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Abstract

The valorization of agro-industrial residues and by-products can improve resource effi-
ciency and circularity, but implementation depends on more than technical performance.
This scoping review mapped application-oriented valorization routes, their distribution
across sectors and scales, and the barriers, facilitators, gaps, and recommendations related
to implementation. Following Joanna Briggs Institute guidance and PRISMA-ScR, the Web
of Science Core Collection was searched without publication-period or language restrictions.
Thirty peer-reviewed studies published between 1996 and 2026 were included. Vegetable
oils and oilseeds accounted for 40.0% of the studies, while industrial or plant-level ap-
plications represented 30.0%. Energy-based strategies were the most frequent (26.7%),
followed by biological and chemical or physicochemical approaches (20.0% each). Imple-

M) Check for updates mentation was influenced by residue characteristics, production processes, infrastructure,

costs, logistics, coordination, regulation, and information availability. Six interconnected
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! implementation domains were identified: technical and operational; economic and finan-
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cial; logistical; organizational and governance; regulatory and institutional; and scale-up,
limitations, and recommendations. The findings indicate that scale-up requires integration
of technical, operational, logistical, economic, governance, and institutional conditions. An
Copyright: ©2026 by the authors. implementation-oriented perspective is provided to support future assessments, industrial
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1. Introduction

Long-term environmental sustainability requires strategies that promote the efficient
use of resources. In this context, the agro-industrial sector generates underutilized or
low-value streams associated with food and biomass production. The valorization of
these streams has been discussed as a means of improving resource-use efficiency [1].
When treated as resources, residues and by-products can support more circular production
and consumption pathways by preventing materials from becoming unusable waste and
facilitating their reintegration into production cycles [2,3].

The circular bioeconomy emphasizes resource-use efficiency and waste minimization
to reduce environmental impacts and conserve resources throughout production chains [4].
However, the broader adoption of sustainable solutions depends on overcoming economic
and implementation-related barriers, which may be mitigated through production scale-up
and the valorization of agro-industrial residues and by-products [5]. Regulatory frame-
works and international initiatives also reinforce the need to develop alternative feedstocks.
Accordingly, the feasibility of these solutions involves technical, regulatory, and market
considerations [3].

Despite advances in the literature and the growing number of valorization routes, a
paradox remains: the abundance of proposals and potential applications contrasts with the
difficulty of achieving systematic adoption in production settings. Economic constraints,
regulatory barriers, logistical limitations, and institutional weaknesses may hinder the im-
plementation of sustainable solutions, even when residues and valorization opportunities
are available [6]. Thus, the gap between potential and implementation remains a recurring
issue in discussions of circularity and valorization across production chains [2,3].

The heterogeneity of the topic also contributes to the fragmentation of the scientific
literature. Previous studies have identified a wide range of sources, valorization routes,
and applications for biologically derived residues and by-products across food and agro-
industrial systems [7]. Valorization strategies may also aim to generate added value and
vary according to the type of stream and sector examined [8,9]. This diversity of residues,
sectors, technologies, and application contexts encourages the concentration of studies
within thematic niches, thereby hindering integrated comparisons across routes, sectors,
and scales and limiting a broader understanding of implementation conditions.

Although alternatives exist for reusing and reintegrating by-products into the food
supply chain, their adoption faces challenges related to safety, regulation, and economic
feasibility [10]. These factors influence the transfer of knowledge to operational and
implementation settings, particularly when applications are scaled up or transferred to
production units, agro-industrial supply chains, or territorial contexts. Beyond technical,
regulatory, and economic considerations, the implementation of resource-recovery systems
should also account for the operational and social conditions under which activities are
performed, as inadequate equipment and work organization may compromise worker
safety and the social sustainability of resource-recovery activities [11].

Against this background, the central problem addressed in this study is the gap
between the accumulation of knowledge on valorization routes and an integrated under-
standing of the conditions associated with their implementation across different sectors
and scales. In this article, scale refers to the context in which an alternative was analyzed,
whereas the application interface refers to its explicit connection to processes, products, pro-
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duction units, supply chains, sectors, or territories, together with the conditions associated
with its implementation.

By-product valorization requires a structured approach and a systemic view of the
production process rather than the consideration of a technology in isolation [12]. This
perspective remains relevant given the challenges associated with scale-up, economic feasi-
bility, logistics, and coordination among stakeholders, reinforcing the need for syntheses
that focus on implementation rather than solely on the theoretical potential of proposed
solutions [4,5]. For this review, the terminology used in the original studies for residues,
by-products, and co-products was retained. A by-product was defined as a secondary out-
put generated by a production process that can be directly used without further processing
beyond normal industrial practice [13].

This study addresses this gap by providing an implementation-oriented synthesis
across strategies, sectors, and application contexts, thereby connecting scientific knowledge
with the technical, economic, logistical, organizational, and institutional conditions that are
associated with the implementation of solutions in agro-industrial systems.

Accordingly, this article aims to map and systematize, through a scoping review,
application-oriented valorization routes and arrangements for agro-industrial residues and
by-products and to examine their distribution across agro-industrial sectors and application
scales, as well as the implementation-related conditions, barriers, facilitators, gaps, and
recommendations reported in the literature.

2. Materials and Methods
2.1. Review Design and Reporting

This study was conducted as a scoping review to map and systematize application-
oriented valorization routes and arrangements for agro-industrial residues and by-products.
The review followed the methodological guidance of the Joanna Briggs Institute for scoping
reviews [14] and was reported in accordance with the PRISMA Extension for Scoping
Reviews (PRISMA-ScR) [15].

A review protocol was developed before the search and screening stages to establish
the review objectives, eligibility criteria, search strategy, study selection procedures, and
data extraction approach. The protocol also supported methodological alignment among
the research team by standardizing the procedures applied throughout the review pro-
cess and reducing the risk of inconsistent decisions during screening and data charting.
Although the protocol was not prospectively registered in a public repository, it was devel-
oped before the search and screening stages, ensuring that methodological decisions were
established a priori and applied consistently throughout the review process. The protocol
was not separately shared as a standalone document; however, its principal methodologi-
cal components were incorporated into the manuscript and Supplementary Materials to
support transparency and reproducibility.

2.2. Research Questions and PCC Framework

The research questions and eligibility criteria were developed using the PCC frame-
work, which comprises Population, Concept, and Context. The operational definition of
each component is presented in Table 1.

For this review, an application interface was defined as an explicit connection between
a valorization route and a process, product, industrial facility, supply chain, sector, or
territory, together with information concerning its use or the technical, economic, envi-
ronmental, operational, logistical, organizational, regulatory, or institutional conditions
associated with its implementation. To operationalize this concept, studies were considered
to present an application interface when they moved beyond the isolated characterization,
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laboratory optimization, or purely technical assessment of a technology and established a
connection between the valorization route and an identifiable implementation context, such
as a production process, facility, supply chain, sector, or territorial system. The operational
criteria and screening framework used to assess application interface during screening and
eligibility assessment are provided in Supplementary Material S1.

Table 1. PCC framework used to formulate the research questions.

PCC Element Definition in This Review

Agro-industrial residues, by-products, and co-products
Population generated during food, biomass, and agricultural
raw-material processing.

Valorization, resource recovery, productive use,
Concept environmental management, and circularity routes or
arrangements with an explicit application interface.

Agro-industrial systems, processing plants, supply chains,
Context sectors, and regional, territorial, or national settings, with no
restrictions on country or facility size.

The review addressed the following questions:

(i) Which valorization routes and arrangements for agro-industrial residues and by-
products are reported in studies with an application interface, and how are they
distributed across sectors and application scales?

(i) Which limitations, barriers, facilitators, gaps, and recommendations are reported in
relation to their implementation and transferability?

2.3. Eligibility Criteria

Eligibility criteria were established prior to screening and applied to titles, ab-
stracts, and full texts. They are summarized in Table 2. The operational screening
framework used during screening and full-text eligibility assessment is provided in
Supplementary Material S1.

Studies focusing primarily on nutrition, health, bioactive compounds, or food composi-
tion were excluded when they did not address systemic or application-oriented valorization.
Similarly, studies involving specific technologies identified in the exclusion block of the
search strategy were not excluded based on the technology itself, but were excluded
when their scope was restricted to isolated experimental optimization, characterization, or
proof-of-concept applications without an explicit application interface.

The exclusion of gray literature and non-peer-reviewed documents was adopted to
ensure greater methodological comparability among the included studies and to prioritize
peer-reviewed empirical evidence. However, this criterion may have limited the identifi-
cation of complementary information related to policy, governance, and implementation
contexts, which is acknowledged as a limitation of this review.

2.4. Information Source and Search Strategy

The search was conducted on 12 January 2026, in the Web of Science Core Collection.
This database was selected due to its multidisciplinary coverage and relevance for retriev-
ing peer-reviewed studies related to agro-industrial systems, circular economy, resource
recovery, and environmental management. The review therefore used the Web of Science
Core Collection as its single bibliographic source, with the search designed to provide
broad coverage within the selected database and without restrictions on publication period
or language. Document type and the remaining eligibility criteria were assessed during
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screening. The complete search strategy and operational screening framework are provided

in Supplementary Material S1.

Table 2. Eligibility criteria for the scoping review.

Criterion

Inclusion Criteria

Exclusion Criteria

Document type

Peer-reviewed research articles.

Reviews, editorials, letters,
commentaries, conference papers, book
chapters, reports, and other gray
literature.

Agro-industrial context

Studies involving identifiable
agro-industrial systems, processing
facilities, supply chains, sectors, or
territories.

Household, retail, or municipal food
waste without a connection to
agro-industrial processing.

Material investigated

Residues, by-products, or co-products

Materials not linked to an identifiable

associated with agro-industrial production

agro-industrial process.
processes.

Valorization concept

Valorization, resource recovery, productive
use, environmental management, or
circularity routes and arrangements.

Studies limited to analytical
characterization without a valorization
or management interface.

Application interface

Laboratory proof-of-concept studies
without discussion of application,
implementation, or transferability.

Explicit connection with a process, product,
facility, supply chain, sector, or territory.

Study information

Extractable information on sector, scale,
strategy, implementation conditions,
barriers, facilitators, gaps, or
recommendations.

Studies without sufficient information
for classification or synthesis.

Publication period and
language

No restrictions. None.

The search was performed in the Topic field, which includes titles, abstracts, author
keywords, and Keywords Plus. Terms related to agro-industrial settings, residues and
by-products, valorization, environmental management, and the circular economy were
combined using Boolean operators.

The following search string was used: TS = ((“agro-industr*” OR agroindustry OR
agroindustrial OR “food processing” OR “food industry” OR slaughterhouse OR dairy OR
brewery OR mill OR “processing plant*” OR factory) AND (byproduct* OR “co-product*”
OR residue* OR “agro-industrial waste”) AND (“circular economy” OR “resource recov-
ery” OR “waste management” OR “by-product utilization” OR valorization OR valorisa-
tion OR “industrial symbiosis”)) NOT TS = (“food waste” OR household OR municipal
OR consumer* OR diet* OR nutrition* OR antioxidant* OR phenolic* OR flavonoid* OR
polyphenol* OR metabolite* OR enzyme* OR microbiolog* OR probiotic* OR fermentation
OR extraction OR “supercritical” OR chromatograph* OR spectroscopy OR “response
surface” OR RSM OR kinetics OR pyrolysis OR gasification OR “hydrothermal” OR “life
cycle assessment” OR LCA OR “anaerobic digestion” OR biodigest* OR biogas OR biochar
OR biorefinery).

The exclusion block was designed to reduce the retrieval of studies focused primarily
on biochemical characterization, nutritional analysis, isolated technological optimization,
or laboratory proof-of-concept applications. The exclusion terms were not applied to
remove specific valorization technologies themselves, but rather to reduce studies in which
these approaches were investigated exclusively as isolated experimental processes without
an explicit connection to agro-industrial application, implementation, or transferability.
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Because the exclusion terms were applied at the database-search stage, studies containing
these terms could nevertheless have been omitted before title and abstract screening, even
when an application-oriented context was present. Therefore, the possibility of incomplete
retrieval of some technology-specific evidence cannot be excluded.

2.5. Selection of Sources of Evidence

The retrieved records were imported into Rayyan [16]. Duplicate detection was per-
formed within the platform. Titles and abstracts were independently screened by two
reviewers, who remained blinded to each other’s decisions until completion of this stage.
Disagreements were resolved through discussion and consensus. No third reviewer was in-
volved in the adjudication process. Although no formal statistical measure of inter-reviewer
agreement was calculated, independent blinded screening followed by consensus-based
resolution was adopted to improve transparency and minimize selection inconsistencies.

Studies considered potentially eligible were retrieved in full and assessed against the
predefined eligibility criteria. Uncertain cases were discussed by the research team until
consensus was reached. No additional exclusions were required after full-text assessment
because all studies evaluated at this stage met the predefined eligibility criteria. The
operational screening pathway applied during title, abstract, and full-text assessment is
detailed in Supplementary Material S1.

Full texts were obtained through the CAPES Journals Portal. The results of the study

selection process are presented in Figure 1.

Identification of studies through database search

Records identified
Web of Science
(n = 549)

)

Records after duplicate removal L

Duplicates removed

(n = 549) (n=0)
Titles and abstracts screened 5 Records excluded
(n = 549) (n=519)

y

Full-text articles assessed
for eligibility 2

(n=230)

!

Studies included in the scoping review
(n=30)

Full-text articles excluded
(n=0)

[3. Eligibility [ 2. Screening ’[1.Identiﬁcation

4. Inclusion

|

Figure 1. Flow diagram of the study selection process.

2.6. Data Charting Process and Data Items

Full-text assessment and data extraction were conducted by one researcher using
a standardized electronic spreadsheet. The extraction process followed predefined data
items established according to the objectives of the review. The structured extraction form
was designed to ensure consistency in the recording of study characteristics, valorization
pathways, and implementation-related evidence. Cases involving uncertainty regarding
eligibility, classification, or interpretation of extracted information were discussed by the
research team until consensus was reached. The extraction form was not formally pilot-
tested, and the complete extracted dataset was not independently verified by a second
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researcher. Missing information was recorded as “not reported” when it was not available
in the original articles, without inference.

The following data were extracted: (i) authorship and year of publication; (ii) country
or region; (iii) agro-industrial sector and study context; (iv) type and origin of the residue,
by-product, or co-product; (v) valorization route or arrangement; (vi) application scale;
(vii) environmental, economic, and operational indicators; (viii) barriers, facilitators, and
implementation conditions; and (ix) limitations, knowledge gaps, and recommendations.
The complete implementation-related extraction matrix supporting the synthesis of barriers,
facilitators, and recommendations is provided in Supplementary Material S3.

2.7. Classification and Synthesis of Results

The categories used to classify sectors, application scales, and valorization strategies
were consolidated through a comparative reading of the included studies. Each article
was assigned a single primary category for each dimension according to its objective, unit
of analysis, and predominant intervention. Classification was based on the analytical
context explicitly addressed by each study rather than on the physical origin of the residue
or the presence of an industrial facility alone. This approach was adopted to enable
comparative synthesis across studies while recognizing that individual studies may involve
multiple sectors, strategies, or implementation dimensions. The operational criteria used
for classification and the decision rules applied to assign primary categories are provided
in Supplementary Material S2.

Agro-industrial sectors were classified as vegetable oils and oilseeds; dairy; meat and
slaughter; fisheries and aquaculture; beverages and industrial fermentation; general food
processing; sugarcane and sugar-energy agro-industry; agri-food supply chains, policy, and
governance; and multisectoral agro-industrial residues.

Application scales were classified as laboratory; pilot or semi-industrial; industrial
or plant-level; supply-chain or sectoral; regional, territorial, or national; and multiscale.
Studies were considered multiscale when they explicitly addressed interactions among two
or more application scales within the same analysis, such as combinations of industrial,
supply-chain, regional, territorial, or other implementation contexts. Within the industrial
or plant-level category, empirical applications, diagnostic assessments and case studies,
and modeling or simulation studies were distinguished. The industrial origin of a sample
alone was not considered sufficient to classify a study as industrial or plant-level. Thus,
this category represented the primary analytical context of the study rather than a direct
measure of technological maturity or continuous operational implementation. Valorization
strategies were grouped as biological; energy-based; material; chemical or physicochemical;
organizational and systemic; and integrated or multiple routes. The integrated or multiple
routes category was used when a study explicitly combined two or more strategy families
or examined several routes without a clearly predominant strategy.

The quantitative synthesis included absolute and relative frequencies and three cross-
tabulations: (i) strategy by application scale; (ii) strategy by agro-industrial sector; and
(iii) application scale by agro-industrial sector. For the cross-tabulations, cell values rep-
resent the number of included studies, with the overall denominator being the 30 studies
in the review; when proportions were described for a specific category, the denominator
corresponded to the number of studies within that category. No statistical uncertainty inter-
vals were calculated because the cross-tabulations were intended as descriptive summaries
of the included evidence rather than estimates of population parameters.

The relationships were presented using stacked bar charts. No inferential statistical
tests were performed. The quantitative synthesis was therefore interpreted as a descrip-
tive mapping of the distribution of the included literature rather than as an assessment
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of technological superiority, effectiveness, or causal relationships. Barriers, facilitators,
limitations, gaps, and recommendations were synthesized comparatively and grouped
into thematic domains based on recurring patterns identified across the studies. The ex-
tracted implementation-related evidence supporting these thematic domains is provided in
Supplementary Material S3, while the conceptual organization of implementation dimen-
sions is presented in Supplementary Material S54.

2.8. Critical Appraisal of Sources of Evidence

No formal methodological quality or risk-of-bias assessment was conducted. In
scoping reviews, critical appraisal is optional and may be omitted when the primary
objective is to map the extent, characteristics, and distribution of the available evidence
rather than to assess the certainty of evidence or estimate intervention effects [14,15]. This
decision was therefore consistent with the objective of the present review, which was to
map, classify, and compare the available evidence rather than to determine the effectiveness
of specific valorization strategies.

Considering that the included studies encompassed different methodological ap-
proaches, analytical scales, and implementation contexts, the interpretation of findings
focused on the characteristics, reported conditions, and application contexts of the identi-
fied valorization routes rather than on comparative judgments regarding study quality or
technological performance.

The absence of formal critical appraisal was considered when interpreting the find-
ings, which were treated as a descriptive and comparative representation of the included
literature. Accordingly, the results should not be interpreted as evidence of methodological
superiority, causal effectiveness, or certainty regarding the reported valorization routes and
arrangements. This aspect was also considered when defining the scope and limitations of
the conclusions drawn from the available evidence.

3. Results and Discussion
3.1. Study Selection

The search retrieved 549 records. No duplicates were identified; therefore, all records
proceeded to title and abstract screening. Following this screening stage, 519 records were
excluded, and 30 articles were assessed in full text. The high proportion of exclusions during
title and abstract screening was mainly related to the absence of an explicit application
interface, the focus on isolated technological characterization or optimization, and the
lack of alignment with the agro-industrial valorization scope defined for this review. The
30 articles retrieved for full-text assessment were subsequently evaluated against the
predefined full-text eligibility criteria described in Supplementary Material S1.

No studies were excluded during the full-text assessment, yielding a final sample of
30 studies. This occurred because studies retrieved for full-text assessment had already met
the preliminary eligibility criteria regarding agro-industrial context, valorization focus, and
availability of information required for classification and synthesis. The study selection
process is shown in Figure 1.

3.2. Study Profile and Overall Distribution

Thirty studies published between 1996 and 2026 were included, with a clear concen-
tration of publications in recent years: 15 articles were published between 2021 and 2026
(50.0%), nine between 2016 and 2020 (30.0%), and six were published up to 2015 (20.0%).
The publication period extended from a 1996 study addressing residues from the palm oil
industry to a 2026 study focusing on the composting of acidified soybean soapstock.
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The publications covered 19 countries. Spain accounted for four studies; Brazil and

Greece accounted for three each; and Colombia, Mexico, Malaysia, and Australia accounted

for two each. The remaining countries contributed one study each, indicating broad

geographic coverage across Latin America, Europe, Asia, North America, Oceania, and the

Middle East.

The individual characteristics of the 30 included studies, including the country, agro-

industrial sector, residue or by-product, valorization route or arrangement, application

scale, and main contribution, are presented in Table 3.

Table 3. Characteristics of the 30 included studies.

Residue/ Route or . o
Study  Year Country Sector By-Product Arrangement Scale/Context Main Contribution
Develops a network and
Multisectoral Useasa pricing model that
[17] 2025  Colombia agro-industrial Biomass ash supplem.e.ntary Supply integrates costs, location,
. cementitious chain/sector .
residues . transportation, and
material ..
emissions.
Assesses the
Sugarcane and Heat and Plant-level case CIvIro nmental,.
[18] 2022 Mexico sugar-ener Sugarcane ower study and economic, and social
&at &Y bagasse P . Y e sustainability of energy
agro-industry cogeneration modeling .
systems at a Mexican
sugar mill.
Multisectoral Ash and Alkali- Df;;giii?::ﬂi;ii:f
[19] 2024 Spain agro-industrial various activated Laboratory 1 .
. . . and silica sources while
residues residues materials . .
controlling leaching.
Characterizes the
o effluent and tests
[20] 2025 Mexico General fOOd Nejayote Prec1p1taft10n of Laboratory calcium and phosphorus
processing Ca-P minerals
recovery through a
physicochemical route.
Examines availability,
Sugarcane and environmental
[21] 2011 Brazil sugar-energy Sugarcane Energy Supply .1mphca.t10ns, ar.1d the
. trash recovery chain/sector integration of biomass
agro-industry . .
into energy and biofuel
systems.
Combustion Compares bioenergy
[22] 2005 Colombia Vegetqble oils Res@ual palm for steafn. and Reg%onal / scenarios with fgssﬂ
and oilseeds biomass electricity national fuels across a regional
generation network of plants.
Multisectoral Agro- . Quantifies reglonal
. . . . Energy-use Regional/ flows and estimates
[23] 2016 Greece agro-industrial industrial . . . .
. . planning national their potential for
residues biomass .
energy production.
Vegetable oils Olive Solar drymg . Tests solar drying as a
[24] 2016 Greece . for use as solid Pilot pretreatment for energy
and oilseeds by-products -
fuel valorization.
Evaluates
[25] 2020 Malaysia Vegeta.ble oils ngnoc.ellulosm Acceleraiced Laboratory phy.s1coc.hem1cal and
and oilseeds residues composting microbial changes

during co-composting.
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Table 3. Cont.

Residue/

Route or

Study  Year Country Sector By-Product Arrangement Scale/Context Main Contribution
Agri-food Propqses terrltor}al
supply chains Multiple local Industrial Regional/ connections to redirect
[26] 2022 Sweden policy, and material flows symbiosis national underutilized resources
toward local food
governance .
production.
Identifies the generation,
. Meat and Various solid Diagnosis and Pl.ant—lev?l segregation, ar}d
[27] 2019 Brazil . diagnostic destination of residues
slaughter residues management . -
assessment in a poultry-processing
facility.
Models a hybrid
Low- .
Beverages and Brewery spent temperature Plant-level solar-biomass system
[28] 2021 Spain industrial Y Sp mperat . . and assesses its
. grain industrial simulation .
fermentation drvin thermoenergetic and
ymg economic performance.
Energy-based, Maps combined
. Vegetable oils . agricultural Regional/ alternatives for solid
[29] 1996 Thailand and oilseeds Palm residues and industrial national and liquid streams from
routes palm oil production.
Filtration, ion Recovers salts and
[30] 2024  Australia Dairy Cheese whey exchange, and Pilot generates reusable
electrodialysis products from whey.
Reduces solids and
[31] 2025 United Dair Acid whe Chitosan Laborator facilitates subsequent
y y y
States pretreatment resource-recovery
stages.
Compares industrial
ultrafiltration and
[32] 2020 Canada Dairy Cheese whey Membr%me Blant—leyel microfiltration scenarios
separation simulation .
in terms of
eco-efficiency.
. . . Drying and Evaluates drying to
[33] 2013 Greece \Z;g;z]f;gecgl: Oelgfl:;ll solid Pilot obtain a solid product
recovery with recovery potential.
Plant-level Validates combinations
. Vegetable oils Olive mill Co- .. of carbon and nitrogen
[34] 2025 Spain g empirical case g
P and oilseeds residue composting P sources in industrial
study .
windrows.
. Compares the costs,
. L Combustion Plant-level energy use, and
Vegetable oils Olive oil and - . .
[35] 2016 Italy and oflseeds by-products ener empirical case emissions associated
yP recovfg study with the local use of
Y biomass and methane.
Tests turning, moisture
. egetable oils Indrow . control, and mixture
[36] 2010 Malaysia esetapleoil fﬂs al;g;/[tz Wind Pelzlntlfc‘:il 1, and
¥y and oilseeds cake composting SE,I d formulation in a
y commercial plant.
Demonstrates the
technical and
Sugarcane and Fil K d Co- Plant-level ional feasibilitv of
[37] 2010 Cuba sugar-energy tter cake an combustion in experimental operational feasibiiity o
. bagasse . the combined energy
agro-industry boilers study

recovery of both
residues.
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Table 3. Cont.

Study  Year Country Sector Residue/ Route or Scale/Context Main Contribution
By-Product Arrangement
Collcionand g, ST o
[38] 2025  Australia Dairy Whey processing UPPYY el ourcng
network chain/sector under uncertainty in
residue generation.
Compares energy
. Vegetable oils Sunflower I_.Ie.at’ Plant-level alternatives, costs, and
[39] 2020 Ukraine . electricity, and data and . . .
and oilseeds husks . . emission reductions in
cogeneration scenarios industrial facilities
. Ollvg- . Demonstrates the effects
Multisectoral processing Composting .
. . . . . of mixture structure,
[40] 2010 Spain agro-industrial residues, and Pilot .
. . . aeration, and the C/N
residues winery waste,  co-composting ..
ratio in a closed reactor.
and sludge
Cascadin Links technology,
General food Various food acmg Supply logistics, regulation, and
[41] 2018 Norway . valorization . .
processing co-products . chain/sector =~ markets across different
and upcycling .
food value chains.
Bioenergy, Models regional
. . nutrient . expansion,
[42] 2019  Indonesia Vegeta.ble oils Palm-derived recovery, and Reglional/ infrastructure, and route
and oilseeds streams . national L.
integrated combinations under
arrangements logistical constraints.
Integrates agricultural
. . Composting and energy-based routes
[43] 2025 Saud} Vegeta’ble oils Olive residues and Multiscale and discusses collection,
Arabia and oilseeds .
bioenergy markets, and
institutional support.
. Composting Demonstrates residue
Fisheries and Saline with stabilization under
[44] 2025 Brazil fish-processing Laboratory I,
aquaculture sludee halotolerant salinity control and
& bacteria inoculation conditions.
Agri-food Resotrce Analyzes policies,
. supply chains, Agri-food . Regional/ infrastructure, data, and
[45] 2023 India . . efficiency and . . . .
policy, and residues national circularity targets in the
governance :
governance Indian sector.
Identifies the proportion
. Vegetable oils Acidified C.ompos.tmg of lignite that improves
[46] 2026 China . soybean with a mineral Laboratory process performance,
and oilseeds .. L
soapstock conditioner emissions, and

agronomic quality.

The vegetable oils and oilseeds sector accounted for 12 studies (40.0%), followed by

dairy and multisectoral agro-industrial residues, with four studies each (13.3%), and the

sugarcane and sugar-energy agro-industry, with three (10.0%). All other sectors represented

less than 10.0% of the sample. The higher representation of vegetable oils and oilseeds

was associated with the diversity of residues and by-products identified in the included

studies, including biomass, effluents, and solid residues from palm, olive, sunflower, and

soybean processing chains. This pattern may also reflect differences in research availability

and reporting practices among agro-industrial sectors, as some chains may have more

extensively documented valorization initiatives than others. This distribution reflects

the composition of the retrieved evidence base and should not be interpreted as a direct
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indication of the relative importance, maturity, or potential of each agro-industrial sector
for residue valorization.

Regarding application scale, nine studies were classified as industrial or plant-level
(30.0%). Laboratory and regional, territorial, or national scales each accounted for six stud-
ies (20.0%), whereas pilot or semi-industrial and supply-chain or sectoral scales accounted
for four studies each (13.3%). One study was classified as multiscale (3.3%). Within the
industrial or plant-level category, studies included empirical assessments, case studies,
experimental evaluations, and modeling or simulation approaches conducted within indus-
trial contexts [28,32,34-37,39]. Therefore, this classification refers to the analytical context
addressed by the study rather than representing a direct measure of technological maturity
or operational deployment.

Energy-based strategies were the most frequent, with eight studies (26.7%), followed
by biological and chemical or physicochemical approaches, each represented by six stud-
ies (20.0%). Organizational and systemic strategies and integrated or multiple-route ap-
proaches each accounted for four studies (13.3%), whereas material-based strategies ac-
counted for two (6.7%). These frequencies represent the distribution of valorization strate-
gies among the included studies and do not indicate superior performance, feasibility, or
effectiveness of one strategy over another. To avoid double counting, each article was
assigned to one primary category for sector, scale, and strategy. The overall distribution of
the studies by sector, application scale, and valorization strategy is presented in Table 4.

Table 4. Distribution of studies by sector, application scale, and valorization strategy.

Dimension Category n %
Vegetable oils and oilseeds 12 40.0%
Dairy 4 13.3%
Meat and slaughter 1 3.3%
Fisheries and aquaculture 1 3.3%
Agro-industrial sector Beverages and industrial fermentation 1 3.3%
General food processing 2 6.7%
Agri-food supply chains, policy, and governance 2 6.7%
Multisectoral agro-industrial residues 4 13.3%
Sugarcane and sugar-energy agro-industry 3 10.0%
Laboratory 6 20.0%
Pilot or semi-industrial 4 13.3%
Application scale Industrial or plant-level context 9 30.0%
PP Supply-chain or sectoral 4 13.3%
Regional, territorial, or national 6 20.0%
Multiscale 1 3.3%
Biological 6 20.0%
Energy-based 8 26.7%
Valorization strategy Material 2 6.7%
Chemical or physicochemical 6 20.0%
Organizational and systemic 4 13.3%
Integrated or multiple routes 4 13.3%

3.3. Valorization Routes and Arrangements by Sector and Application Scale

The distribution of valorization strategies varied by application scale. Biological
and chemical or physicochemical approaches spanned laboratory, pilot, and industrial
settings, whereas organizational and integrated strategies were concentrated at broader
scales, reflecting their greater association with coordination among actors, supply-chain
arrangements, and territorial or systemic analyses, as shown in Figure 2.
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Integrated or multiple routes
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Chemical or physicochemical

Material

Energy-based

0 1 2 3

~

5 6 7 8 9

M Laboratory M Pilot or semi-industrial
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Figure 2. Distribution of valorization strategies by application scale.

Energy-based strategies showed the broadest distribution across application scales.
This broad distribution may be influenced by the existence of established conversion path-
ways and infrastructure in some agro-industrial contexts. However, the included studies
did not provide sufficient comparative evidence to determine whether these approaches
present greater technological maturity or economic feasibility than other valorization ap-
proaches. Within the included studies, the occurrence of energy-based routes was also
associated with the availability of biomass, compatibility with existing energy systems,
opportunities for fuel substitution or cogeneration, and, in some contexts, economic incen-
tives or revenues from energy generation. Of the eight studies in this category, four were
classified as industrial or plant-level, two as regional, territorial, or national, one as supply-
chain or sectoral, and one as pilot or semi-industrial. The routes included combustion,
co-combustion, cogeneration, heat and power recovery, and biomass drying for energy
use. Their presence across different application scales reflects the use of biomass-based
residues in contexts ranging from process-level energy recovery to broader supply-chain
and territorial planning. Within industrial or plant-level applications, the evidence ad-
dressed cogeneration using sugarcane bagasse [18] and the co-combustion of filter cake
and bagasse [37]. At broader scales, the studies examined regional scenarios for the use of
residual palm biomass [22] and the integration of sugarcane trash into energy and biofuel
supply chains [21].

Biological strategies included three laboratory studies, one pilot or semi-industrial
study, and two industrial or plant-level studies. Under controlled conditions, the evi-
dence focused on composting or biological conversion [25,44,46], whereas applications
in production settings addressed mixture formulation, moisture management, residue
availability, and operational control [34,36]. These studies indicate that the implemen-
tation of biological routes depends on the compatibility between residue characteristics
and process requirements, particularly regarding formulation, moisture conditions, and
operational adjustments.
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Chemical or physicochemical approaches were evenly distributed across laboratory,
pilot or semi-industrial, and industrial or plant-level contexts. The studies in this category
examined combined filtration, ion exchange, and electrodialysis [30], acid whey pretreat-
ment [31], and industrial membrane-separation scenarios [32]. This distribution reflects the
applicability of separation and treatment approaches across different analytical contexts,
ranging from controlled evaluations to industrial process scenarios.

Organizational and systemic strategies occurred only at industrial or plant-level,
supply-chain or sectoral, and regional, territorial, or national scales. The evidence included
a waste diagnosis in a poultry-processing facility [27], the analysis of a whey collection
and processing network [38], and studies addressing industrial symbiosis and territorial
governance [26,45]. The concentration of these strategies at broader scales is consistent
with their dependence on coordination mechanisms, information flows, infrastructure, and
interactions among multiple stakeholders.

Integrated studies were also concentrated at broader scales, combining energy, agri-
cultural, logistical, or institutional alternatives in palm and olive value chains [29,42,43], as
well as cascading approaches to the valorization of food co-products [41].

Material-based strategies were less frequent. At the laboratory scale, alkali-activated
materials were evaluated [19], whereas biomass ash was examined as a cementitious
material from a supply-chain or sectoral perspective, considering costs, transportation,
location, and emissions [17].

The distribution of strategies across agro-industrial sectors is presented in Figure 3.

Sugarcane and sugar-energy agro-industry

I
Multisectoral agro-industrial residues || I
Agri-food supply chains, policy, and governance [

General food processing ||
Beverages and industrial fermentation
Fisheries and aquaculture

Meat and slaughter

Dairy

Vegetable oils and oilseeds

o
N
I

6 8 10 12 14

M Biological M Energy-based Material

Chemical or physicochemical B Organizational and systemic M Integrated or multiple routes

Figure 3. Distribution of valorization strategies by agro-industrial sector.

The vegetable oils and oilseeds sector accounted for 12 studies and showed the greatest
diversity of alternatives: four biological, four energy-based, three integrated or multiple-
route, and one physicochemical. This diversity reflects the different streams generated
in palm, olive, sunflower, and soybean value chains, including solid residues, biomass,
and effluents with energy or agronomic potential. The range of valorization routes iden-
tified in this sector may be associated with the diversity of residue characteristics across
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different processing chains, which can influence the suitability of biological, energy-based,
physicochemical, or integrated approaches.

In the dairy sector, three of the four studies adopted chemical or physicochemical
approaches. These studies addressed filtration, pretreatment, and separation processes for
the recovery of whey components [30-32], whereas an organizational approach focused on
the design of a collection and processing network [38]. In the sugarcane and sugar-energy
agro-industry, all three studies were energy-based and examined bagasse, sugarcane trash,
and filter cake for the production of heat, electricity, or fuels [18,21,37].

Multisectoral studies included biological, energy-based, and material strategies, en-
compassing the use of ash and other residues, the assessment of biomass energy potential,
and the composting of olive-processing residues, winery waste, and sludge [17,19,23,40]. In
sectors represented by only one or two publications, the observed pattern reflects the scope
of the literature retrieved and should not be interpreted as indicating the absence of other
valorization alternatives. Similarly, the frequency of strategies within each sector reflects
the composition of the included studies rather than the relative suitability or superiority of
specific routes for a given agro-industrial sector.

The relationship between sectors and application scales is presented in Figure 4.

Sugarcane and sugar-energy agro-industry

Multisectoral agro-industrial residues |l
Agri-food supply chains, policy, and governance [
General food processing -
Beverages and industrial fermentation
Fisheries and aquaculture [l
Meat and slaughter
pairy [N
Vegetable oils and oilseeds || N ENNEG ]

0 2 4 6 8 10 12 14

M Laboratory M Pilot or semi-industrial
Industrial or plant-level context = Supply-chain or sectoral

M Regional, territorial, or national ® Multiscale

Figure 4. Distribution of agro-industrial sectors by application scale.

Vegetable oils and oilseeds also showed the widest distribution across application
scales: two laboratory studies; two pilot or semi-industrial studies; four industrial or
plant-level studies; three regional, territorial, or national studies; and one multiscale study.
Oilseed value chains were therefore examined across contexts ranging from controlled
conditions and plant-level applications to territorial planning.

Dairy studies were evenly distributed across laboratory, pilot or semi-industrial, indus-
trial or plant-level, and supply-chain or sectoral contexts, covering acid whey pretreatment,
component recovery, industrial modeling, and network design [30-32,38]. In the sugarcane
and sugar-energy agro-industry, two studies were conducted in industrial or plant-level
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contexts and one at the supply-chain or sectoral level, whereas multisectoral studies were
distributed across laboratory; pilot or semi-industrial; supply-chain or sectoral; and re-
gional, territorial, or national scales.

Analyses of policy, governance, and agri-food supply-chain organization were con-
ducted at the regional, territorial, or national scale. These studies examined stakeholders,
infrastructure, public policies, and resource flows extending beyond the boundaries of
a single production facility [26,45]. This broader analytical scope reflects the need to
consider interactions among multiple actors and system components that influence the
implementation of valorization arrangements beyond individual processing units.

Classification as industrial or plant-level does not necessarily indicate continuous or
full-scale implementation. This category included empirical applications, diagnostic assess-
ments, case studies, modeling, and simulations linked to industrial facilities. Therefore,
application scale should be interpreted as the main context in which a study analyzed a
valorization route rather than as a direct indicator of technological maturity, commercial

readiness, or operational continuity.

The main valorization routes and arrangements are summarized in Table 5. The refer-

ences listed in the final column correspond to representative studies within each category.

Table 5. Summary of the identified valorization routes and arrangements.

Strategy Main Routes or Recurring Residues or Observed Scales Represer.ltatlve
Arrangements Sectors Studies
Palm and olive
co-comcgsrgﬁoszgglaerobic fish- részlsiiurf S’slud e Laboratory, pilot,
Biological POSHNE, ar P ESUCES  andindustrial  [25,34,36,40,44,46]
conversion using inoculants multisectoral residues,
ips  qepe contexts
or conditioners and acidified
soapstock
Combustion,
. Sugarcane bagasse and .
co-combustion, . Pilot, plant-level,
. trash, palm biomass, .
Energy-based cogeneration, heat and sunflower husks. and supply-chain, and [18,21,22,35,39]
power recovery, and drying . . ! regional contexts
. olive oil by-products
for use as solid fuel
Incorporation of ash and Biomass ash and
) . - . . Laboratory and
Material residues into cementitious agro-industrial supply-chain [17,19]
and alkali-activated residues from different !
. . contexts
materials value chains
Precipitation, drying, Cheese whey, acid
Chemical or filtration, membrane whey, nejayote, Laboratory, pilot,
hvsicochemical separation, ion exchange, brewery spent grain, and industrial [20,28,30-33]
Phy electrodialysis, and and olive-processing contexts
pretreatments effluent
Diagnosis, waste Food-processing plant
Oroanizational management, industrial resi dlzles wheg I;n d Plant-level,
& . symbiosis, network design, o Y supply-chain, and [26,27,38,45]
and systemic territorial or agri-food :
governance, and resource flows regional contexts
efficiency
Combination of
Inteorated or energy-based, agricultural, Palm and olive Supply-chain,
8 material, or organizational streams and various regional, and [29,41-43]

multiple routes

routes and cascading
valorization

food co-products

multiscale contexts
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3.4. Implementation Conditions, Gaps, and Recommendations

The implementation of valorization routes is influenced by factors beyond the tech-
nical performance of the proposed solutions. Path dependency may also influence the
long-term adoption of valorization routes. Investments in established infrastructure, opera-
tional practices, and market arrangements may favor technically mature but lower-value
pathways, potentially limiting the transition toward more integrated cascading approaches.
Therefore, future assessments should consider not only technical feasibility but also the
flexibility of existing systems to incorporate higher-value valorization alternatives. The
studies indicated the combined influence of operational, economic, logistical, organiza-
tional, regulatory, and institutional conditions, which were grouped into six domains in
Table 6. The implementation-related evidence extracted from the included studies and sup-
porting the synthesis of barriers, facilitators, limitations, and recommendations is provided
in Supplementary Material S3. The references listed in the final column illustrate each
domain and do not encompass all articles that reported a given barrier or recommendation.

Table 6. Summary of implementation conditions, identified gaps, and recommendations.

Domain

Barriers or Limitations

Facilitators or
Recommendations

Representative Studies

Technical and
operational

Variability in composition,

moisture, acidity, or salinity; need

for process control, pretreatment,
and equipment adaptation

Operational monitoring,
use of bulking agents or
inoculants, plant
compatibility, and
validation at larger scales

[37,40,44,46]

Economic and financial

Initial investment, incomplete
cost data, sensitivity to energy
prices, and transportation or
outsourcing expenses

Sensitivity analysis,
avoided disposal and fuel
costs, revenue from energy
or co-products, and phased
implementation

[35,38,39,42]

Logistics

Geographically dispersed
generation, high moisture content
or perishability, and difficulties
related to collection, storage,
transportation, and access to
infrastructure

Local use, dedicated
networks, cluster
arrangements, and
territorial planning of
material flows

[36,41-43]

Organizational and
governance

Insufficient coordination among
stakeholders, fragmented
responsibilities, limited databases,
and uneven policy
implementation

Industrial symbiosis,
cooperative models, data
sharing, partnerships, and

clear allocation of
responsibilities

[26,27,41,45]

Regulatory and
institutional

Sanitary and environmental
constraints, legal classification of
by-products, unstable incentives,

and a lack of specific circularity
targets

Clear standards, renewable
energy incentives,
compliance monitoring,
and innovation policies

[39-41,44,45]

Scale-up and evaluation

Findings concentrated in case
studies or small-scale
applications, heterogeneous
indicators, and limited
longitudinal or comparable
information

Demonstration studies,
long-term monitoring, a
core set of indicators, and
replication in other
contexts

[17,19,44,46]
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In the technical and operational domain, residue heterogeneity and the need to adapt
processes to their specific physicochemical characteristics emerged as key issues. Variations
in moisture, acidity, salinity, organic composition, and nutrient availability may affect route
performance and require adjustments to formulation, pretreatment, aeration, temperature,
or processing time. These aspects indicate that the compatibility between residue charac-
teristics and the selected valorization route is an important consideration when assessing
implementation conditions.

Studies in this domain showed that mixture structure, the carbon-to-nitrogen ratio, and
aeration affect the composting of olive-processing residues, winery waste, and sludge [40].
Salinity was identified as a critical factor in the biological treatment of fish-processing
sludge [44], while the proportion of mineral conditioner influenced both process perfor-
mance and the agronomic quality of the final product [46]. At the industrial or plant-level
scale, the energy valorization of filter cake and bagasse was found to depend on boiler
compatibility and operational control [37]. Together, these studies illustrate that residue
characteristics and process requirements must be considered jointly when evaluating the
applicability of a valorization route.

Accordingly, transferring a valorization route to another production facility requires
an assessment of residual stream composition, supply continuity, and process-control
capacity. Recommended measures include continuous monitoring, equipment adaptation,
and validation under conditions that closely resemble regular operation. These aspects
are particularly relevant because performance observed under specific experimental or
operational conditions may not be directly transferable to other facilities or residue streams.

In the economic and financial domain, the studies reported initial investment require-
ments, fluctuations in energy prices, and costs related to transportation, storage, treatment,
and outsourcing, as well as a lack of standardized and comparable parameters for feasibility
assessment. Economic attractiveness may depend on both the revenue generated and the
costs avoided through reduced disposal, fuel use, or conventional treatment.

Comparative analyses examined the costs, energy consumption, and emissions associ-
ated with the use of olive oil by-products [35], as well as heat, electricity, and cogeneration
alternatives for sunflower husks [39]. The design of whey-processing networks was shown
to depend on budget, location, and outsourcing [38], whereas the expansion of integrated
arrangements was linked to infrastructure, transportation, and the combination of valoriza-
tion routes [42]. Although these studies incorporated economic and operational assess-
ments, the criteria and system boundaries varied among them, limiting direct quantitative
comparison across valorization routes.

From an implementation perspective, economic feasibility was therefore not deter-
mined by operating costs alone, but also by the expected value or revenue associated
with recovered products or energy, market opportunities, and the costs required to collect,
transport, store, and process the residues. Market conditions may consequently determine
whether a technically feasible route can generate sufficient value to offset implementa-
tion and operating requirements, particularly when recovered products compete with
conventional alternatives or require additional certification and market validation.

Together, these findings reinforce the need for sensitivity analyses, alternative scenar-
ios, and standardized economic criteria that account for avoided costs, potential revenues,
and phased implementation options.

Logistical barriers were associated with residue characteristics, geographic distribu-
tion, and the organization of material flows, particularly in supply-chain or sectoral contexts,
regional, territorial, or national scales, and multiscale settings. Wet, perishable, low-density,
or geographically dispersed residues may entail high storage and transportation costs,
thereby reducing the attractiveness of technically efficient solutions.
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Seasonal variability in residue generation may further affect the reliability of val-
orization systems, particularly in agro-industrial chains characterized by harvest cycles or
fluctuating production patterns. Therefore, implementation strategies should consider stor-
age requirements, supply stabilization mechanisms, and operational flexibility to maintain
continuous residue availability throughout the year.

At the plant level, the effective use of palm residues depended on moisture con-
trol, formulation, and material movement [36]. Cascading valorization was associated
with preservation, transportation, market conditions, and coordination among food value
chains [41]. Other analyses incorporated infrastructure constraints and territorial distribu-
tion [42] or emphasized the organization of collection, destination, and demand [43].

Valorization near the point of generation, dedicated networks, and territorial planning
were among the main facilitators identified. Cluster-based arrangements and industrial
symbiosis may also reduce transport distances, promote infrastructure sharing, and connect
residue generators with users of recovered materials. These arrangements were particularly
relevant in studies addressing supply-chain, regional, or multisectoral contexts, where
implementation depended on coordination among multiple actors and material flows.

At the organizational level, limitations included fragmented responsibilities, weak
internal integration, limited coordination among organizations, and insufficient data on
the quantity, quality, and destination of residues. Initial valorization was shown to depend
on diagnosis, segregation, and flow control [27], whereas industrial symbiosis required
stakeholder coordination and reliable information [26].

The interaction among technology, markets, and value-chain organization was also
emphasized [41], while other analyses identified limitations related to infrastructure, gover-
nance, and the implementation of circularity policies [45]. Recommended measures include
cooperative models, data sharing, partnerships, and the prior definition of technical and
economic responsibilities. These findings indicate that organizational conditions can in-
fluence the feasibility of valorization arrangements, particularly when implementation
extends beyond individual production facilities. These challenges may be particularly
relevant for small and medium-sized producers, which may face greater constraints re-
garding investment capacity, infrastructure availability, technical expertise, and access to
coordinated valorization networks.

Regulatory and institutional conditions also influenced the adoption of valoriza-
tion solutions. Sanitary and environmental requirements, the legal classification of by-
products [41], quality standards, and the stability of incentive mechanisms may either
facilitate or restrict specific uses. Beyond regulatory compliance, market acceptance, cer-
tification schemes, and quality standards may influence the transition from technically
feasible valorization routes to commercially viable solutions. These aspects are particu-
larly relevant when recovered materials compete with conventional products or require
additional validation before market adoption. The need to ensure the stabilization and
safety of treated material was emphasized [44]. Institutional conditions were also shown
to influence energy alternatives [39], while gaps were identified in the implementation of
circularity instruments [45].

Limitations related to scale-up and cross-study comparability also remained. Some
investigations were conducted at the laboratory or pilot scale, as case studies, or through
modeling, which limits direct extrapolation to other facilities and regions. Although promis-
ing results were reported under controlled conditions [19,44,46], validation at larger scales
remains necessary. A modeling approach integrating location, costs, transportation, and
emissions was also proposed, but its applicability remains dependent on the characteristics
of the supply chain examined [17]. These limitations highlight that reported results should
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be interpreted within the specific operational and analytical contexts of each study rather
than as universally transferable solutions.

This aspect also highlights the potential influence of path dependency in valorization
decisions, as early technological choices may create infrastructural, organizational, or
market constraints that affect future opportunities. Therefore, route selection should
consider not only immediate feasibility but also long-term adaptability and the possibility
of integrating alternative valorization pathways.

Across the main valorization strategy groups, the reported evidence pointed to dif-
ferent implementation conditions rather than a consistent performance hierarchy. Energy-
based routes were associated in some studies with process integration and potential energy
recovery, while biological and physicochemical routes involved different process-control
and treatment requirements. Integrated or multiple-route approaches additionally de-
pended on coordination among processes or actors. However, the heterogeneity of the
reported indicators and the frequent absence of comparable technical, economic, and
environmental information preclude a direct comparison of overall performance among
strategy groups.

Future studies should also incorporate broader sustainability dimensions, including
social impacts, stakeholder perspectives, and resource nexus approaches. In particular, the
integration of water—energy—food (WEF) nexus perspectives may help identify potential
synergies and trade-offs among competing valorization pathways, considering interactions
between resource recovery, energy generation, and food-system sustainability. However,
such integrated assessments were rarely addressed in the studies included in this review.
The environmental dimension was more frequently represented through energy use, emis-
sions, resource recovery, and process-related impacts, whereas social sustainability was less
consistently reported. When present, social considerations were mainly related to working
conditions, stakeholder coordination, and organizational arrangements, limiting the possi-
bility of a systematic comparison across routes. This gap is particularly relevant because
different valorization pathways may involve distinct resource trade-offs. For example,
energy recovery routes may contribute to renewable energy generation, whereas biological
or material pathways may prioritize nutrient recycling and resource reintegration, requiring
integrated assessments of resource availability, environmental impacts, and system-level
sustainability. Accordingly, demonstration-scale applications, longitudinal monitoring,
replication across different contexts, and the use of comparable technical, environmental,
and economic indicators are needed. These measures may facilitate comparisons among
valorization routes and support investment decisions.

Emerging digital approaches, including monitoring systems, traceability tools, and
data-driven management, may further support the optimization and coordination of val-
orization systems. However, these approaches were not substantially explored among
the included studies, representing an opportunity for future research aimed at improving
transparency, operational control, and decision-making in circular agro-industrial systems.

Overall, transforming a valorization alternative into an applicable solution requires
alignment among residue characteristics, technology, application scale, and system or-
ganization. Scale-up therefore involves not only increased production capacity but also
operational control, economic feasibility, logistics, governance, and regulatory certainty.
Thus, successful implementation depends on the integration of technological, operational,
economic, logistical, organizational, and institutional dimensions rather than on technolog-
ical performance alone. This perspective supports the development of future multi-criteria
assessment approaches capable of considering the contextual conditions required for suc-
cessful agro-industrial residue valorization. Based on these implementation domains,
a conceptual multidimensional framework was developed to organize the main dimen-

https://doi.org/10.3390/agriculture16181951


https://doi.org/10.3390/agriculture16181951

Agriculture 2026, 16, 1951

21 of 24

sions that may support future decision-making approaches for agro-industrial residue
valorization (Supplementary Material 54).

3.5. Limitations of the Review

This review has some limitations that should be considered when interpreting the
findings. First, the search strategy was conducted using the Web of Science Core Collection
as the sole bibliographic database. Although this database provides broad multidisciplinary
coverage and relevant indexing for topics related to agro-industrial systems, circular econ-
omy, and resource recovery, the use of a single database may have limited the identification
of additional studies available in other indexing platforms. In addition, grey literature,
technical reports, and non-peer-reviewed documents were not included, as the review
focused on peer-reviewed scientific evidence to ensure methodological consistency among
the selected studies.

Second, in accordance with the objectives of a scoping review, no formal critical ap-
praisal of methodological quality or risk of bias was performed. The purpose of this study
was to map and characterize application-oriented valorization approaches rather than to
estimate effects or establish comparative effectiveness among routes. Furthermore, the
heterogeneity of sectors, residues, scales, indicators, and assessment approaches limited
the possibility of quantitative synthesis and direct comparison across studies. Future re-
search may expand database coverage, incorporate additional evidence sources, and apply
structured evaluation approaches to further investigate the feasibility and performance of
agro-industrial residue valorization pathways.

4. Conclusions

This scoping review mapped application-oriented valorization routes and arrange-
ments for agro-industrial residues and by-products and examined their distribution across
sectors and application scales. The 30 studies analyzed were concentrated primarily in
the vegetable oils and oilseeds sector, with additional coverage of dairy, sugarcane, food
processing, agri-food supply chains, policy, and governance, fisheries, beverages, meat,
and multisectoral systems. Energy-based strategies were the most frequent, followed by
biological and chemical or physicochemical approaches.

The distribution of valorization routes varied according to sector and application con-
text. Biological and physicochemical processes were reported across laboratory, pilot, and
industrial settings. Energy-based strategies showed the broadest distribution across plants,
supply chains, and territorial contexts, whereas organizational and integrated approaches
were concentrated in studies addressing logistics, production networks, governance, and
coordination among different stakeholders. These findings indicate that the distribution of
valorization alternatives in the included studies was associated with residue characteristics,
process conditions, available infrastructure, and the scope of application.

The implementation of these solutions was shaped by factors extending beyond
technical performance. The synthesis of the included studies highlighted six interconnected
implementation domains: technical and operational, economic and financial, logistical,
organizational and governance, regulatory and institutional, and scale-up, limitations,
and recommendations. Scale-up should therefore not be understood solely as an increase
in production capacity, but rather as a process that integrates technical and operational,
economic and financial, logistical, organizational and governance, and regulatory and
institutional conditions.

Important evidence gaps remain regarding the transition from experimental or isolated
applications to continuous industrial operation, the comparability of assessment indicators,
and the evaluation of implementation conditions across different agro-industrial contexts.
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The reviewed evidence also indicates that some sectors and application scales remain less
represented, limiting broader conclusions about the transferability of valorization solutions
beyond the contexts investigated. Future research should prioritize demonstration-scale
studies, longitudinal assessments, and standardized multi-criteria evaluation approaches
integrating technical, economic, environmental, organizational, and social dimensions.
Such approaches may improve the understanding of trade-offs among valorization path-
ways and support decision-making by industry, policymakers, and other stakeholders.

Despite the limitations in coverage associated with the adopted search strategy, this
study provides a comparative synthesis of the identified routes and indicates that the
feasibility of agro-industrial residue valorization is influenced by the alignment between
sector-specific characteristics and application conditions. This perspective may support
future research, industrial planning, and policy decisions aimed at advancing circular-
ity, improving resource-use efficiency, and reducing the impacts associated with agro-
industrial processes. For practitioners and policymakers, the findings emphasize the need
to assess valorization options according to the specific residue, operational setting, scale,
infrastructure, economic conditions, and institutional requirements rather than relying on
technological performance alone.
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