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Abstract

Rising population pressures and growing resource consumption underscore the urgent
need for sustainable strategies in resource management and waste valorization. Agriculture
and the agri-food industry generate substantial biomass residues that, when effectively
reused, can be transformed into high-value materials aligned with circular economy and
bioeconomy principles. This study presents a Systematic Literature Review (SLR) on the
valorization of agro-industrial by-products, focusing on their potential to drive sustainable
material innovation strategies. Using the Scopus database, 1063 publications (2015–2025)
were analyzed through bibliometric, network and content analysis methods combined
with a quantitative meta-analytical approach. The bibliometric analysis outlines research
trends and identifies leading journals and disciplines, while network mapping reveals five
thematic clusters and a transition toward integrated frameworks linking sustainability
and industrial applications. The content analysis is performed through a quantitative
meta-analytical approach that highlights that studies integrating multiple waste origins
tend to achieve higher scientific visibility. Overall, results highlight a 27.5% annual growth
in publication output and five dominant thematic areas: waste recovery, chemical recovery,
systemic valorization, energy recovery and alternative fuels. Studies involving multiple
waste sources display higher citation averages, highlighting the relevance of integrated
valorization strategies. This review provides a solid foundation for future research on
agro-industrial by-product management by contributing to the definition of sustainable
supply-chain strategies.

Keywords: waste valorization; biomass utilization; circular economy; bio-based materials;
sustainable innovation; agro-industrial by-products

1. Introduction
The global human population rose rapidly, from about 3 billion in 1960 to over 8 billion

in 2024 [1]. Continuous population growth intensifies pressure on natural resources by
increasing the demand for food, water and energy [2], making production systems more
resource-intensive [3]. The growing predominance of human-made materials over natural
biomass represents a critical environmental turning point, promoting deeper reflection on
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humanity’s impact on planetary systems [4,5]. The imbalance, driven by unsustainable
consumption and production models, underscores the urgent need to reconfigure global
practices to mitigate their environmental effects [6]. Biomass, defined as organic matter of
biogenic and renewable origin [7], constitutes a strategic resource within the bioeconomy.
Agriculture is one of its main producers, generating vast quantities of residues that, if
effectively managed, can serve as valuable inputs for value-added production [8]. Within
this context, the circular economy framework encourages resource reuse, reduction in con-
sumption cycles, and application of the “End of Waste” principle [9,10]. The management,
disposal and reuse of residual biomass represent both challenges and opportunities [11].
Residual biomass, consisting of organic plant and animal materials, can be used either
as an energy source or as a secondary raw material [12,13]. An integrated management
approach contributes not only to pollution reduction but also to the rebalancing of lo-
cal systems, generating benefits for communities and regional economies [14]. As noted
by [8], the growth of agricultural and livestock production entails significant environmental
and health impacts but simultaneously offers opportunities to develop circular solutions
such as compost, biofuels and other sustainable derivatives. These residues, considered
by-products of cultivation and agri-food processing [15], can be valorized into bioactive
compounds, nutraceuticals, biopolymers, industrial enzymes and bio-nanocomposites [16].
Effective valorization of bio-products not only creates new value chains but also fosters
collaboration among farmers, industries and research institutions, generating synergies
that enhance local development and sustainability [17]. Industrial symbiosis plays a key
role in optimizing resource and material exchanges across sectors [18]. Environmentally,
transforming residual biomass into innovative materials and energy helps reduce CO2 emis-
sions, as biomass is considered carbon neutral [19]. Economically, valorization promotes
bioeconomic growth and green innovation, encouraging investment and the creation of new
production systems models [20]. Food waste represents a particularly valuable resource
due to its high content of proteins, fibers, lipids, vitamins and antioxidants [16]. For in-
stance, winemaking residues such as grape marc and stems are rich in phenolic compounds,
which exhibit strong antioxidant activity and potential nutraceutical applications [21,22].
Moreover, the resulting biochar can serve as both fuel and soil conditioner, offering eco-
nomic and environmental benefits [23]. Similarly, studies on olive pomace and olive stones
have shown that hydrothermal treatments enable the recovery of oligosaccharides, while
enzymatic saccharification achieves high glucan conversion yields, demonstrating the olive
oil sector’s potential as a source of innovative bio-products [24]. Investigating such develop-
ments in complex and interdisciplinary domains such as sustainability transitions, circular
economy strategies and material innovation requires a Systematic Literature Review (SLR)
framework [25,26].

The SLR applies a transparent and replicable protocol for selecting, evaluating, and
synthesizing scientific evidence [27], ensuring methodological rigor and analytical depth.
The study contributes to existing literature by offering an integrated perspective that goes
beyond traditional approaches. Specifically, it integrates bibliometric, network and content
analysis methods with a quantitative meta-analytical approach to systematically investigate
the relationships between different research fields and their scientific visibility. Unlike
previous studies, this research simultaneously maps the evolution of the field, comparing
different valorization strategies and links by-product origins, transformation processes
and application sectors. This approach provides insights to guide future research and
support policy development in sustainable resource and waste management. It not only
enhances methodological rigor but also advances theoretical understanding by shifting
the perspective from isolated analyses toward a systemic interpretation of valorization
processes, capturing the dynamic relationships between resources, technologies and ap-
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plications within circular bioeconomy systems. The combined analysis of scientific trends
and the potential use of by-products support informed decision-making, contributing to
the definition of both theoretical and operational strategies across various industrial ap-
plications aligned with circular economy and bioeconomy policies. Previous studies have
already highlighted important limitations in the analysis of agro-industrial by-product
valorization within the circular economy framework [28], emphasizing that the link be-
tween circular economy and the agro-industrial sector remains under-explored. These
contributions point to the need for further investigation into systemic dynamics, policy
implications and industrial applications, highlighting the absence of a comprehensive syn-
thesis capable of capturing the increasing complexity of the field. However, other studies
highlight how the effective and efficient management of waste, supported by scientific
research and linked to updated policy frameworks, represents a key element in defining
circularity strategies and, consequently, fostering innovative solutions [29]. The present
study aims to provide a current analysis of the literature, reflecting the growing scientific
interest aligned with the sustainability and circularity framework. At the same time, the
investigation of transformation processes provides a clearer understanding of how these
processes can be progressively optimized, with the aim of reducing environmental, eco-
nomic and social impacts. The increasing attention to the valorization of agro-industrial
by-products contributes to advancing the field, supporting the development of future circu-
lar strategies. It is necessary to analyze both qualitative and quantitative data relating to
the different types of agro-industrial by-products to identify the most investigated research
trends; furthermore, the investigation of transformation processes and potential applica-
tions allows for the identification of the best solutions, contributing to more efficient and
sustainable transition pathways. Accordingly, this study addresses the following research
questions (RQs):

RQ1: What are the main research trends, thematic areas and disciplinary patterns in
the scientific literature on the reuse and valorization of agricultural and agro-industrial
by-products for sustainable material innovation?

RQ2: Which types of agro-industrial residues and transformation pathways are most
frequently investigated and what are their main applications in bio-based and circular
material systems?

RQ3: What knowledge gaps and emerging opportunities can guide future research
and technological innovation in sustainable material development?

The study is structured as follows: Section 2 describes the methods used for article
selection, classification and analysis; Section 3 highlights the main findings obtained
through the analysis; Section 4 provides a critical discussion of the results, while Section 5
concludes by highlighting implications and directions for future research.

2. Materials and Methods
This study adopts a Systematic Literature Review (SLR) methodology aligned with

the Preferred Reporting Items for Systematic Reviews (PRISMA) statement to ensure
transparency, reproducibility and methodological rigor [30]. The PRISMA framework
provides a structured process including the identification, screening and inclusion of
studies. The study selection process is illustrated through a PRISMA 2020 flow diagram
(Figure 1) and the PRISMA checklist, provided in the Supplementary Materials. To enhance
analytical depth, the SLR integrates bibliometric, content and network analysis methods,
combined with a quantitative meta-analytical approach, offering both quantitative and
qualitative insights into the field.
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Figure 1. PRISMA 2020 flow diagram. Identification, screening, eligibility and inclusion process of
studies for the Systematic Literature Review on agro-industrial by-product valorization.

2.1. Literature Search Protocol

A comprehensive search protocol was developed to systematically identify relevant
research on agro-industrial by-products and their industrial applications in sustainable
material innovation, using the Scopus database. This database was selected due to its
broad multidisciplinary coverage and the availability of advanced bibliometric metadata
suitable for network and citation analysis. Since 2015, the Scopus database has recorded
an increase in publications on topics related to the research questions of this study and
the current literature review. The search strategy was constructed using three conceptual
blocks, combined with the Boolean operator AND to ensure the inclusion of all relevant
themes: (agriculture OR agrifood OR agro-industrial OR agroindustrial) AND (biomass
OR byproduct OR by-product OR “waste residue*”) AND (valorization OR valorisation
OR “value added product*” OR “value-added product*”). The OR operator was used
to incorporate synonyms and terminological variants, reflecting a strategy of semantic
inclusiveness while the asterisk “*” captured orthographic and morphological variations.
The selection of keywords and their combinations was designed to ensure consistency with
the existing literature. Similar previous studies have used terms such as “by-product”,
“valorization”, “waste”, “agro-industrial”, “residues” and “agroindustrial” which have
influenced the scope of the present literature review [28,29,31,32]. However, some keywords
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were added to better align the research with the specific field of study. In particular, the
keyword “agriculture” was introduced to better contextualize the study, along with the
terms “agri-food” and “agro-industrial,” which have been used in previous reviews [33].
The term “biomass” was also included, as most reviews referred to specific types of waste
corresponding to the same organic material; therefore, in this context, the term “biomass”
ensures alignment with its use in policy frameworks. Moreover, terms such as “value
added” were considered to capture potential reuse and end-use pathways that define
new value creation. All the selected keywords covered a wide range of fields to provide a
systematic overview of the state of the art. Furthermore, the inclusion of multiple synonyms
and terminological variants (“valorization” or “valorisation”) ensured semantic inclusivity
and reduced the risk of excluding relevant contributions. This design reflects a systemic
circular economy perspective, focusing on the reuse and transformation of agro-industrial
by-products into high-value-added materials.

The search was performed on 22 June 2025, targeting the title, abstract and keyword
fields (TITLE-ABS-KEY). The initial 1983 records were refined by applying filters based on
the publication period (2015–2025), language (English), document type (only articles), source
type (journal), and publication stage (final) (Table 1). The selection criteria reported in Table 1
were defined to ensure methodological rigor, consistency and relevance of the dataset. In
line with established Systematic Literature Review methodologies, the definition of inclusion
and exclusion criteria followed a transparent and replicable approach [25–27]. To reflect the
most recent developments and emerging trends in the field, the time frame 2015–2025
was selected, particularly in relation to advances in circular economy and bioeconomy
research. This temporal delimitation was consistent with prior review studies focusing
on recent scientific production to capture evolving research trends [28]. Furthermore, to
ensure scientific quality, only articles were included, excluding other document types to
reduce the variability in methodological standards. The restriction to journal articles is
adopted in systematic reviews to ensure reliability and comparability of findings [26,27].
The restriction to English language publications was applied to ensure consistency in
interpretation and alignment with the dominant language of scientific dissemination. The
use of the Scopus database was justified by its broad multidisciplinary coverage and the
availability of structured bibliometric metadata, making it particularly suitable for science
mapping and network analysis [34].

Table 1. Search protocol for Scopus database.

Parameter Criteria

Database Scopus

Keywords
(agriculture OR agrifood OR agroindustrial OR agro-industrial) AND (biomass

OR byproduct OR by-product OR “waste residue*”) AND (valorization OR
valorisation OR “value added product*” OR “value-added product*”)

Publication period 2015–2025

Language English

Document type Articles

Source type Journal

Publication stage Final
* denotes lexical items sharing a common morphological root while exhibiting different inflectional or derivational
endings. Source: Author’s elaboration.

The resulting 1063 documents are provided in Supplementary Table S1 and consti-
tuted the dataset used for the bibliometric analysis. Further manual screening of titles
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and abstracts was conducted to reduce informational noise and ensure consistency among
the reviewed studies, focusing on strong relevance to agro-industrial by-product val-
orization processes. This process resulted in a final dataset of 794 studies, provided in
Supplementary Table S2 and used for network and content analysis, as well as a quantita-
tive meta-analytical approach. This design reflects a systemic circular economy perspective,
focusing on the reuse and transformation of agro-industrial by-products into high-value-
added materials.

2.2. Bibliometric, Content, and Network Analysis Methods

This study combines bibliometric, network and content analysis methods with a
quantitative meta-analytical approach to examine the structure, evolution and thematic
development of the research field. The process begins with a quantitative bibliometric
analysis, which assesses publication dynamics and the structural development of the field
using key indicators such as annual publication trends, citation averages, most productive
authors, leading journals and annual growth rates [34,35]. Next, a network analysis
highlights relationships among keywords, authors and institutions to identify thematic
clusters and collaboration models. Index keywords (or Keywords Plus) are used to reveal
conceptual linkages across studies, while co-authorship analysis highlights networks of
scholarly collaboration [36,37]. Finally, a qualitative content analysis complements these
quantitative results by systematically classifying research themes, identifying core concepts,
emerging topics and evolving directions within the field [38].

2.3. Quantitative Meta-Analytical Approach

To complement the bibliometric and network analyses, this study incorporates a quan-
titative meta-analytical approach to statistically synthesize findings from multiple studies.
This approach enhances the robustness of the results by providing a more precise and
objective quantitative summary, reducing the ambiguity associated with narrative literature
reviews and overcoming the limitations of relying solely on bibliometric analyses [39].

In this study, meta-analytical techniques are adapted to a bibliometric context, where
structured indicators deriving from the literature are quantitatively synthesized. Preliminar-
ily to the statistical analysis, the proposed meta-analytical approach involves a structured
classification of documents according to two key dimensions relevant to the research field.
In particular, documents are categorized based on (i) the origin of the analyzed waste and
(ii) the number of valorization processes considered. With respect to the first dimension
(group “a”), documents are classified according to their focus on waste origin, distinguish-
ing between crop waste and agro-industrial by-products. Each document is assigned a
score ranging from 1 to 2, where a value of 1 indicates the analysis of a single waste type,
and a value of 2 indicates the inclusion of multiple waste sources. Regarding the second
dimension (group “b”), documents are classified based on the number of valorization pro-
cesses addressed. Each document is assigned a score from 1 to 3: a score of 1 corresponds to
studies focusing on a single valorization process, 2 to those considering two processes, and
3 to studies examining three or more valorization pathways. This classification enables the
construction of standardized variables that are subsequently used for statistical comparison
across groups. In this context, the meta-analytical approach is considered a quantitative
synthesis of structured literature-derived indicators, allowing for the identification of sys-
tematic relationships between the degree of integration in waste origin and valorization
processes and the corresponding scientific impact, measured through citation performance.

Among the statistical tools available for the evaluation, Analysis of Variance (ANOVA)
is one of the most commonly applied methods for hypothesis testing, as it examines how one
or more categorical variables (factors) influence a continuous dependent variable [40,41].
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The method assumes that (i) the groups under comparison follow a normal distribution,
and (ii) the variances across groups are homogeneous [42]. Anderson–Darling (A−D) test
and Levene’s test assess the normality and homogeneity of variances, respectively [43,44].
When both assumptions are violated, Welch’s ANOVA, a more robust alternative that does
not require equal variances, is adopted for the analysis. The dependent variable (Y) to
conduct ANOVA in review studies represents the average number of citations per year for
each document and is calculated as follows (Equation (1)):

Yi =
Number o f citationsi

Yt+1 − Publication yeari
(1)

where Yt denotes the final year of citation data included in the analysis.
Citation performance may be influenced by several factors, including journal visibility,

publication timing, and the overall growth of the research field, and should therefore be
interpreted with care.

3. Results
This section presents the main results derived from bibliometric, content and network

analysis methods, combined with a quantitative meta-analytical approach. This integrated
analytical framework enables a comprehensive and systemic understanding of the research
field on agro-industrial by-product valorization. Bibliometric and network analyses address
RQ1 and RQ2, revealing publication dynamics, research productivity and the thematic
organization of the field, while content analysis (RQ2) and quantitative meta-analytical
approach (RQ3) provide deeper insights into conceptual developments and citation-based
visibility patterns. Together, these results highlight the rapid evolution of the field, identify
emerging research trends and clarify the intellectual structure underpinning the bioecon-
omy transition through by-product valorization, in line with the systemic perspective
introduced in the study.

3.1. Bibliometric Analysis

The dataset originally downloaded from the Scopus database was converted from
.csv to .bib format and imported into the R software to create a bibliographic data frame.
The Bibliometrix package was then used to conduct bibliometric analysis and visualize
publication trends. The dataset included studies related to agro-industrial by-product
valorization, with filters applied by publication year (2015–2025), language (English), docu-
ment type (article), source type (journal) and publication stage (final). In total, 1063 journal
articles were retained for analysis, while 267 papers published before 2015 were excluded
to ensure a focus on the most recent decade (2015–2025). As shown in Figure 2, the number
of publications on agro-industrial by-product valorization has increased substantially over
the past ten years, reflecting the field’s growing scientific visibility. After a temporary
decline in 2023, there was a rapid increase in scientific publications, indicating a renewed
research interest in the topic. Table 2 presents the main bibliometric indicators derived
from the dataset. The 1063 documents were authored by 5434 researchers and published
across 346 journals, with an average of 22.16 citations per document. The field recorded an
average annual growth rate of 27.5%, confirming its rapid and sustained expansion.
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Figure 2. Annual evolution of scientific output on agro-industrial by-product valorization (2015–2025).
Source: Authors’ elaboration.

Table 2. Key performance indicators of the agro-industrial by-product valorization research field
(2015–2025).

Indicator Value

Documents 1063
Sources (journal) 346
Authors 5435
Documents per Authors 5.74
Authors’ keywords 3410
Average citation per document 22.16
Annual growth rate (%) 27.50

Source: Author’s elaboration.

The journals with the highest number of publications are Waste and Biomass Valoriza-
tion, the Journal of Cleaner Production and Bioresource Technology (Table 3). When citation
performance is considered, Waste and Biomass Valorization again rank first, followed by
Science of the Total Environment and Waste Management. This trend aligns with the Scopus
CiteScore, calculated as the ratio between citations received over a four-year period and
papers published during the same interval [45]. Overall, the Journal of Cleaner Production
emerges as the most influential, combining high productivity with the strongest citation
and CiteScore performance. Together with Bioresource Technology and Science of the Total
Environment, it forms the core group of journals shaping research dissemination in the field
of by-product valorization by orienting circular material innovation. Table 4 identifies
the five most productive authors in the analyzed field. Kwon, E.E. (Hanyang University,
Seoul, South Korea) ranks first with eight publications and the highest h-index, reflecting
both productivity and citation impact. Yang, B. (University of Turku, Finland) shows a
comparably strong influence despite a slightly lower publication count, underscoring the
diversity of active contributors across institutions and regions.

https://doi.org/10.3390/su18094525

https://doi.org/10.3390/su18094525


Sustainability 2026, 18, 4525 9 of 25

Table 3. The most influential journals in agro-industrial by-product valorization research.

Journals Documents Citations Average Citations
per Document

CiteScore
(2025)

Impact Factor
(2025)

Waste and Biomass Valorization 40 488 12.20 7.4 2.8

Journal of Cleaner Production 39 1366 35.03 20.7 10.0

Bioresource Technology 33 1100 33.33 20.7 9.0

Science of the Total
Environment 31 1151 37.13 16.4 8.0

Biomass Conversion and
Biorefinery 30 329 10.97 8.0 8.0

Industrial Crops and
Products 29 1148 39.59 9.4 6.2

Journal of Environmental
Management 27 1038 38.44 14.4 8.4

Waste Management 26 1199 46.12 15.1 7.1

Molecules 21 340 16.19 8.6 4.6

Sustainability (Switzerland) 20 229 11.45 7.7 3.3
Source: Author’s elaboration.

Table 4. Leading authors in agro-industrial by-product valorization research.

Authors Affiliation Number of Publications Scopus
h-Index

Kwon, E.E Hanyang University, Seoul, South Korea 8 84

Naibabo, J. Teagasc, Irish Agriculture and Food
Development Authority, Carlow, Ireland 7 10

Korzeniowska, M. Wrocław University of Environmental and
Life, Wroclaw, Poland 6 23

Yang, B. Turun yliopisto, Turku, Finland 6 62

Castro, E. Universidad de Jaén, Jaen, Spain 4 56
Source: Author’s elaboration.

The results of the bibliometric analysis contribute, as do previous studies, to highlight-
ing significant advancements in the research field. For instance, studies such as [28] have
already identified a notable expansion of the research area. However, while the previous
study was based on 125 documents retrieved from two databases, covering the period
2014–2021, the present analysis includes 1063 publications from a single database over
the period 2015–2025, representing a substantial increase in the dataset within a relatively
short time interval. Furthermore, the analysis reveals an annual growth rate of 27.5%,
along with the presence of a broad and well-structured scientific community (5434 authors
across 346 journals), which appeared less developed in earlier studies. This finding, thus,
highlights the increasing interest of the scientific community in this research area.

3.2. Network Analysis

A subset of documents derived from the bibliometric dataset was processed using
VOSviewer 1.6.20, which computed the co-occurrence of index keywords using the full
counting method, assigning equal weight to each co-occurrence. A minimum threshold of
five occurrences was applied, resulting in 91 keywords retained from the initial 2566 iden-
tified. Following the bibliographic search, a screening of the selected documents was
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conducted to ensure alignment with the research objectives. This step involved the manual
review of abstracts and, where necessary, full texts to verify relevance to the study’s focus
on the identification and valorization of agro-industrial by-products in industrial contexts.
Articles found to be inconsistent with the scope were excluded, yielding a final dataset
of 794 documents, thereby enhancing the precision and representativeness of the corpus
used for analysis. After this first screening, a second one followed to support the content
analysis as described in Section 3.3. Before co-occurrence analysis, keyword normalization
was performed to ensure semantic consistency. A thesaurus file was manually developed to
standardize terminology by merging lexical variations (e.g., singular/plural forms, spelling
differences, abbreviations) and aggregating synonymous or conceptually equivalent terms
(waste/wastes; byproduct/by-product; valorization/valorisation; agroindustrial/agro-
industrial). The resulting thesaurus was integrated into VOSviewer, improving the relia-
bility and interpretive accuracy of the generated semantic network. Table 5 presents the
ten most frequent keywords, with valorization ranking first (56 occurrences), followed
by waste valorization, circular economy and biomass. These findings are consistent with
previous bibliometric studies on the topic [16,41,42], which also identify valorization as
a core concept in contemporary literature. The prominence of these terms confirms the
growing attention to the valorization of agro-industrial by-products as a key component of
the circular economy.

Table 5. Most frequently occurring index keywords in agro-industrial waste valorization research
(2015–2025).

Index Keywords Occurrences (Frequency)

Valorization 56

Waste Valorization 55

Circular Economy 54

Biomass 51

Biorefinery 43

Agro-industrial Waste 40

By-Products 33

Sustainability 32

Pyrolysis 28

Biofuels 26
Source: Authors’ elaboration.

The network visualization in Figure 3 illustrates the clustering of index keywords iden-
tified through co-occurrence analysis. Five distinct clusters are detected, each representing
a major thematic cluster within the research field: red cluster (waste recovery) comprising
26 items; green cluster (systemic valorization) including 20 items; blue cluster (chemi-
cal recovery) containing 20 items; yellow cluster (energy recovery) comprising 19 items;
and purple cluster (alternative fuels) including 6 items. The waste recovery (red) cluster
includes keywords such as waste valorization, lignocellulosic biomass and enzymatic hy-
drolysis, which reflect processes and technologies for recovering value from agro-industrial
by-products. These studies focus on biotechnological and chemical conversion strategies,
particularly enzymatic hydrolysis, a widely explored technique for transforming ligno-
cellulosic materials into fermentable sugars or bioactive compounds [46–49]. The cluster
highlights the optimization of transformation processes and the pursuit of innovative
methods to improve biomass conversion efficiency. The chemical recovery (blue) cluster
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centers on bioactive compounds and functional applications of by-products, emphasizing
the transition from energy-oriented uses to high-value-added applications. Keywords such
as phenolic compounds, polyphenols, bioactive compounds and antioxidants indicate re-
search targeting the food, nutraceutical and cosmetic sectors [50–52]. This reflects a circular
value chain perspective, in which agro-industrial residues serve as renewable feedstocks
for sustainable product development. In the systemic valorization (green) cluster key-
words such as circular economy, sustainability, biorefinery and green chemistry dominate,
highlighting the systemic and cross-sectoral dimension of by-product valorization. The
focus here extends beyond technological efficiency to encompass economic, environmental
and social sustainability within the circular bioeconomy framework [53,54]. This cluster
underscores the integration of resource valorization into broader sustainability transitions
and policy-driven innovation strategies. The energy recovery (yellow) cluster is character-
ized by keywords linked to thermochemical conversion and energy generation, such as
pyrolysis, biochar, anaerobic digestion and biogas. These studies explore energy production
and the generation of multifunctional materials, particularly biochar and bio-oil, for appli-
cations in soil improvement, adsorption processes and carbon sequestration [55–57]. The
findings illustrate how agro-industrial by-products contribute to both renewable energy
production and environmental remediation. The alternative fuels (purple) cluster relates to
biotechnological fermentation processes and microbial valorization routes. Keywords such
as dark fermentation, biohydrogen and biodegradation focus on innovative research on
the biological production of alternative fuels, particularly hydrogen, from organic waste
streams [58–60]. This cluster exemplifies the growing biotechnological dimension of the
circular bioeconomy.

Figure 3. Network visualization of keyword co-occurrence analysis in agro-industrial waste valoriza-
tion research (2015–2025) performed through VOSviewer. Source: Authors’ elaboration.

The overlay visualization uses a color gradient to represent temporal trends in key-
word importance (Figure 4). It clearly demonstrates the evolution of research focus across
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the analyzed decade (2015–2025). In the early phase (around 2021, blue shades), research
concentrated on technological and process-oriented aspects, such as enzymatic hydrolysis,
pretreatment and process optimization. These studies prioritized technical efficiency and
experimental development. Around 2022 (green shades), the focus extended toward sys-
temic and sustainability-driven themes, including biorefinery, sustainability and circular
economy. This marks a conceptual shift from technical feasibility to the environmental
and socioeconomic implications of valorization. In more recent years (2022–2023; yellow
shades), research converged on application-oriented studies, emphasizing adsorption,
biochar, pyrolysis and biodiesel production. These works demonstrate a clear move toward
industrial implementation and practical integration of valorization processes. Overall, the
temporal evolution of the keywords reveals the maturation of the research field from early
experimental and process optimization studies toward holistic investigations that integrate
technological innovation, sustainability assessment and circular system implementation.
This trend highlights a progressive alignment of by-product valorization research with the
principles of the circular bioeconomy, emphasizing both environmental responsibility and
industrial applicability.

 

Figure 4. Overlay visualization of keyword co-occurrence analysis in agro-industrial waste valoriza-
tion research (2015–2025) performed through VOSviewer. Source: Authors’ elaboration.

The results of the network analysis contribute, in comparison with previous studies,
to highlighting significant advancements in the research field. For instance, studies such
as [28] identified a still weakly structured network. In contrast, the present analysis,
based on a broader and more articulated dataset, reveals a more structured and complex
network, identifying five distinct thematic clusters (waste recovery, chemical recovery,
systemic valorization, energy recovery and alternative fuels). This represents a significant
advancement in the definition and organization of research themes. This evolution is
confirmed by the temporal analysis, which shows a transition from single, isolated studies
to more integrated approaches that progressively incorporate sustainability-related topics.
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3.3. Content Analysis

The content analysis was conducted on the subset of 794 publications identified as
relevant after the screening process described in Section 2. Studies focused on urban
or industrial (non-agricultural) waste without reference to agro-industrial by-products
were excluded. Based on the content analysis, the data were categorized into four main
dimensions: agro-industrial by-product origin, key components, extraction methods and
application sectors.

Concerning by-product origin, the reviewed literature highlights a clear preference
for widely available organic residues generated along agri-food processing chains and
agricultural activities, including fruit and vegetable processing residues, sugar industry
by-products, dairy waste, olive oil residues and winery waste streams [61–70]. Despite their
heterogeneity, these feedstocks share common characteristics: high availability, seasonal
generation, low economic value and high organic load, which may pose environmental
challenges if not properly managed. At the same time, their chemical composition, typically
rich in lignocellulosic polymers, fermentable sugars and bioactive compounds, makes them
particularly suitable for valorization pathways. This recurring pattern suggests that both
availability and compositional properties are key drivers in feedstock selection within circular
bioeconomy strategies. Regarding extractive methods, the analysis reveals a methodological
diversity, reflecting the complexity of converting heterogeneous by-products into valuable out-
puts. The literature increasingly emphasizes integrated and multi-stage approaches combining
biological, chemical and thermo-chemical processes [71–78]. These approaches are designed
to enhance accessibility to valuable compounds, improve process efficiency and maximize
resource recovery. This trend points toward the consolidation of biorefinery-based models,
in which different technologies are applied sequentially. As a result, extractive methods
and related transformation processes are closely linked to both the characteristics of the
input material and the final application, highlighting a strong interdependence between
process design and valorization outcomes.

The analysis identifies a structured distribution across key sectors, including renewable
energy production, bio-based materials and high-value bioactive compounds [71,74,78–82].
While energy recovery remains a well-established pathway, increasing attention is directed
toward higher value applications such as biopolymers, nutraceuticals and functional mate-
rials. This shift reflects a transition from volume-oriented strategies toward value-oriented
valorization approaches. In addition, emerging applications in areas such as nanotech-
nology, environmental remediation, and sustainable agriculture further demonstrate the
expanding role of agro-industrial by-products within cross-sectoral and innovative con-
texts [83–85].

These applications demonstrate a clear paradigm shift: agro-industrial by-products
are no longer viewed as waste but are increasingly recognized as strategic resources within
the bioeconomy. In line with the gaps identified by [29], the present analysis confirms
that literature should move towards more complex and integrated models, in which
environmental, social and economic dimensions are considered jointly. In particular, the
study highlights how literature focuses on several application areas, including bioenergy,
materials, fertilizers and compound extraction. A schematic representation of the main
categories of agro-industrial by-products, extractive methods, and application sectors is
provided in Appendix A (Table A1).

3.4. Quantitative Meta-Analytical Approach

The quantitative meta-analytical approach was conducted on a dataset of 794 docu-
ments, manually selected to ensure relevance to the research question. The analysis was
performed twice, using two distinct groups of documents (a; b) to explore how the scope
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of valorization influences scientific visibility. In the group “a”, documents are classified
according to their specific focus on their origin by corresponding to crop waste and agro-
industrial by-product groups. Each document is assigned a score between 1 and 2, reflecting
the number of waste types analyzed: papers addressing a single waste type receive a score
of 1, while those examining two different waste sources receive a score of 2. In the second
group, “b”, documents are classified according to the number of valorization processes
considered. Each document is assigned a score between 1 and 3: a score of 1 corresponds
to studies addressing a single valorization type, 2 to those examining two, and 3 to those
exploring three or more valorization processes. Results from the Anderson–Darling (A–D)
test (Table 6) show that both groups deviate significantly from normality. For waste origin
(group a), score 2 exhibited a higher mean of 0.790 and greater variability (Std. Dev = 0.389)
than score 1. The A–D test confirmed significant non-normality in both scores, with score
1 displaying near symmetry and score 2 showing a slight positive skew. Levene’s test
indicated significant variance heterogeneity (F = 11.74, p-value < 0.0006), violating the
homogeneity assumption by justifying the use of Welch’s ANOVA. For the valorization
type (group b), the A–D test again showed non-normality across all three scores, though
variances remained consistent (Levene’s F = 0.366, p-value = 0.693). Despite the lack of
normality, the homogeneity of variance assumption was met.

Table 6. Anderson–Darling and Levene’s results referring to waste origin and valorization type
groups (a; b).

Groups Waste Origin (a) Valorization Type (b)

Score 1 2 1 2 3

Group size 726 68 623 137 33

Mean 0.676 0.790 0.691 0.666 0.683

Std. Dev. 0.278 0.389 0.288 0.295 0.319

A–D Test Statistic 6.083 0.902 5.067 2.530 0.800

p-value <0.001 0.020 <0.001 <0.001 0.034

Skewness <0.001 0.958 0.894 0.782 0.746

Levene’s test F = 11.74 p-value = 0.0006 F = 0.366 p-value = 0.693
Source: Authors’ elaboration.

Considering the violation of normality and, in one case, variance homogeneity, Welch’s
one-way ANOVA was applied to both groups (a; b). This solid test allows for unequal
variances and non-normal distributions. To normalize variance and reduce skewness,
citation counts were transformed using the equation log10 (Y + 2), where Y represents the
number of citations per document and the constant 2 prevents undefined values for uncited
documents. The independent variable (X) represents the categorical grouping (waste origin
“a”: score 1–2; valorization type “b”: score 1–2–3), and the dependent variable (Y) is the
average number of citations per document. As presented in Table 7, Welch’s ANOVA
confirms significant differences between waste origin groups (Welch’s F Ratio = 5.556,
p-value = 0.021). Specifically, score 1 (group size = 725) has an average citation over
the years per document of 4.04, while score 2 (group size = 68) attains a significant average
citation over the years per document of 8.46. This suggests that studies integrating multiple
waste sources tend to receive higher scholarly attention and thus exhibit greater scientific
visibility. However, score 2 also displays a higher variance of average citations over the
years of 407.89, implying greater heterogeneity; some documents achieve high recognition,
while others remain marginal. The valorization type (group b) shows no statistically signif-
icant difference among the three scores (Welch’s F Ratio = 0.411, p-value = 0.665). Average
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citations over the years per document values are similar: 4.49 (score 1); 4.04 (score 2); 4.23
(score 3). This indicates that the number of valorization processes considered does not
substantially affect the scientific visibility of documents.

Table 7. Welch’s one-way ANOVA results referring to waste origin and valorization type groups (a; b).

Groups Waste Origin (a) Valorization Type (b)

Score 1 2 1 2 3

Group size 725 68 623 137 33

Sum of average citations over years 2929.86 583.51 2824.13 553.36 152.22

Variance of average citations over year 34.32 407.89 77.52 30.57 34.82

Average citations over years per document 4.04 8.46 4.49 4.04 4.23

Welch’s F Ratio 5.556 0.411

df numerator 1 2

df denominator 73.54 77.73

p-value 0.021 0.665
Source: Authors’ elaboration.

The statistical outcomes discussed above are further illustrated in Figures 5 and 6,
which visualize the relationship between the degree of integration, both in waste origin
and valorization type groups, and the corresponding scientific visibility measured by
citation performance. These graphical representations complement the ANOVA results by
highlighting not only meaning differences but also the variance patterns within each group
by providing a clearer view of how integration breadth relates to research visibility.
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4. Discussions
The results of this SLR highlight the rapid growth and progressive maturation of the

research field related to the valorization of agro-industrial by-products within the frame-
work of the circular bioeconomy paradigm. The bibliometric analysis shows a significant
increase in scientific production during the last ten years, with an average annual growth
rate of 27.5%. This trend reflects the growing scientific interest in resource management
strategies aimed at the sustainable valorization of resources to develop new sustainable
and high-value-added materials. Similarly, the analysis of the most influential journals and
authors highlights the need for interdisciplinarity to address this research field. Journals
such as Waste and Biomass Valorization, Journal of Cleaner Production, Bioresource Technology
and Science of the Total Environment are the main outlets for the dissemination of studies
on this topic. The focus of these journals confirms that the disciplinary fields involved in
addressing this issue refer to areas such as environmental engineering, green chemistry and
agricultural sciences, while other dimensions related to social and economic sustainability
remain less represented. These results are confirmed by the keyword co-occurrence in the
network analysis, which identified five main thematic clusters structuring the research field:
waste recovery, chemical recovery, systemic valorization, energy recovery and alternative
fuels. These clusters reflect the multidimensional nature of agro-industrial by-product val-
orization. On the one hand, the literature focuses on technological aspects and conversion
processes; on the other hand, there is an increasing attention to systemic approaches that
link resource recovery to the principles of the circular economy, although this dimension
remains only partially explored. Another relevant finding emerging from the overlay visu-
alization of keyword co-occurrence concerns the evolution of research priorities over the
last decade. In the initial stages, the literature focused on technological and experimental
aspects. Gradually, the research focus expanded to include the integration of processes
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within biorefinery models and the application of circular economy principles. In more
recent years, increasing attention has been focused on concrete industrial applications, such
as biochar and biofuel production. However, these applications are still framed within en-
vironmental regeneration and energy valorization contexts, suggesting the need for greater
attention toward other valorization pathways. This indicates a progressive orientation
of scientific research toward experimental and applied research approaches. The content
analysis of the literature also highlights that certain types of agro-industrial residues have
been studied. These include residues from fruit and citrus processing, waste from the
sugar industry, by-products from the dairy industry, residues from the olive oil supply
chain, and those from wine production. This confirms both their high availability and their
richness in potential functional components suitable for different industrial applications.
From a technological perspective, various extraction methods emerge, depending on the
complexity and origin of the by-product. In many cases, these processes are implemented
within biorefinery systems aimed at maximizing resource recovery and improving overall
process efficiency. The results of the quantitative meta-analytical approach indicate that
studies analyzing multiple types of residues tend to receive a higher number of citations
compared to those focusing on a single waste type. These findings suggest that integrated
and comparative approaches are increasingly recognized within the scientific community
as they allow for broader generalization of findings. However, these results should be
interpreted carefully, as higher citation counts do not necessarily imply greater research
quality. Citation-based results should be interpreted as indicators of scholarly visibility and
attention rather than as direct measures of research quality. Indeed, they may reflect higher
visibility, publication in high-impact journals, or alignment with rapidly growing research
topics. Nevertheless, it would also be valuable to focus on specific residue types to define
valorization strategies strictly dependent on the nature of the by-product, considering
aspects such as the physical state of the by-product during recovery and its position within
the supply chain and territorial context. Therefore, the integrated analysis suggests that
most studies focus on technological innovations that remain at the laboratory stage, while
studies addressing industrial scalability, implementation costs and regulatory implications
are still less frequent. Although circular economy concepts are frequently mentioned in the
literature, only a limited number of studies systematically investigate sustainability starting
from the valorization of agro-industrial by-products. In summary, the valorization of agro-
industrial by-products: (i) constitutes a dynamic and rapidly maturing field of research
that requires stronger interdisciplinary integration between natural, environmental, eco-
nomic and social sciences; (ii) represents a strategic lever for capturing local opportunities,
defining synergies between stake-holders in the field of rural development, strengthening
research and industry; (iii) promotes circularity models and strategies based on existing
and underutilized by-products, avoiding new planting and land occupation in favor of
the strategic and efficient use of unutilized waste that becomes secondary raw material
in new supply chain configuration. In this sense, the identification of new renewable
raw materials available in specific territorial contexts can improve social, economic and
environmental outcomes, thereby contributing to territorial regeneration in line with the
principles of the circular bioeconomy. However, the transition from the laboratory to the
scale-up of processes opens up the possibility of redefining local supply chains, enhancing
local economies, converting industrial infrastructures into new, more sustainable ones
and advancing the efficiency and effectiveness of the processes and technologies adopted,
which is reflected in the updating of skills and the creation of new professional roles.

https://doi.org/10.3390/su18094525

https://doi.org/10.3390/su18094525


Sustainability 2026, 18, 4525 18 of 25

5. Conclusions
This study provides a structured and integrated overview of the scientific production

on the valorization of agro-industrial by-products through bibliometric, network and con-
tent analysis methods combined with a quantitative meta-analytical approach. Compared
to purely descriptive mappings, this approach allows for a more systematic interpretation
of research trends, thematic evolution and knowledge structures within the field. The
results confirm the rapid growth of the research area and its progressive alignment with
circular bioeconomy principles and sustainable resource management strategies. The con-
tribution of this study is twofold. First, it identifies and systematizes the main valorization
pathways by explicitly linking by-product origins, transformation processes and appli-
cation domains, thus providing a more structured interpretation of the field. Second, it
offers empirical evidence on the factors influencing scientific visibility, showing that studies
addressing multiple waste streams tend to receive higher attention, thereby supporting
the relevance of integrated and multidimensional approaches. Despite these contributions,
several limitations must be acknowledged. The analysis is based exclusively on the Scopus
database, which, although comprehensive, may not fully capture the entire body of relevant
scientific production. Furthermore, the study does not directly address contextual aspects
such as industrial feasibility, economic viability and regulatory constraints, which remain
essential for the practical implementation of valorization strategies. Future research should
aim to further integrate technological, economic and policy dimensions, moving beyond
experimental approaches toward more application-oriented frameworks. Greater atten-
tion should be directed toward the integration of currently fragmented research streams
into systemic circular models capable of addressing environmental, economic and social
dimensions simultaneously. Moreover, future research should prioritize studies to evaluate
scalability, real-world implementation and the impacts on local value chains and stake-
holder dynamics, thereby providing stronger evidence to support the transition toward
sustainable circular systems.
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Appendix A

Table A1. Main categories of agro-industrial by-products, methods and applications.

By-Product Key Components Methods Applications References

Orange peels

• Essential oils
• Fermentable sugars
• Lignocellulosic biomass
• Bioactive compounds
• Organic matter
• Phenolic compounds
• Volatile pyrolysis

compounds

• Biological processes
• Process optimization
• Thermochemical

conversion
• Pretreatment and

hydrolysis
• Extraction
• Performance targets

• Bioenergy
• Chemical
• Cosmetical
• Energy
• Environmental

biotechnology
• Feed
• Food
• Paper and pulp
• Pharmaceutical
• Nutraceutical
• Sustainable carbon

utilization
• Textile

[61,71,86]

Orange bagasse

• Carbon
• Lignocellulosic biomass
• Minor xylose
• Nitrogen
• Phosphorus
• Polysaccharides
• Sulfur

Banana peels

• Ash
• Bioactive compounds
• Cellulose
• Fermentable sugars
• Fibers
• Minerals
• Organic matter
• Polysaccharides

• Biological conversion
• Thermochemical

conversion
• Chemical modification
• Material synthesis
• Characterization

• Agriculture
• Bakery
• Biochar
• Biomedical
• Biofuel
• Biorefinery
• Food
• Pharmaceutical
• Nutraceutical
• Polymer

[72,87–89]

Olive leaves

• Oleuropein
• Polyphenols

• Extraction technologies
• Biological processes
• Pretreatment
• Formulation and

applications

• Animal feed
• Biopolymer
• Construction

materials
• Cosmetic
• Food packaging
• Fungal biotechnology
• Green building
• Livestock
• Nutraceutical
• Pharmaceutical

[24,52,63]

• Oleuropein
• Polyphenols
• Macromolecules

Olive pomace • Polyphenols

Olive husk • Fibers
• Organic matter

Olive mill stone • Proteins
• Sugars

Tomato pomace
• Lignocellulosic biomass
• Sugars
• Xylan

• Pretreatment and
fractionation

• Chemical treatment
• Biological conversion
• Process optimization
• Product synthesis

and recovery
• Characterization

• Advanced materials
• Bioenergy
• Biofuels
• Bioplastics
• Biopolymers
• Bioprocessing
• Chemical
• Cosmetic
• Enzyme

manufacturing
• Food
• Imaging and sensing
• Nanotechnology
• Nutraceutical
• Pharmaceutical

[79,90,91]

Tomato peels
and seeds

• Carbon
• Lignocellulosic biomass
• Cellulose
• Hemicellulose
• Polysaccharide
• Sugars
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Table A1. Cont.

By-Product Key Components Methods Applications References

Grape marc, stalks,
and lees

• Fibers
• Lignocellulosic biomass
• Organic acids
• Polyphenols
• Sugars
• Proteins
• Tartrates
• Yeast biomass

• Thermochemical
conversion

• Energy conversion
• Pretreatment (chemi-

cal/hydrothermal)
• Biological processes
• Extraction and recovery
• Analytical methods

• Agriculture
• Animal feed
• Biochemicals
• Bioenergy
• Biofertilizers
• Biofuels
• Biogas
• Bio-products
• Nutraceuticals
• Soil amendments

[66,74,92,93]

Grape seeds

• Lignocellulosic biomass
• Oils and fat
• Polyphenols
• Sugars.

Grape pomace

• Lignocellulosic biomass
• Fibers
• Polyphenols
• Sugars

Apple pomace

• Bioactive compounds
• Cellulose
• Fermentable sugars
• Fibers
• Hemicellulose
• Lignocellulosic biomass
• Organic acids
• Polyphenols

• Thermochemical
conversion

• Chemical pretreatment
• Biological conversion
• Downstream

processing

• Advanced materials
• Animal feed
• Biochar
• Bioenergy
• Biopolymers
• Food industry
• Nutraceuticals
• Packaging
• Soil amendment

[23,94–96]

Rice straw

• Ash
• Macronutrients
• Carbohydrates
• Cellulose
• Flavonoids
• Hemicellulose.
• Lignocellulosic biomass
• Low heavy metals

and silica
• Micronutrients
• Organic matter
• Phenolic compounds
• Proteins
• Sugars.
• Tannins

• Pretreatment and
fractionation

• Biological conversion
• Extraction and

separation
• Advanced approaches
• Performance metrics

• Animal feed
• Bioactive compounds
• Bioenergy
• Biofuels
• Bioprocessing
• Cosmetic
• Enzyme production
• Fertilizers
• Food ingredients
• Hydrogen

production.
• Nutraceutical

[76,83,97,98]

Wheat straw

• Carbon-rich volatiles
• Cellulose
• Hemicellulose
• Fermentable sugars
• Lignocellulosic biomass
• Organic acids
• Organic matter

• Thermochemical and
catalytic conversion

• Chemical treatment
• Biological conversion
• Process optimization

• Advanced materials
• Biochar
• Biofuels
• Chemicals
• Nanotechnology
• Syngas production
• Soil amendment

[85,99,100]

Cheese whey

• Lactose
• Proteins
• Nutrient
• Minerals
• Salts
• Water

• Biological conversion
• Biopolymer production
• Energy recovery
• Material applications

• Agriculture
• Agriculture
• Animal feed
• Bioplastics
• Biomedical materials
• Food
• Sustainable

packaging
• Soil amendment

[101–104]
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Table A1. Cont.

By-Product Key Components Methods Applications References

Sugarcane molasses
• Bioactive compounds
• Organic matter
• Sugars

• Biological conversion
• Fungal processes
• Chemical pretreatment
• Catalytic fractionation
• Energy recovery

• Agriculture
• Biopolymers
• Biochemicals
• Biofuels
• Biogas
• Bio-oil
• Chemicals
• Cosmetics
• Detergents
• Drug delivery
• Nanomaterials
• Nutraceuticals

[69,105,106]Sugarcane straw
• Bioactive compounds
• Organic matter
• Sugars

Sugarcane bagasse • Lignocellulosic biomass
• Silica

Source: Authors’ elaboration.
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