionalization, application, and end-of-life. The scientific literature was used to
interpret the characteristics of bioresources, the scientific principles underlying material
production, sustainability considerations, environmental impacts, safety, and research
needs and limitations associated with EOL.

 
Figure 1. Overall research workflow for evidence-based patent–literature analysis and technology-
network mapping. Arrows indicate the sequence of the analytical workflow and the connections
between evidence sources and analytical stages.

2.2. Search Terms and Literature Search

The scientific literature search was conducted using Google Scholar in July 2026.
The search strategy was developed around the core concepts of the research objectives,
focusing on bioresource utilization, material development, and sustainability. Specific
core keywords were initially used to identify relevant publications, and the search was
subsequently expanded through combinations of related search terms, synonyms, and
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associated technical terminology. Because the search was exploratory and iterative, no
single fixed Boolean search string or standardized database field/filter combination was
predefined or systematically recorded; therefore, the present study reports the core terms,
search period, and screening criteria rather than retrospectively introducing an exact query
string. The bioresource-related search terms included biomass, agricultural waste, food
waste, agro-food waste, spent coffee grounds, fruit peel, bagasse, straw, and algae. Material-
related terms included bioplastics, biodegradable polymers, biocomposites, functional
materials, and carbon materials. Sustainability-related concepts, including bioresource
utilization, biorefinery, circular bioeconomy, sustainable materials, life cycle assessment
(LCA), safety, and end-of-life (EOL), were considered where relevant to the research scope.
Retrieved publications were screened by examining their titles and abstracts to assess their
relevance to the research objectives and the six analytical Technology Elements: biore-
source, pretreatment, materialization, functionalization, application, and EOL. Publications
were considered for inclusion when they substantively addressed bioresource utilization,
material development, biorefinery, circular bioeconomy, sustainability assessment, safety,
or EOL pathways and were relevant to at least one of the six analytical elements. Du-
plicate records and publications outside the defined material and analytical scope were
excluded. Relevant foundational or methodological studies were retained when necessary
to establish the technological background and interpret relationships between scientific
research and disclosed technical approaches. Relevant studies published from 2016 to
July 2026 were considered to understand accumulated research developments and the
technological background. More recent publications were examined to identify current
research considerations, technical limitations, sustainability-related issues, and potential
future directions. No language restrictions were applied. The literature search and screen-
ing were designed to support a structured, evidence-based, technology-oriented review
rather than a statistically exhaustive systematic review. The selected scientific literature
was subsequently examined alongside publicly available patent documents from the most
recent 10-year period to distinguish disclosed technical approaches from reported research
needs and to derive evidence-based research directions (Table 1).

2.3. Construction of the Patent Family and Technology Element Evidence Database

Patent Family consolidation was performed at the invention and related-rights level
rather than by counting each publication as an independent technology. Candidate patent
records were compared using available bibliographic identifiers, including priority num-
bers and dates, application and publication numbers, applicant/inventor information, and
documented family or continuation relationships. Records were consolidated when the
available bibliographic information indicated the same Patent Family or a documented
continuation, divisional, or equivalent relationship, and the technical subject matter was
consistent with the study scope. The study did not apply a separate DOCDB- or INPADOC-
specific family definition; instead, family relationships were based on the publicly available
bibliographic and relationship information described above. For each Patent Family, one
representative publicly available patent document was selected for presentation in the main
text. Related family members and source-level evidence were retained in the supplementary
evidence database to preserve traceability. Patent Family relationships were checked using
KIPRIS, WIPO PATENTSCOPE, EPO Espacenet, and publicly accessible patent-document
pages. The patent search covered the most recent 10-year public period available for the
study (approximately July 2016–July 2026); an exact day-level patent search date was
not systematically recorded. The final analytical corpus comprised 34 Patent Families
(Table 2 and Supplementary Table S1). Patent Families cited in the Results and Discus-
sion were selected as representative examples to illustrate relevant bioresource categories,
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technical approaches, and Technology Element relationships; they were not selected as a
ranked subset.

Table 1. Search, Patent Document Examination, and Database Construction Procedure.

Stage Analysis Area Method

1 Definition of core
concepts

Bioresource, biobased materials, circular bioeconomy, waste
valorization, sustainability, etc.; definition of key concepts

2 Search-term expansion Expansion of synonyms, related terms, and technical terminology
through preliminary searches

3 Literature search Search of relevant review and research articles, primarily using
Google Scholar

4 Patent search
Keyword-based candidate searches using KIPRIS, WIPO
PATENTSCOPE, EPO Espacenet, and publicly accessible
patent-document pages

5 Patent document examination Title/Abstract/Claims and bibliographic information verification

6 Patent Family construction Documents with the same invention or continuous rights
relationship consolidated at the Patent Family level

7 DB construction
Family → Patent No. → Abstract/Claims → Feedstock →
Pretreatment → Materialization → Functionalization →
Application → EOL → Literature → Source Link

8 Literature–patent cross-check Technical relevance and cross-check of research needs against the
source evidence

9 Technology Network mapping Structured from a network perspective based on connections
among Technology Elements

10 Technology areas
Identification of relatively concentrated and less frequently
documented relationships among Technology Elements to derive
evidence-based research directions

Table 2. Summary of the Patent Family Corpus.

Analysis Area Method
Final Patent Families 34
Analytical Elements 6
Representative Documents 34

Evidence Sources
KIPRIS, WIPO PATENTSCOPE, EPO
Espacenet, and publicly accessible
patent-document pages

Analysis Patent–Literature cross-check

2.4. Technology Element Keyword Mapping and Technology Network Construction

The mapping results were reviewed against the source documents using the prede-
fined Technology Element criteria. The initial mapping was conducted by the authors
and reviewed for consistency against the source documents; no independent inter-coder
reliability statistic was calculated because a separate independent coding procedure was not
performed. The resulting family-level evidence matrix was used to identify documented
relationships among the six Technology Elements and to organize them within the Technol-
ogy Network framework. In this study, a “Technology Element” is one of the six predefined
categories used to classify explicit technical content in the patent evidence: bioresource,
pretreatment, materialization, functionalization, application, and EOL. A “Technology Gap”
refers to a Technology Element or relationship that was relatively less frequently identified
in the analyzed patent evidence under the predefined direct-evidence criteria; it does
not indicate a field-wide absence. The term “Technology Network” refers to a structured
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representation of relationships among the six Technology Elements and does not imply a
formal graph-theoretical analysis based on centrality, density, or other network metrics.
A Patent Family could be assigned to multiple Technology Elements when identifiable
technical evidence supported each assignment. Where no direct evidence was identified,
the element was recorded as “not identified in the analyzed patent evidence,” rather than
as absent from the broader field.

2.5. Generative AI Use

AI-assisted tools were used as supplementary aids during the research and manuscript
preparation process. During the research workflow, the authors used ChatGPT (GPT-5.6
Luna, OpenAI, San Francisco, CA, USA; https://chatgpt.com/, accessed 23 October 2026)
to support matching of the retrieved scientific literature and patent documents with prede-
fined search terms and Technology Elements, preliminary classification and mapping of
technical information, and exploration of potential secondary relationships among Tech-
nology Elements. ChatGPT was also consulted for preliminary consideration of research
differentiation and potential originality, as well as for English language editing, grammar,
spelling, sentence structure, and manuscript readability. AI-generated suggestions con-
cerning technology mapping and research differentiation were not treated as independent
evidence or definitive judgments. The authors reviewed relevant outputs against the origi-
nal patent documents and the scientific literature and made the final decisions regarding
classification, interpretation, research contribution, and conclusions. ChatGPT was not
used to generate primary research data or independently establish the novelty, legal status,
or validity of the findings. The authors take full responsibility for the accuracy, integrity,
and content of the published article.

3. Results
3.1. Distribution of Major Bioresources and Technology Elements

Mapping the 34 Patent Families according to the Technology Element keyword frame-
work (Table 3) repeatedly identified agricultural by-products, food and organic wastes,
spent coffee grounds, fruit residues, and algal biomass as major bioresource categories
(Table 4).Pretreatment and materialization were simultaneously identified in many Patent
Families, whereas functional materialization and EOL-related technologies appeared selec-
tively in specific Patent Families.

Table 3. Technology Element Keyword Mapping Framework.

Technology Element Keyword Mapping Criterion Source Evidence

Bioresource Agricultural by-products, food and organic wastes,
spent coffee grounds, fruit residues, algae, etc. Abstract/Claims

Pretreatment Drying, grinding, acid/alkaline, enzymatic, bleaching, thermal
treatment, high-pressure and ultrasonic treatment, etc. Abstract/Claims

Materialization Films, textiles, composites, bioplastics, PHA/PHB,
carbon materials, etc. Abstract/Claims

Functionalization Extracts, surface modification, additives, functional
components, etc. Abstract/Claims

Application Packaging, cosmetics, textiles, environmental material,
consumer products, etc. Claims/Description

EOL Biodegradation, recycling, anaerobic digestion, recovery,
post-use carbonization, etc. Claims/Description
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Table 4. Summary of Technology Element Findings in the Analyzed Patent Families.

Technology Element Main Observation

Bioresource
Agricultural by-products, food and organic wastes,
spent coffee grounds, fruit residues, and
algal biomass

Pretreatment Drying, grinding, chemical, enzymatic, and
thermal treatments

Materialization Bioplastics, composites, fibers, functional materials,
and carbon materials

Functionalization Material-property improvement and
functional components

Application Packaging, cosmetics, textiles, environmental and
consumer products

EOL
Direct evidence for integrated reuse, recycling,
recovery, and post-use pathways was
relatively limited

3.2. Relative Gaps Among Technology Elements

The relatively limited direct evidence for LCA, sustainability assessment, and safety
should be interpreted in light of the purpose and disclosure structure of patent docu-
ments. Patent abstracts and claims primarily define technical subject matter and claimed
or disclosed approaches; they do not necessarily report comprehensive environmental,
life-cycle, or toxicological assessments. Accordingly, the present finding indicates that
such assessment evidence was less frequently identified in the analyzed patent corpus, not
that these topics are absent from the broader scientific literature or that the technologies
are inherently unsustainable. The literature cross-check was therefore used to identify
opportunities for more explicit integration of environmental and safety assessment with
material development rather than to claim a field-wide research absence (Table 5). The
scientific literature was examined as complementary contextual evidence rather than as
a second quantitatively coded corpus. Accordingly, the literature–patent relationships
were not intended to represent one-to-one documentary links between every Patent Fam-
ily and individual publication; relationships were interpreted according to technical and
thematic relevance.

3.3. Patent–Literature Cross-Check

When the technical approaches disclosed in patent documents were considered
alongside research needs reported in the scientific literature, pretreatment and mate-
rialization technologies were found across a relatively broad range of Patent Fami-
lies [19,20,24–26,28–32,34,36–40,45–52] (Table 6). In contrast, Technology Elements simul-
taneously connecting the environmental burden of pretreatment conditions, integrated
functionality/environmental-performance/safety assessment, and EOL were relatively
limited. This finding suggests that sustainability assessment of bioresource-based material
alternatives should consider the connectivity of the overall Technology Network rather
than focusing only on whether the feedstock is bio-based (Table 7).

https://doi.org/10.3390/su182110794

https://doi.org/10.3390/su182110794


Sustainability 2026, 18, 10794 9 of 19

Table 5. Distribution of Technology Elements and Relative Technology Gaps.

Category
Technology

Element/Assessment
Dimension

Number of Families
with Direct Evidence Representative Families Observed Technical

Characteristics
Relative

Gaps/Limitations
Link to Research

Strategy

Technology
Element Bioresource 28 F01/F07/F13/F18/F33

Diverse feedstocks,
including agricultural
residues, food wastes,
spent coffee grounds,
fruit peels, and algae,
were identified.

Standardization,
selection, and linkage
based on feedstock
characteristics are
relatively limited.

Bioresource
characterization and
feedstock–technology
matching

Technology
Element Pretreatment 26 F08/F11/F27

Multiple pretreatment
methods were
identified, including
grinding, drying,
alkaline and acid
treatment, enzymatic
treatment, bleaching,
thermal treatment,
and high-
pressure/ultrasonic
treatment.

Pretreatment
conditions are
fragmented by
individual feedstocks
and products, with
limited comparison
from low-energy,
low-solvent, and
integrated-process
perspectives.

Low-energy,
low-solvent
pretreatment and
feedstock-specific
standardization

Technology
Element Materialization 31 F10/F13/F15/F21/F28

Diverse
materialization
pathways, including
films, fibers,
composites,
PHA/PHB, and
starch- and
cellulose-based
materials, were
identified.

Materialization
represents a
concentrated patent
domain, indicating the
need to move beyond
simple
feedstock-to-material
conversion toward
integrated Technology
Network connections.

High-value material
platforms based on
diverse bioresource
residues
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Table 5. Cont.

Category
Technology

Element/Assessment
Dimension

Number of Families
with Direct Evidence Representative Families Observed Technical

Characteristics
Relative

Gaps/Limitations
Link to Research

Strategy

Technology
Element Functionalization 18 F06/F24/F26/F33

Carbon
materials/biochar,
melanoidin
nanomaterials,
antioxidant and
UV-related functions,
and other
functionalization
cases were identified.

Functionalization
technologies are
concentrated in
selected feedstocks
and applications,
while designs that
simultaneously
consider
environmental
performance and
safety remain limited.

Integrated assessment
of functionality, safety,
and environmental
performance

Technology
Element Application 27 F01/F13/F19/F26

Diverse applications,
including packaging,
cosmetics, textiles,
environmental
remediation, and
molded products,
were identified.

Applications are
diverse, but
evidence-based
strategies linking
application
requirements with
feedstock availability
require further
development.

Application
requirements–
bioresource–material
linkage

Technology
Element EOL 8 F12/F22/F29/ F30/F31/F34

Anaerobic digestion,
composting,
biodegradation, and
complete degradation
were directly
identified in selected
technologies.

Relatively few of the
34 Patent Families
directly address EOL
Technology Elements,
and connections to
recovery, reuse, and
recycling remain
limited.

Integration of EOL,
recovery, recycling,
and LCA
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Table 5. Cont.

Category
Technology

Element/Assessment
Dimension

Number of Families
with Direct Evidence Representative Families Observed Technical

Characteristics
Relative

Gaps/Limitations
Link to Research

Strategy

Cross-Cutting
Assessment
Dimension

LCA / Sustainability
Assessment 0 * —

Direct LCA-related
Technology Elements
were not identified in
the key patent claims.

Environmental
performance was
generally not
quantitatively
connected to the
patent-derived
Technology Elements
within the analyzed
corpus.

Integration with LCA,
TEA, and
environmental-
performance
assessment

Cross-Cutting
Assessment
Dimension

Safety/Environmental
Toxicity 0 * —

Direct evidence of
systematic safety and
environmental-
toxicity assessment
was not identified as a
Technology Element
in the analyzed patent
evidence in the key
claims of the Patent
Family database.

Connections between
functional materials,
environmental release,
human-health effects,
and ecological safety
were not directly
established in the
analyzed patent
evidence.

Integrated safety and
environmental-
toxicity assessment

* The 0 values do not indicate that LCA or safety assessment does not exist in the broader scientific or technological field. They indicate that direct evidence was not
identified as a Technology Element in the analyzed patent claims. For the family-level frequencies, a Technology Element was counted only when the corresponding
direct-evidence criterion was explicitly supported by the patent evidence used for the family-level analysis; broader descriptive mentions in the supplementary
matrix were not automatically counted. Because a Patent Family may map to multiple Technology Elements, the counts are not mutually exclusive. Representative
Families were selected as illustrative examples of recurring or particularly clear evidence discussed in the Results and Discussion, not as a ranked subset.
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Table 6. Evidence Mapping of the Major Scientific Literature to Analytical Elements.

ID Authors/Year Representative Literature Keywords Role in This Study

L01 Rosenboom et al.
(2022) [1] Bioplastics for a circular economy

bioplastics; circular
economy; end-of-life;
recycling

Circular economy
analysis framework

L02 Ranjbari et al.
(2022) [2]

Biomass and organic waste
potentials towards implementing
circular bioeconomy platforms: A
systematic bibliometric analysis

biomass; organic
waste; circular
bioeconomy;
bibliometric;
keyword mapping

Keyword-based
technology
landscape
methodology

L03 Le et al. (2024) [4]
Sustainability assessment methods
for circular bio-based building
materials

sustainability;
circular bio-based
materials; LCA;
end-of-life

Technology
Gap/EOL evidence

L04 Bianchi et al.
(2024) [3]

Circular bioeconomy: A review
of empirical practices across
implementation scales

circular bioeconomy;
regional scale;
implementation;
monitoring

Evidence for
bioresource-based
strategies

L05 Motohashi et al.
(2024) [5]

Measuring science and innovation
linkage with large-scale text
mining of scientific papers
and patents

science–technology
linkage; patents;
scholarly papers;
text mining

Literature–patent
linkage methodology

L06 Lyu et al. (2020) [6] Eco-system mapping of
techno-science linkages

techno-science
linkage; patent
citation; mapping

Supporting evidence
for literature–patent
linkage

L07 Amobonye
(2026) [13]

Bibliometric, patent, and
systematic review of
waste-derived biopolymers and
natural functional agents in active
and intelligent packaging

bibliometric; patent
landscape;
waste-derived
biopolymers; circular
economy

Previous integrated
methodology most
closely aligned with
the present study

L08 Ezeorba et al.
(2024) [9]

Recent advances in
biotechnological valorization of
agro-food wastes (AFW)

agro-food waste;
biorefinery;
bioconversion;
circular bioeconomy

Bioconversion
technology pathways

L09 Vigneswari et al.
(2024) [10]

Turning agricultural waste
streams into biodegradable plastic

agricultural waste;
bioplastic;
biorefinery; carbon
neutrality

Agricultural
by-products →
materialization
evidence

L10 Susetyo et al.
(2025) [11]

Harnessing agro-food organic
residues for biodegradable
materials

agro-food residues;
biodegradable
materials;
biocomposites; LCA

Biodegradable
materials and
implementation gaps

L11 Dalbanjan et al.
(2024) [14]

Descriptive review on conversion
of waste residues into valuable
bionanocomposites

waste residues;
bionanocomposites;
conversion; circular
bioeconomy

Waste → functional
composite material
evidence

L12 Ali et al. (2022) [7]

Biowastes for biodegradable
bioplastics production and
end-of-life scenarios in circular
bioeconomy and biorefinery
concept

biowaste; bioplastics;
end-of-life;
upcycling;
downcycling

Integrated EOL
evidence
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Table 6. Cont.

ID Authors/Year Representative Literature Keywords Role in This Study

L13 Senga et al.
(2024) [17]

Sustainable valorization of
agricultural waste into bioplastic
and its end-of-life recyclability for
biochar production

agricultural waste;
bioplastic; end-of-life;
biochar; LCA

Circular EOL
evidence

L14 Kour et al. (2025) [15]
Cellulose based bioplastics: A
sustainable approach toward
environmental safety

cellulose;
agricultural waste;
bioplastics;
environmental safety

Cellulose-based
material evidence

L15 Carvalho et al.
(2025) [16]

Valuing agro-industrial waste in
the development of sustainable
food packaging

agro-industrial
waste; biopolymers;
packaging; circular
bioeconomy

Application–
Materialization
evidence

L16 Khamis et al.
(2026) [18]

Functional bioplastics from
agricultural wastes: Precursor
engineering, composite strategies,
and sustainable packaging
performance

agricultural waste;
functional
bioplastics;
composites;
packaging;
bibliometric

Functionalization–
Application–
literature mapping
evidence

L17 Ali et al. (2023) [12]
Bioplastic production in terms of
life cycle assessment: A
state-of-the-art review

bioplastic; LCA;
sustainability; life
cycle

LCA and
sustainability
assessment context

L18 Zaborowska and
Bernat (2023) [8]

The development of recycling
methods for bio-based
materials—A challenge in the
implementation of a circular
economy: A review

bio-based materials;
recycling; circular
economy; EOL

EOL and recycling
context

Table 7. Mapping of Key Claims, Evidence Database Entries, and Interpretation Levels.

Key Claim Evidence Source Level of Evidence Location in
Manuscript Caution

Patent technologies
are concentrated on
materialization of
agricultural, food,
and organic wastes.

Supplementary
Tables S1 and S2

Technology Element
mapping across the
34 Patent Families

Results/Discussion

Expressed as distribu-
tion/concentration
patterns within the
analyzed corpus, not
quantitative
superiority

Pretreatment
technologies
comprise diverse
chemical, physical,
and biological
methods.

Supplementary
Table S2; patent
source documents

Abstract/Claims Results

Energy and
environmental
burdens not inferred
without separate
LCA evidence

Direct EOL-related
technologies are
concentrated in
selected Patent
Families.

Table 5;
Supplementary
Tables S1 and S2

Direct-evidence
family mapping Results/Discussion

Use “relatively less
frequently identified”
rather than
“insufficient”

LCA, TEA, and safety
assessment should be
integrated alongside
patent-derived
Technology
Elements.

Tables 5 and 6; the
relevant source
literature

Database-based
analytical
interpretation

Discussion
Presented as
directions for further
research
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Table 7. Cont.

Key Claim Evidence Source Level of Evidence Location in
Manuscript Caution

Bioresource-based
research should
connect feedstock,
pretreatment,
materialization,
application, and EOL
from a Technology
Network perspective.

Table 5;
Supplementary
Tables S1 and S2

Integrated
evidence-based
interpretation

Discussion/
Conclusion

Actual volumes and
economic
characteristics of
specific feedstocks
require separate data

4. Discussion
A major contribution of this study is the cross-checking of technical approaches

disclosed in patent documents with research needs reported in the scientific literature
within a common evidence framework. Patents reveal claimed or disclosed feedstocks,
processes, material formulations, and applications, whereas the scientific literature provides
evidence for interpreting the scientific basis, technical limitations, and sustainability issues
associated with these technologies. Accordingly, the research directions proposed here
were not established as arbitrary technology-development ideas; they were derived from
the intersection of the two evidence sources and from Technology Elements that were
relatively limited in the analyzed corpus (Table 8).

Table 8. Technology Gaps, Supporting Literature, and Derived Research Directions.

Technology Gap Patent Evidence Role of Literature
Evidence

Derived Research
Directions

Basis of Research
Direction

Pretreatment and
materialization
technologies are
diverse, but life-cycle
connections remain
limited.

Pretreatment/
materialization
across multiple
Patent Families

Interpretation of
research needs from
sustainable-
processing and
biorefinery
perspectives

Bioresource-specific
integration of
low-energy,
low-solvent
pretreatment and
materialization

Derived from the
intersection of the
database and the
scientific literature

Functional materials
are represented,
although integrated
environmental-
performance and
safety assessment
remains limited.

F03/F04/F23/F24/
F25/F26/F33, etc.

Need to strengthen
sustainability and
safety assessment of
functional materials

Integrated
assessment of
functionality,
environmental
performance, and
safety

Established as a
direction for further
research

Direct EOL
technologies are
concentrated in
selected Patent
Families.

F12/F22/F29/F30/
F31/F34, etc.

Need to strengthen
circular-economy,
EOL, and recycling
research

EOL-linked design of
bioresource-based
material alternatives

Derived from the
intersection of the
database and
scientific literature

Technology
pathways are
fragmented by
bioresource.

Complex feedstock
clusters including
agricultural and food
wastes, spent coffee
grounds, fruit
residues, and algae

Biorefinery and
resource-upgrading
literature

Customized linkage
among feedstock
characteristics,
pretreatment, and
materialization

Integrated
database-based
interpretation

4.1. Bioresource-Specific Pretreatment–Materialization Integration

Patent analysis identified diverse pretreatment technologies, including drying, grind-
ing, alkaline and acid treatment, enzymatic treatment, bleaching, and thermal treatment.
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However, approaches that simultaneously consider feedstock characteristics and final
material requirements while optimizing energy use, solvent demand, and yield appear
relatively limited compared with studies focused on individual pretreatment technologies.
Future research should therefore investigate the relationships among bioresource compo-
sition and physicochemical properties, pretreatment conditions, and resulting material
properties [9–11,14].

4.2. High-Value Functional Materialization of Bioresources

For spent coffee grounds and fruit residues, multiple technological pathways were
identified beyond their use as feedstocks for bioplastics, including extraction products,
melanoidins, and carbon materials. These pathways indicate opportunities for recovery of
valuable components from a single bioresource and subsequent routing of residual frac-
tions to other material applications. Future research should therefore consider integrated
biorefinery approaches that connect major feedstock components with functional materials,
polymeric or fibrous materials, and carbon-based materials [2,9,12].

4.3. Integrated Assessment of Functionality, Environmental Performance, and Safety

Compared with patents describing functional or property improvements, technical
evidence quantitatively assessing environmental impacts and safety across both manufac-
turing and post-use stages was relatively limited. This observation does not imply that
the technologies are unsustainable; rather, it indicates that quantitative evidence directly
addressing these aspects was limited within the analyzed patent corpus. The scientific liter-
ature identifies LCA as an important approach for assessing the sustainability of bio-based
materials and emphasizes the need to consider EOL scenarios and circularity [4,7,8,17].

4.4. End-of-Life-Linked Material Design

A further limitation is that the observed frequency of sustainability- and safety-related
evidence may be influenced by patent disclosure practices and the selected search scope.
Patent documents are not designed to provide complete LCA, techno-economic, or tox-
icological datasets. Thus, the identified evidence limitation should be interpreted as a
limitation of what could be directly established from the analyzed patent documents, rather
than a definitive measure of the amount of research conducted across the field. EOL-related
technologies were identified in some Patent Families; however, cases linking material
design from the outset to specific post-use pathways such as reuse, recycling, biodegrada-
tion, anaerobic digestion, or carbonization were relatively limited. Future research should
therefore adopt a design-for-circularity approach that considers not only material produc-
tion but also post-use recovery, recycling, and biological or thermochemical conversion
pathways [1,7,8,18].

4.5. Overall Research Strategy

Taken together, the patent–literature cross-check indicates that future research on
bioresource-based material alternatives should focus not only on the novelty of individual
materials but also on strengthening the connections among Technology Elements. From a
Technology Network perspective, these findings can be represented as a circular research
structure in which feedstock characteristics, processing, material functions, applications,
and EOL pathways are considered as interconnected components (Table 9).

4.6. Significance of the Study

This study is significant in that it distinguished technical approaches disclosed in
patent documents from the interpretation of research needs in the scientific literature while
cross-checking both evidence sources from a Technology Network perspective. The techni-
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cal evidence from 34 Patent Families was structured according to predefined Technology
Elements, and the scientific literature was used to supplement research needs related to sus-
tainability and EOL. Research directions were consequently derived from evidence rather
than from an arbitrary scoring or technology–opportunity system. The analysis focused
on the presence and documented relationships of Technology Elements identified in the
original source documents, thereby supporting transparent interpretation of the results.

Table 9. Evidence-Based Technology Network Strategy for Bioresource-Based Materials.

Research Stage Key Direction Major Evaluation Factors

1 Bioresource characterization Composition, moisture, supply stability,
feedstock variability

2
Low-burden pretreatment and targeted
separation (process-level separation; not an
independently coded Technology Element)

Energy, solvent, processing time, yield,
and separation efficiency

3 High-value materialization and
functionalization

Functionality, material properties, yield,
and application performance

4 Technology Network linkage By-product reuse, cascading utilization, and
connections among Technology Elements

5 Environmental performance–safety integrated
assessment

LCA, carbon emissions, toxicity, and human
and environmental safety

6 EOL design Reuse, recycling, biodegradation, recovery,
carbonization

7 Integrated validation Review of LCA, TEA, and Technology
Network circularity

4.7. Limitations of the Study

First, the patent analysis was based on predefined search boundaries and selection
criteria and therefore cannot be considered fully representative of the entire patent pop-
ulation for bioresource-based material alternatives. Second, patent documents describe
technical scope and claimed or disclosed approaches but may not directly quantify energy
consumption, economic performance, or environmental impacts at industrial scale. Third,
the absence of a specific sustainability indicator in a patent document does not mean that
the corresponding technology lacks sustainability-related considerations; in this study,
such cases were interpreted as ‘quantitative evidence not identified in the patent docu-
ments.’ Fourth, some patent–literature links were based on thematic and technical relevance
rather than direct citation relationships. Therefore, these links should not be interpreted as
evidence of direct citation or intellectual dependence unless explicitly established.

5. Conclusions
In this study, international patents and the scientific literature were systematically

analyzed to identify major Technology Elements and research directions for sustainable
bioresource-based material alternatives. A total of 34 Patent Families were examined
through their abstracts and claims, and Technology Elements covering bioresources, pre-
treatment, materialization, functionalization, application, and EOL were organized in an
evidence database and cross-checked with the relevant scientific literature. Agricultural
by-products, food and organic wastes, spent coffee grounds, fruit residues, and algal
biomass were identified as major bioresource categories, with broad representation of
conversion technologies for bioplastics, composites, functional components, and carbon
materials. In contrast, technologies integrating pretreatment, multistage materialization,
environmental and safety assessment, and EOL within a single Technology Network were
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relatively limited. Future research should therefore integrate low-burden pretreatment,
high-value functional materialization, integrated environmental and safety assessment,
and EOL-linked material design from a Technology Network perspective. These research
directions were derived not as subjective proposals but by cross-checking technical ap-
proaches disclosed in patent titles, abstracts, claims, and relevant bibliographic information
with research needs reported in the relevant scientific literature.

6. Patents
No patents resulted from the work reported in this manuscript.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su182110794/s1, Table S1. Patent Family Evidence Database Based
on Publicly Available Patent Documents; Table S2. Technology Element Matrix for the 34 Patent
Families; Table S3. Patent Document Search and Verification Log; Table S4. Linkage Matrix of the
34 Patent Families, Technology Elements, and Scientific Literature; Table S5. Evidence Matrix by
Technology Element.
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