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Abstract

Background/Objectives: Orange peels (OP), a major by-product of the juice industry,
are rich in bioactive compounds (phenolic compounds, pectin, carotenoids, and essen-
tial oils). Its valorization represents a promising route to reduce food waste and foster
a circular bioeconomy. This review aimed to map scientific progress in OP upcycling,
focusing on the extraction of bioactive ingredients for human nutrition and integrated
biorefinery approaches aligned with zero-waste principles. Methods: A bibliometric analy-
sis and a scoping review were conducted covering studies published between 2003 and
2023. Scopus database and VOSviewer was usedto identify research trends, hotspots, and
gaps. Conventional and emerging green extraction methods were critically compared,
and integrated biorefinery strategies for maximizing OP valorization were systematically
assessed. Results: The analysis revealed an exponential rise in OP research over the past
decade, reflecting growing interest in sustainable food waste valorization. Polyphenol-
and pectin-rich extracts are currently the focus of research and applications, driven by
their high economic and nutritional value. Innovative multi-extraction and zero-waste
biorefinery models have emerged, yet most remain at low technological readiness levels.
Carotenoids and other bioactive compounds remain underexplored, and challenges persist
regarding standardization and scalability. Conclusions: OP valorization is shifting towards
integrated green extraction and biorefinery frameworks that address clean-label demands,
promote circular economy goals, and align with the Sustainable Development Goals. Future
research should prioritize (i) standardized protocols, (ii) scalable green extraction technolo-
gies, (iii) the inclusion of underutilized compounds such as carotenoids, and (iv) regulatory
pathways to accelerate industrial translation.

Keywords: phenolic compounds; pectin; essential oils; carotenoids; circular economy

1. Introduction
Sweet orange (Citrus sinensis L. Osbeck) is one of the most cultivated and consumed

citrus fruits globally. It is valued for its taste, nutritional benefits, and health-promoting
properties [1,2]. In 2023, global orange production reached 46 million tons [3], accounting
for 60% of citrus output. Mediterranean countries are among the most important producing
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regions (≈12 million tons in 2022). Figure 1 illustrates the distribution of orange production
across Mediterranean countries, highlighting the high production in Spain, Egypt, and
Turkey. The hot summers and mild winters with marked temperature fluctuations foster
superior color and flavor, underpinning the region’s reputation for high-quality oranges [4].
Within the Mediterranean, the European Union (EU) accounts for 47% of output (5.7 million
tons in 2022/2023) [5]. Portugal is the fifth largest producer in the EU, with total production
reaching 0.38 million tons in 2022. About 74% of Portugal’s citrus area and 90% of the
output are in the Algarve. Oranges, clementines/mandarins, and lemons from this region
are protected under the EU PGI “Citrinos do Algarve”, which has a significant economic
impact both nationally and internationally.

Figure 1. The production of sweet oranges in the Mediterranean basin (in tons) in 2022.

According to the statistical data reported by the FAO [6], a large quantity of oranges are
processed for juice production, resulting in significant by-products, especially orange peels
(OP), which makes up to 50% of the fruit’s weight [7]. These by-products are produced
in substantial volumes due to large-scale cultivation and processing practices. Despite
their richness in bioactive compounds (BCs) such as essential oils (EOs), phenolic com-
pounds, carotenoids, and pectin, OPs are often discarded through inadequate practices
such as landfilling or incineration, creating significant environmental, economic, and social
challenges [8,9]. In fact, mismanagement of OP contributes to severe ecological impacts.
It has been estimated to account for up to 6% of global greenhouse gas (GHG) emissions
when combined with other waste sources [10]. Although OP is sometimes repurposed as
animal feed, logistical barriers and limited value added restrict its broader use. To mitigate
these challenges, the EU has implemented legislation and strategies, including Directive
(EU) 2018/851 and the EU Farm to Fork Strategy, which promotes food waste reduction
and upcycling practices, aligning with the United Nations’ 2030 Agenda for Sustainable
Development. These regulations aim to protect human and environmental health while
creating new business models that capitalize on waste as a biomass source for high-value
products, including food ingredients. Replacing the inefficient linear economy, newer
frameworks such as the circular economy and zero-waste principles are now central to the
EU’s waste hierarchy strategy, driving sustainable food waste upcycling.

There is a growing interest in OP as a research subject, as it is a significant natural
source of BCs with proven health benefits and diverse applications. Several upcycled
ingredients—food ingredients derived from by-products rather than discarded as waste—
have been developed mainly in the form of extracts and powders, offering nutritional and
bioactive benefits through innovative food formulations. Currently, upcycled ingredients



Foods 2025, 14, 3766 3 of 33

are developed using sustainable or green chemistry-based techniques that outperform
traditional methods, aligning with circular economy principles while reducing time, energy
consumption, and environmental impact [11]. However, despite their apparent advantages,
the transition to pilot or industrial scale remains limited, as high operational costs often
outweigh sustainability goals. Consequently, despite being environmentally unsustainable,
conventional methods are still widely used, prioritizing economic feasibility over ecological
responsibility. Additionally, the same by-product can be valorized through various upcy-
cling strategies, allowing for the recovery of various value-added ingredients [12]. Recently,
innovative valorization strategies have been proposed for OP, including the development of
integrated, zero-waste biorefinery-based processes that sequentially recover multiple BCs.
These integrated approaches are gaining attention for their nutritional, environmental, eco-
nomic, and safety advantages over simple standalone extractions [13], and are considered
promising pathways to accelerate the transition to a circular bioeconomy that generates
co-products instead of waste [14]. Aligned with green chemistry principles, these processes
allow for greater extraction efficiency, selectivity, and sustainability.

Growing consumer awareness of natural and health-promoting products has driven in-
terest in OP valorization as a novel source of prophylactic and therapeutic ingredients [15].
Specifically, the consumption of orange flavonoids and pectin has been linked to a reduction
in chronic low-grade inflammation, oxidative stress, and intestinal dysbiosis [16–18]. No-
tably, in 2024, the European Food Safety Authority (EFSA) approved glucosyl hesperidin,
a major phenolic compound in OP, as a novel food ingredient under Regulation (EU)
2015/2283, reinforcing its potential in nutraceutical applications [19]. Scientific progress
and favorable legislation enable the development and commercialization of upcycled in-
gredients from OP that combine health benefits with food waste reduction and industrial
innovation. Numerous studies have explored the extraction, bioactivities, and applications
of upcycled OP ingredients, highlighting their potential in establishing new circular econ-
omy models. However, to date, no comprehensive review has focused exclusively on OP
to critically assess the impact of extraction methods on the quality and functionality of
upcycled ingredients. In addition, there is a lack of recent reviews evaluating integrated
and zero-waste biorefinery approaches specifically applied to OP valorization. Further-
more, no review has yet provided an in-depth analysis of the therapeutic and prophylactic
potential of OP-derived ingredients in the context of gastrointestinal and cardiometabolic
health—two areas of increasing public health concern. Therefore, an updated and focused
review on these emerging topics is both timely and necessary.

This review presents a scoping review that maps the most relevant scientific advances,
trends, and gaps regarding OP upcycling between 2013 and 2023. The review focuses on
extraction techniques for the recovery of BCs and integrated, zero-waste biorefinery-based
processes to develop upcycled ingredients. To our knowledge, this is the first scoping review
dedicated exclusively to OP, combining bibliometric analysis with a critical synthesis of
extraction and biorefinery strategies. By identifying current limitations and opportunities,
this work provides a comprehensive framework to guide future research and supports the
transition towards sustainable, health-oriented circular economy models.

2. Bibliometric Analysis
2.1. Research Methodology

The bibliometric analysis was conducted in the Scopus database in January 2024,
considering a time span of two decades (2003–2023). We searched for articles, chapters,
and reviews using key terms in the title: “orange peel*”, “orange pomace”, “orange by-
product*”, “orange byproduct*”, and “orange waste*”. About 80% of the publications
were from the last decade. Therefore, we repeated the search queries, limiting them
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to the past 10 years (2013–2023) and to articles in English. We exported the dataset to
VOSviewer© software (version 1.6.14) for keyword co-occurrence analysis. We set the
following parameters: a minimum of 5 occurrences, association strength for normalization,
a cluster resolution of 1.00 with merged small clusters, and optimized labels for file export.
Furthermore, we processed the available responses for duplication and relevance, and then
manually screened the articles used for this scoping review, categorizing them by theme.
The main steps of this bibliometric workflow are summarized in Figure 2, which illustrates
the sequential procedure followed for data collection, refinement, export, and analysis.

Figure 2. Flowchart of procedure followed in bibliometric analysis (January 2024).

2.2. Overall Data Analysis

From 2003 until 2023, a total of 1300 documents were published on this topic
(1264 articles, 21 book chapters, and 15 reviews). The evolution of the research activ-
ity over this period is presented in Figure 3. An interesting conclusion is that over the last
decade, the number of published documents (80.69%; n = 1049) was significantly higher
than that of the previous decade (19.31%; n = 251), demonstrating the increased interest
and investment in the upcycling and valorization theme. The authors observed that half of
the documents focused on three subject areas: agricultural and biological sciences (14.7%),
chemistry (13.8%), and environmental science (11.6%). Many studies have explored the
extraction of BCs, such as pectin and antioxidant extracts, while recent documents have
assessed their bioactive effects and applications. Within the agricultural and biological
sciences area, 47% of publications are categorized under food sciences. Notably, over 85%
of these publications were produced in the last decade, with prominent contributions from
journals such as Food Chemistry (n = 16), Journal of Food Processing and Preservation (n = 14),
and LWT—food science and technology (n = 13). This shift might be attributed to the growing
global focus on sustainability and circular economy practices, advancements in extraction
technologies, increased consumer demand for natural and functional products, and stricter
policies promoting food waste valorization.

Additionally, 15 chapters and 21 reviews focusing on OP were published over the
past two decades. Among the book chapters, 52% addressed the development of novel
adsorbent solutions for the textile and water treatment industries, while 43% concentrated
on the upcycling of OP to create new ingredients for various applications. Across the
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reviewed literature, a growing consensus exists on the versatile potential of OP as a
source of BCs for high-value applications. Several book chapters converge on this point,
emphasizing its use in food, cosmetics, and nutraceutical formulations. Interestingly,
the functional use of OP flour in meat products, as shown by Pérez-Chabela et al. [20],
exemplifies the ingredient’s technological adaptability beyond conventional categories.
However, most contributions remain fragmented, focusing either on single BCs or isolated
applications. To address this, we recently proposed an integrated OP upcycling strategy
that targets the sequential recovery of EOs, hesperidin-rich polyphenols, and pectin, laying
the groundwork for a scalable biorefinery model aligned with green chemistry and circular
economy principles [13].

Figure 3. Trend analysis of annual publications on orange peels, waste, pomace, or by-products in
the last twenty years (2003–2023).

Regarding reviews, 21% focused on EO extraction, while 35% discussed advances in
using OP to produce value-added bioproducts mainly for food, feed, nutraceuticals, and
organic fertilizer applications. Only a small portion of reviews highlighted the upcycling
of OP from a biorefinery perspective. For instance, Rezzadori et al. [21] proposed various
strategies to enhance OP value, including the production of feed ingredients, EO, and
pectin, as well as the production of ethanol, biogas, and limonene through integrated
processes. Their work featured detailed flowcharts, mass balances, economic and en-
vironmental assessments, and investment requirements. More recent narrative reviews
have summarized the best green extraction methods used to obtain upcycled ingredients
and their applications in functional foods across various sectors, including baked goods,
dairy, meat, and beverages [12,22,23]. Despite significant contributions to understanding
OP as a valuable functional food ingredient, a notable gap remains in the literature re-
garding the nutraceutical potential of OP for therapeutic and prophylactic treatment in
humans, particularly for the prevention and treatment of NCDs. This gap underscores
the need for further research to investigate the application of OP-derived ingredients as
functional health-promoting agents, highlighting their therapeutic and prophylactic po-
tential in the context of chronic disease prevention. However, a recent systematic review
investigated the biological effects of OP on metabolic biomarkers, with the results showing
that OP positively influenced lipid and glucose profiles, particularly in animal models [24].
While this systematic review provides critical insights into the biological effects of OP on
metabolic biomarkers, our review builds upon these findings by exploring sustainable
upcycling methodologies, innovative extraction techniques, and broader implications for
gastrointestinal and cardiometabolic health.
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In addition to the number and topics of publications, it is interesting to examine the
geographic distribution of the topics (Figure 4). The number of publications by geographic
location revealed that China had the most publications on the subject (15.6%), followed by
India (15.1%) and Spain (7.9%). However, grouping the Mediterranean countries reaches
a higher publication percentage (28.7%) than China, India, and Brazil. These countries
produce large quantities of citrus fruits, particularly oranges, resulting in significant by-
product volumes. Consequently, there is a burgeoning research trend in these nations
focused on finding new and innovative methods to valorize this waste, which subsequently
drives up the publication rate.

 © Australian Bureau of Statistics, GeoNames, Geospatial Data Edit, Microsoft, Navinfo, OpenStreetMap, TomTom, Wikipedia
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Figure 4. Geographical distribution of total published articles from 2003 to 2023.

The total number of research articles from the last ten years was analyzed in
Vosviewer® to ascertain the co-occurrence of author keywords. The bibliometric map
(Figure 5a) illustrates a network of keywords, highlighting thematic relationships among re-
search topics. Node size is proportional to the number of publications associated with each
keyword. The nodes are grouped into clusters, each represented by a color. Additionally,
the distance between keywords reflects the strength of their association, with shorter dis-
tances indicating stronger associations within the research topics. A total of 2583 keyword
co-occurrences were identified across the publications, with at least five keywords appear-
ing together in the title, abstract, or keyword list. As a result, 124 keywords were grouped
into eight distinct clusters. The network of keywords is centered on OP, which appeared
in 204 studies, followed by other representative keywords such as adsorption, kinetics,
activated carbon, and extraction. The keywords in dark and light blue, pink, and brown
clusters are related to environmental studies. Interestingly, the brown cluster is correlated
with the biorefinery concept, which connects with the green, orange, and yellow clusters.
These clusters focus on key BCs extracted from OP, such as hesperidin, pectin, polyphenol-
rich extracts, and EOs, highlighting their diverse applications in upcycled ingredients for
food and nutraceuticals. In order to further understand how these research topics have
evolved over time, a second analysis was generated. Figure 5b presents the temporal
evolution of keywords, where the yellow nodes correspond to the recent research keywords
that emerged mainly from 2021 onwards. This analysis reveals a clear shift in OP research
over the last decade. Earlier studies (blue nodes) focused mainly on wastewater treatment,
heavy metal removal, and adsorption, reflecting the traditional environmental engineering
perspective on OP as a low-cost adsorbent. In contrast, the most recent keywords (green to
yellow color gradient) such as biorefinery, circular economy, green extraction, polyphenols,
and pectin highlight a transition toward high-value upcycled ingredients and sustainable
food waste valorization.
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(a) 

 
(b) 

Figure 5. Network map of co-occurrence of author keywords divided into clusters (a) and divided by
publication data (b) based on Scopus data (articles in English published between 2013 and 2023).

The appearance of terms like antioxidant, antimicrobial, and dietary fiber further
indicates a transition toward health-related applications, consistent with current consumer
and regulatory priorities. Collectively, these trends demonstrate a clear transition in
scientific interest, from the earlier focus on environmental remediation and low-value waste
treatment toward OP upcycling for the development of high-value functional ingredients.
This evolution underscores the scientific and industrial shift toward sustainable innovation
and aligns with global priorities for a circular bioeconomy and sustainability.

Despite this growing focus, a notable gap exists in the literature regarding the health and
nutraceutical benefits of upcycled OP ingredients. While keywords such as “antioxidant” and
“antimicrobial” indicate some investigation into these attributes, there is a marked absence of
research into other health benefits, such as anti-inflammatory effects and gut modulation, as
well as a lack of human clinical trials. This gap hinders the ability to translate the bioactive
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properties observed in vitro into practical, real-world health interventions. To address these
limitations, there is an urgent need for clinical studies to evaluate the efficacy of OP-derived
products in disease prevention and health promotion. Additionally, while various extraction
techniques, including ultrasound-assisted (UAE) and microwave-assisted (MAE) extraction,
are well established, there remains an underexplored opportunity to enhance extraction yields
and quality through more advanced methodologies such as supercritical CO2 and enzyme-
assisted extraction. Optimizing these advanced techniques aligns with broader objectives
of green chemistry principles, offering significant potential to advance the field of natural
products, particularly in the areas of health and nutrition.

With the same metadata, research articles were manually separated into several cat-
egories relevant to the scoping review on the area of extraction. Figure 6 shows articles
related to the extraction of BCs (pectin, EOs, polyphenol-rich extracts (such as hesperidin
extracts), and carotenoids) as well as articles on extraction based on the biorefinery concept.
The data show a clear upward trend in the number of articles published from 2018 onwards,
which aligns with the growing global interest in the upcycling of by-products. This rise can
be attributed to the increasing recognition of OP and other by-products as valuable sources
of BCs with applications in food, nutraceuticals, and pharmaceuticals.

Figure 6. Annual distribution (2014–2023) of scientific articles focused on the extraction of ingredients
from orange peels. The publications were categorized according to the main targeted ingredients
extracted: essential oils, phenolic compounds, carotenoids, pectin, and ingredients obtained through
integrated biorefinery approaches.

Overall, phenolic compounds (42%) and pectin (29%) emerged as the most studied
categories, reflecting their broad applications in nutraceuticals, particularly for gut health.
Publications on phenolic compounds and pectin extraction have shown a steady increase,
peaking in 2022 and 2023. In contrast, EOs and carotenoids accounted for fewer stud-
ies (about 17 and 22%, respectively), although their growing interest follows the global
demand for natural colorants and flavor ingredients. Regarding extraction technologies,
hydrodistillation (HD) and MAE were the most applied for EOs (together accounting for
62% of the studies). In comparison, solid–liquid extraction (SLE) (25%) and UAE (23%)
were the leading methods for phenolic compounds. Regarding pectin, SLE with a hot acid
medium solvent was the method most cited in the literature (48%).
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Beyond these single-compound extraction methods, research has also started to ex-
plore more integrated approaches. Biorefineries represent a newer and emerging area, as
extracting multiple BCs from a single raw material offers significant economic benefits by
diversifying the revenue streams. This approach is consistent with global shifts toward
sustainable production and circular economy principles, aiming to maximize value from
by-products while minimizing waste, in line with initiatives such as the European Green
Deal and the Zero Waste concept. Since 2019, the biorefinery concept has gained increasing
attention in OP upcycling. These strategies maximize biomass utilization and improve
overall profitability, while generating co-products such as nutraceuticals, sorbents for water
treatment, and bio-combustibles, demonstrated at different scales (industrial, pilot, and lab-
oratory). In this context, 14 research studies have already proposed OP valorization through
integrated biorefinery processes, designed to obtain different value-added ingredients and
energy vectors. More than 50% of these studies focused on the recovery of ingredients
for food and nutraceutical applications, mainly EOs, polyphenol-rich extracts, and pectin.
Altogether, these findings highlight the growing interest in holistic valorization models
that move beyond conventional single-compound recovery and accelerate the transition
towards a sustainable circular bioeconomy.

3. Nutritional and Phytochemical Compounds in Orange Peels
The species Citrus sinensis (L.) Osbeck, commonly known as the sweet orange, in-

cludes various cultivars, such as Navel and Valencia, and pigmented varieties like Moro
and Tarocco [25]. Due to the genetic diversity among these cultivars, the nutritional and
phytochemical composition of their peels can vary significantly. OP contains various com-
pounds, including fiber, protein, minerals, phenolic compounds, volatiles, and fats, which
are distributed across two main layers. The albedo (mesocarp), the white middle layer at-
tached to the pulp, primarily comprises pectin and hemicellulose, forming a net-like structure.
The outer layer, known as the flavedo (epicarp), is the colored surface of the orange, where
sebaceous glands are concentrated. This layer contains terpenes, fats, volatile compounds,
carotenoids, and phenolic compounds [26]. An illustration of the most relevant nutrients and
phytochemicals, along with a detailed summary of the proximate and structural composition
of OP from various varieties, is provided in Figure 7 and Table 1, respectively. These values are
crucial for selecting the most effective upcycling pathway since they are affected by various
biotic and abiotic factors, including cultivar, geographic location, and processing methods.
In this context, the compositional variability observed across studies has important practical
implications for both extraction and storage processes.

Moisture content emerges as a critical, yet often underappreciated, factor in the valoriza-
tion of OP. Reported values vary widely from 6.48% to 81.6% (Table 1), reflecting differences in
sample state (fresh vs. dried), processing protocols, and reporting units, which hinders cross-
study comparability. For instance, M’hiri et al. [27] report 81.6% in fresh material, while other
studies report much lower values, likely reflecting dry weight data. Beyond comparability,
moisture directly shapes operations: high moisture accelerates enzymatic and microbial activity,
shortens shelf-life, dilutes target solutes, and impairs solvent penetration, often necessitating
rapid dehydration (e.g., convective or freeze-drying) and cold storage; low-moisture matrices
improve mass transfer, shorten extraction time, and reduce thermal/energy load during pro-
cessing. Moisture also influences solvent choice (e.g., hydroalcoholic vs. non-polar systems)
and process design (solid–liquid ratio, residence time, temperature). Despite this impact,
moisture normalization is rarely implemented; standardizing to a dry basis, reporting water
activity and drying pretreatments, and correcting yields/purities to DW would substantially
improve methodological rigor and enable more reliable scale-up in biorefinery workflows.
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Figure 7. Spectrum of most representative nutrients and phytochemicals present in orange peels.

The lipid content of OP ranges from 0.08% to 7.90%, indicating that beyond EOs,
OP is a minor yet relevant source of bioactive lipids, particularly unsaturated fatty acids
(UFAs) [28]. Although the total lipid fraction is modest, the UFAs profile is enriched
in oleic (C18:1) and linoleic (C18:2) acids, with lower amounts of linolenic acid (C18:3),
alongside saturated fractions such as palmitic acid (C16:0) concentrated mainly in the
flavedo waxes. These four fatty acids make up over 90% of all fatty acids in OP [29].
Composition varies with cultivar, fruit part (flavedo vs. albedo vs. pulps), and maturity,
and can be altered by drying/storage because UFAs are susceptible to oxidation [30].
Nevertheless, to the best of our knowledge, OP has not been systematically evaluated as
a primary source of UFAs, as its lipid yield is comparatively low when contrasted with
other agri-food side streams (e.g., seed oils or microalgal biomass). Fatty acids may co-
extract with other lipophilic compounds such as EOs and carotenoids (see Section 3.2). In
carotenoid workflows, residual lipids can aid solubilization and subsequent bioaccessibility,
but should be accompanied by appropriate purification steps. The high content of lipids,
mainly EOs, can form emulsions that hinder hydroalcoholic extraction; therefore, EO
removal as the first step of the integrated extraction process improves selectivity and yield.
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In terms of protein content, OP exhibits a broader range, from 1.6% to 8.12%, suggesting that
certain varieties of OP may be particularly rich in protein, potentially making them a valuable
source for protein extraction. The presence of significant protein levels also opens avenues for
developing plant-based protein supplements, and further research is needed to understand
the specific amino acid profiles and their nutritional relevance. Additionally, enzymes such
pectinesterase are already known to be present in higher concentrations in OP [31]. Other
important micronutrients are reported in the literature to be present in OP, including minerals
(potassium and phosphorus) [31] and vitamins (C, E, complex B, and A) [28,32].

The fiber content of OP is especially noteworthy, with total fiber levels up to 65.40%.
Insoluble fiber (approximately 70%) is linked to improved bowel regularity and cholesterol
management via increased bile acid excretion [33–35], whereas soluble fiber (approximately
30%) helps modulate post-prandial blood glucose and supports the gut microbiota through
fermentable substrates that yield short-chain fatty acids (SCFAs) [18,35]. Mechanistically,
insoluble fiber increases fecal bulk and reduces transit time while lowering LDL cholesterol
via enhanced fecal bile–acid losses, which stimulate hepatic bile–acid synthesis and LDL
receptor-mediated clearance [35,36]. In contrast, soluble fibers such as pectin form viscous
gels that attenuate post-prandial glucose absorption and are fermented to SCFAs that
support gut barrier function and endocrine signaling (GLP-1/PYY) while modulating
hepatic cholesterol synthesis [34].

The balance between insoluble/soluble fiber is cultivar-dependent and influenced
by raw material storage; endogenous enzymes can weaken the fiber network if no pre-
treatments are applied, which matters when selecting OP sources aligned with specific
health/processing targets. Structural carbohydrates, such as cellulose, hemicellulose, and
lignin, are crucial for both biomass conversion and bioethanol production. The high cellu-
lose content (up to 60.96%) suggests that OP could be an effective raw material for biofuel
production, aligning with the growing emphasis on sustainable and renewable energy
sources [37]. Importantly, this compositional variability also alters processing behavior
since a higher insoluble fiber content increases matrix rigidity and tortuosity, reducing
solvent accessibility and mass transfer; in practice, cell disruption pretreatments like milling
or UAE with a higher solid–liquid ratio ensure wettability [31,38].

The presence of pectin (ranging from 6.15% to 18.6%) further supports potential
extraction from OP, as it is widely used in the food, nutraceutical, and pharmaceutical in-
dustries [39–41]. The variability in pectin across studies indicates that certain varieties may
be better suited for industrial pectin extraction, while abiotic factors also affect pectin levels
in OP. Pectinesterase and other carbohydrases can reduce pectin during storage/extraction,
degrading gelling capacity. This enzymatic activity helps explain the DE variability reported
across studies and the outcomes. In contrast to insoluble fiber, soluble fiber/pectin-rich
matrices swell in hydroalcoholic media, which can facilitate the diffusion of mid-polarity
flavanones and enable efficient pectin recovery; however, the viscous swollen phase can
entrap non-polar carotenoids [42,43], justifying prior EO removal/defatting and/or the use
of co-solvents in carotenoid workflows.

The differences in total carbohydrate composition and sugar content across studies
also suggest that OP may serve as an alternative feedstock for natural sweeteners or
low-calorie food ingredients [26,44]. For instance, the presence of total sugars ranging
from 18.60% to 46.24% highlights OP as a potential candidate for sugar production or
fermentation processes [44]. In addition, OP contains a relevant pool of organic acids,
with citric acid dominating, followed by malic, ascorbic, and succinic acids. Their relative
abundance varies with cultivar, fruit part (flavedo/albedo/endocarp), and maturity, and
can be further affected by processing and drying conditions. Functionally, these acids
lower matrix pH and can chelate metals, which favors acid-mediated pectin extraction
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and helps limit pectinesterase activity during storage. In biorefinery schemes, endogenous
organic acids can also support fermentative routes [45], and notably, citric acid can be
extracted from OP and valorized as a natural preservative for clean-label products [46].
A recent study by Fernandes et al. [46] recovered 7 g citric acid per 100 g dry OP using
UAE with water as a solvent under low-power/longer time conditions. From a processing
standpoint, high sugar and organic acid levels lower the glass transition temperature and
promote stickiness and browning during drying, increasing losses of phenolic compounds
and carotenoids; therefore, low-temperature dehydration or freeze-drying techniques,
followed by tight moisture/aw control, are recommended to preserve the stability of BCs
and improve downstream green extraction efficiency. Nutritional analysis of OP faces
challenges due to research scope, OP variability, and inconsistent methods and units
used in experimental research. This inconsistency makes it difficult to compare existing
results. Additionally, many studies fail to report key parameters such as lipids, minerals,
organic acids, peptides, or enzyme composition. The lack of standardized methodologies,
including unit homogenization and comprehensive data collection, further complicates
the interpretation and application of OP composition data. This review highlights the
importance of consistent data collection and transparent reporting within both scientific
and industrial communities. Standardizing research methodologies and improving the
accessibility of information will facilitate more informed decision-making regarding the
valorization of OP and its diverse applications.

Secondary metabolites, including phenolic compounds, Eos, and carotenoids, are
synthesized in OP. Recent reviews have extensively covered citrus by-products, comparing
orange, lemon, mandarin, and grapefruit [16,26,33,36]. However, a dedicated compendium
focused solely on OP’s secondary metabolites is needed.

Table 1. Ten-year overview of proximate and structural composition of orange peels from various
cultivars and under different study scopes.

Year 2015 2017 2018 2019 2021 2022 2023 2019 2024 2024

Purpose/Scope NA F PE NAA BE NAA DF BE PE POL

Moisture 76.02 * 81.60 * - 40.00 * 78.53 * 9.18 6.48 - 11.76

Ash 3.17 4.91 4.30 4.30 3.61 3.00 3.83 3.70 0.09 3.00

Fat 0.80 - 2.75 7.90 5.18 3.52 - 5.35

Protein 8.12 1.60 5.26 2.83 4.86 6.72 6.04 - 4.90

Total Fiber 10.00 - 9.90 4.65 44.91 13.30 65.40 - 46.50

Insoluble Fiber - - 59.19 - - - 50.92 - 37.30

Soluble Fiber - - 18.60 - - - 14.48 - 50.45 9.20

Total Carbohydrates - - 77.79 20.32 - 33.55 84.34 - 70.60 45.60

Total Sugars 46.24 - 18.60 - - - - 35.2 - -

Structural Carbohydrates

Cellulose 17.52 12.70 - 69.09 30.17 - 25.87 18.6 - -

Hemicellulose - 5.30 - 5.43 9.35 - 14.21 14.3 - -

Lignin 14.38 0.20 - 19.80 5.07 - 8.77 6.5 - -

Pectin 15.72 - - - 11.18 - 12.60 18.6 18.18 -

Reference [47] [48] [49] [44,50] [37] [51] [42] [52] [53] [35]
-: non reported parameters; *: fresh weight (% FW); parameters without an asterisk are reported in dry weight
(% DW). Abbreviations: NA—natural antioxidants; F—fermentation; PE—pectin extraction; NAA—natural
antioxidants and antimicrobials; BE—biorefinery extraction; DF—dietary fiber, POL—polyphenols.
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3.1. Essential Oils

EOs account for 3–4% of OP dry weight (DW) and represent a complex mixture of
aromatic compounds, mainly volatile compounds (80–99%). Their composition is shaped
by multiple factors, including cultivar, fruit maturity, edaphoclimatic conditions, and ex-
traction methods [54,55]. While several reviews have characterized EO profiles across
citrus species [56,57], notable inconsistencies persist, even within Citrus sinensis L., due to
variability in genetic and environmental factors. This compositional heterogeneity poses
a challenge for standardization and reproducibility in both research and industrial appli-
cations. Despite the well-documented dominance of limonene and related monoterpenes,
further comparative studies are needed to clarify the extent to which these variables modu-
late EO quality particularly when aiming for consistent bioactivity or regulatory compliance
in food, cosmetic, or nutraceutical formulations.

The volatile fraction is composed mainly of 80% hydrocarbon monoterpenes (limonene,
β-pinene, α-pinene, myrcene, and sabinene), 10% oxygenated monoterpenes (linalool,
α-terpineol), 2% hydrocarbon sesquiterpenes (valencene and β-caryophyllene), and 2%
oxygenated sesquiterpenes (β-Sinensal) [58–60]. The non-volatile fraction mainly com-
prises long-chain hydrocarbons, sterols, wax, and limonoids. Overall, it is difficult to
quantitatively compare the results between studies because concentrations are expressed in
different units, such as % w/w or peak area (%). Some compounds consistently appear to be
the most abundant. Limonene is typically the most abundant component, with peak area
percentages ranging from 73.9% to 98% across different studies [60–62]. Other compounds,
such as β-pinene, α-pinene, myrcene, sabinene, and linalool, are also frequently detected at
relatively higher concentrations. The composition of EOs significantly impacts both the
flavor and the bioactive properties. The EOs from OP are Generally Recognized as Safe
(GRAS), allowing for extensive applications across the cosmetic, food, and pharmaceutical
sectors due to their antimicrobial, anti-inflammatory, and antioxidant activity, primarily
stemming from their high limonene content [63].

A notable gap in the literature is the variability in non-volatile compounds that could
be attributed to the different extraction methods applied to obtain this fraction, and this
will be explored in the next section. Further research is needed to standardize extraction
techniques and consider environmental and storage factors influencing EO quality, ensuring
comparability across different research studies.

3.2. Carotenoids

Carotenoids are a ubiquitous class of isoprenoid-pigmented phytochemicals involved
in photosynthesis and signaling in OP, contributing to their vibrant color and significant
health benefits. During fruit maturation, carotenoid content increases while chlorophyll is
degraded due to the gradual conversion of chloroplasts into chromoplasts [64]. Based on their
chemical structure, carotenes are classified into two main groups: (i) carotenes—linear or cyclic
hydrocarbon chains (e.g., α- and β-carotene, lycopene; and (ii) xanthophylls—oxygenated
derivatives of carotenes (e.g., violaxanthin, lutein, β-cryptoxanthin) [65]. Xanthophylls are
found in free form or as fatty acid esters because their oxygenated functional groups can bind
with fatty acids. On the other hand, carotenes, which have a simple hydrocarbon structure
without oxygenated functional groups, are only found in free form. OP is a good source
of xanthophylls, mainly acylated with saturated and unsaturated fatty acids; however, it
depends mainly on the variety of oranges, the growing conditions, and the maturity of the
fruit. For instance, at the fully mature stage, the total carotenoid contents of the flavedo of
sweet orange were nine-fold higher (12.6 mg/100 g FW) than those in the pulp (1.4 mg/100 g
FW) [64]. In this study, the most abundant carotenoids in the endocarp were violaxanthin,
monoesters, and diesters containing acyl groups like laurate and oleate. The other major
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carotenoids were lutein and β-carotene. In contrast, in this study, violaxanthin, lutein, α-
carotene, and β-carotene were also found to be prevalent in the flavedo of fully mature green
fruits. The β-carotene content in OP has been widely studied and is considered one of its most
significant carotenoids, with concentrations typically ranging from 1.0% to 2.0% of the dry
weight, depending on the cultivar and environmental factors. β-cryptoxanthin is another key
carotenoid in OP, with levels typically around 0.2% to 0.5% of dry weight.

Beyond their role as photosynthetic pigments, carotenoids are industrially rel-
evant because provitamin A species (β-carotene, β-cryptoxanthin) and xanthophylls
(lutein/zeaxanthin) contribute to nutritional and antioxidant functionality, which sup-
ports their use as clean-label colorants and as actives in nutraceutical/functional food and
cosmetic formulations [16]. In addition, carotenoids from orange are permitted for use as
pigments in feed additives [22].

3.3. Phenolic Compounds

OP is a rich source of phenolic compounds, particularly flavonoids such as flavanones,
flavones, flavonols, and phenolic acids [66]. These secondary metabolites are known for
their bioactive properties and contribute to the prevention of various diseases. On average,
OP contains 534 mg GAE/100 g dry weight (DW) of phenolic compounds, with varying
concentrations and composition throughout the fruit’s development, maturation, and
across cultivars. OP is especially rich in flavones like hesperidin, naringin, and narirutin,
and polyethoxylated flavones (PMFs) such as nobiletin, sinensetin, and tangeretin [66].
Unlike the juice and pulp, OP is abundant in less polar flavonoids and flavone aglycones,
along with PMFs, which are less soluble than other flavonoid forms. Hesperidin stands out
for its high concentration, ranging from 80 to 400 mg per 100 g DW. Narirutin is another
significant flavonoid, with typical concentrations between 50 and 150 mg per 100 g DW,
while naringin contributes less but still plays a significant role in the phenolic profile of OP,
reaching up to 50 mg per 100 g DW. Although present in smaller amounts, phenolic acids
are also important contributors to the bioactivity of OP. The major phenolic acids are from
the hydroxycinnamic group, including ferulic, caffeic, chlorogenic, and p-coumaric acid.
Ferulic acid is the most abundant, with concentrations ranging from 5 to 25 mg per 100 g
DW, while caffeic and p-coumaric acid are typically found in lower amounts (2 to 10 mg
per 100 g DW). For instance, Ozturk et al. [7] highlighted that ferulic acid predominates in
OP, with lower levels of p-coumaric acid, typically concentrated in the albedo. Interestingly,
phenolic compounds in OP are often bound to the cell wall and predominantly associated
with fibers. This property underscores the importance of optimizing extraction methods to
release phenolic compounds from OP efficiently.

The high diversity and concentration of secondary metabolites highlight OP’s potential
as a natural source of extracts, particularly valuable for the nutraceutical industry in disease
prevention and treatment. By harnessing these compounds, industries can add significant
nutritional and functional value to their products while promoting sustainable practices
and reducing environmental impact. However, despite extensive research on polyphenols,
considerable variability persists in the concentration of these compounds, which are influenced
mainly by natural conditions. This variability presents challenges in standardizing OP-derived
products. For instance, Ozturk et al. [7] reported geographical differences in the phenolic
profile of OP. Oranges collected from China contained higher levels of PMFs (nobiletin and
tangeretin) and exhibited greater antioxidant capacity compared to those from the USA.

4. Extraction of Upcycled Ingredients from Orange Peels
The recovery of BCs using eco-friendly methodologies stands at the forefront of agro-

food research. Extraction plays a vital role in obtaining BCs from by-products. Various
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extraction methods can be employed, but the primary goal is to maximize both yield
and quality. This must be achieved while minimizing time, energy consumption, solvent
use, environmental impact, economic costs, and waste [14]. Nevertheless, achieving high-
purity BCs derived from food by-products for human consumption remains challenging.
Recent advancements in green extraction methods, spurred by the Twelve Principles of
Green Chemistry [67], emphasize minimizing energy consumption, utilizing sustainable
solvents and renewable natural products, and ensuring the safety and high quality of the
extracts/ingredients. While numerous reviews have explored both conventional and green
extraction approaches for citrus by-products, most address citrus waste broadly and offer
limited specificity for OP. Collectively, the literature highlights a growing preference for
green extraction methods such as MAE, EAE, UAE, PFE, and SFE, due to their ability to
improve extract purity, reduce solvent use, and enhance process efficiency. However, these
studies rarely compare methods side-by-side in the context of OP or consider their integra-
tion into scalable biorefinery systems. This lack of consolidation hinders the identification
of optimal strategies tailored to OP’s matrix and compound diversity. By addressing this
gap, the present review aims to critically map and compare current extraction technologies
applied specifically to OP valorization under a sustainability and zero-waste lens.

The most reported green methods often face high equipment costs and challenges
in industrial scale-up. Conventional methods, such as SLE, remain widely industrially
used, but green principles provide guidance for its improved sustainability and safety in
product extraction. The suitable choice of solvent method, along with operating parameters
including time, temperature, and the solid–liquid ratio, significantly affects the composition
and bioactive properties of the extract. However, what is interesting about both conventional
and green extraction methods is their versatility. They can extract different BCs by adjusting
the solvent and operating parameters. This section reviews the latest advancements in green
extraction for the valorization of OP and the extraction of its key BCs.

4.1. Essential Oil Extraction

The European Pharmacopeia allows for HD and cold pressing to extract citrus EOs [68].
Cold pressing has gained popularity in recent years due to its higher yield and lower
energy consumption compared to HD. This method involves mechanically pressing the
peel to rupture oil glands, followed by centrifugation to separate the EOs [69]. However,
cold-pressed EOs may contain phototoxic compounds, leading to skin irritation. This
limitation has prompted the development of green extraction methods which aim to reduce
environmental impact and improve efficiency. UAE [70], UAE combined with enzymatic
hydrolysis [71], steam explosion followed by HD [62], and MAE [72] have been proposed as
promising alternatives. Table 2 summarizes recent studies on EO extraction. It is possible
to conclude that HD and MAE are the most applied extraction techniques in the literature
(62%). The yield and chemical composition of EOs vary considerably depending on the
extraction method. For example, HD can yield up to 1.9% EOs, with limonene concentrations
ranging from 78 to 96%. Steam treatment releases EO droplets, which are then separated as
the vapor condenses [69]. However, limitations such as high energy consumption and long
extraction times remain significant barriers. Green extraction methods such as UAE, MAE,
and steam explosion are designed to minimize extraction time while maximizing yields.
The main advantages of MAE are time reductions and solvent-free extraction, known as
solvent-free MAE [58,73]. For instance, microwave hydrodiffusion and gravity (MHG) has
been successfully applied for solvent-free EO extraction. A study by Bustamante et al. [59]
achieved an optimal yield of 4.22% in just 15 min, while traditional HD took 240 min to yield
4.16%. However, a notable gap in the current literature is the lack of large-scale commercial
applications for some of the green extraction methods, such as MHG [59], despite it showing
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promise as a candidate for industrial scale-up for the large-scale extraction of EOs. As
European legislation mandates that EOs from citrus be extracted using HD or cold pressing,
HD remains the preferred method for industrial extraction, despite the growing shift towards
greener alternatives. These findings could encourage legislative changes to support the
transition to more sustainable extraction techniques. Additionally, further research is needed
to address the phototoxic compounds found in cold-pressed EO. Standardizing extraction
conditions, such as temperature, solvent choice, and extraction time, is essential to ensure
consistency and reliability in EO yields and chemical composition across studies.

4.2. Phenolic Compound Extraction

An increasing number of studies on the extraction of phenolic compounds from OP
highlight their health-promoting properties and potential industrial applications. Table 3
summarizes the most recent studies in this field. Recent studies show a strong trend toward
green extraction methods, with SLE and UAE being the most widely used (48% of studies).
UAE has been shown to provide higher yields compared to SLE, due to the cavitation
process that disrupts the plant matrix [27,74]. SLE consumes less energy than UAE, reducing
the overall energy footprint of the extraction process. It is a conventional extraction method
used for extracting phenolic compounds from by-products, utilizing food-grade solvents
such as ethanol or hydroethanolic mixtures [75,76]. SLE is a simple and cost-effective
extraction technique that does not require advanced equipment and is widely used in
industrial processes without significant capex investment. Additionally, solvent recovery
enhances its environmental friendliness. By optimizing extraction parameters and using
green solvents, SLE becomes an environmentally friendly and safe alternative for extract
phenolic compounds from OP, particularly benefiting small- to medium-sized enterprises.
It has the potential to significantly enhance the citrus processing industry and serve as a
model for producing cleaner, high-demand phenolic compounds. In contrast, UAE involves
high-frequency sound waves to generate high temperature and pressure through bubble
cavitation [77], which facilitates extraction. Similar advantages are observed by [27,74],
reporting a hesperidin concentration 1.5-fold higher compared to SLE. MAE was set for 3
and 6 min, respectively, while SLE and UAE required 30 min. MAE uses electromagnetic
waves to interact with polar solvents like water and ethanol. This interaction causes
rapid matrix disruption through uniform heating, resulting in shorter extraction times
and lower energy consumption. In addition, this technology could be improved by using
fresh material, therefore, in situ raw material water works as solvent. Positive results are
reported for obtaining extracts rich in phenolic compounds from OP using MHG [78];
however, further research is needed.

Supercritical fluid extraction (SFE) and pressurized fluid extraction (PFE), which
account for 15% of studies, also show promising results. SFE uses CO2 and PEF solvents
like ethanol, water, or methanol under high pressure. While SFE yields higher results than
SLE, it is less efficient than MAE and UAE for extracting hesperidin [27]. Works from Leo
et al. [79] using pressurized water showed lower concentrations of hesperidin (35.70 mg/g
DE) when using PEF compared to UAE (278.95 mg/g DE). Conversely, Barrales et al. [80]
found PEF using ethanol 50% (v/v) to yield 8 times more hesperidin and a higher narirutin
concentration. The variations between studies are mainly due to the choice of solvent,
as methanol and ethanol generally yield better results than water due to the polarity of
flavonoids. The lack of standardized extraction parameters makes it difficult to compare
results, highlighting the need for consistent solvents and conditions to accurately assess
the impact of extraction technologies.

Based on the data, 9% of the studies on phenolic compounds extracted from OP use
DESs or ionic liquids (ILs). They are a greener, GRAS-approved alternative to ethanol that
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are safe for direct human consumption. Studies highlight choline chloride [7] and lactic acid
or glucose [81]. However, time and the solid–liquid ratio affect yield and composition, so
optimizing conditions through the design of experiments is recommended. Other methods
recently tested include EAE [82], hydrodynamic cavitation [83], and combined methods such
as ultrasonic-assisted enzymatic processes [84]. SLE and UAE remain the most recognized
and effective methods for OP upcycling for polyphenol-rich extract development. To op-
timize yield while minimizing both time and energy consumption, the implementation of
pretreatments, extraction combinations, and simultaneous extractions is highly recommended.

4.3. Carotenoid Extraction

Along with phenolic compounds, carotenoids are important BCs found in OP. How-
ever, studies on carotenoid extraction from OP remain limited, with recent methods fo-
cusing on natural deep eutectic solvents (DESs) or ionic liquids (ILs) as solvents (Table 4).
Despite growing interest in carotenoid extraction from OP, many studies still prioritize total
yield extraction over detailed compositional analysis. A prevalent limitation in the literature
is the omission of carotenoid profiling, even when using different extraction methodologies
such as UAE and DESs, with several works reporting extraction efficiency while neglecting
to characterize the specific compounds recovered [85–88]. This lack of data hinders compar-
ative assessments and the development of application-specific extracts. Methodologically,
carotenoid recovery from OP remains challenging due to the rigid cell wall structure of OP
and the strong binding of carotenoids to macromolecules such as fatty acids. Pretreatments
like drying and grinding are frequently employed to address these barriers. Recent findings
suggest that the presence of in situ water can significantly reduce extraction efficiency,
reinforcing the need for prior dehydration through freeze-drying or convective drying to
enhance solvent penetration and the release of lipophilic compounds [89,90]. Technolo-
gies such as UAE, MAE, hydrodynamic cavitation, PEF, or high-pressure extraction could
disrupt intramolecular forces and facilitate solvent penetration, thus increasing extraction
yield without dehydrating the raw material.

The combination of UAE and D-limonene shows promise as a green extraction method
for obtaining carotenoids from OP, yielding 11.25 mg/L and increasing carotenoid content
by 40% compared to conventional extraction [91]. On the other hand, SFE with CO2 of-
fers higher purity and yield compared to other methods and eliminates harmful solvent
residues. Usually, SFE provides lower yields of polar carotenoids (e.g., xanthophylls),
although this can be improved by adding ethanol as a co-solvent. DESs and ILs show sig-
nificant potential for carotenoid extraction, particularly due to their eco-friendly properties.
However, they remain underexplored, particularly in integrated processes where solvents
with recyclability potential could extract BCs from waste sources, ultimately contributing
to a circular economy. Although DESs and ILs are routinely described as scalable and
suitable for large-scale extraction, robust industrial scale-up and economic viability are still
insufficiently demonstrated. In practice, the high viscosity limits mass transfer (frequently
demanding water or process intensification such as UAE/MAE/PEF). Several preparation
routes are energy- and time-intensive, and product/solvent recovery and recycling can
add downstream unit operations (e.g., resin-based recovery) that increase the cost at scale.
For food-grade applications, a fuller assessment of safety/toxicity and chemical stability of
DES systems is still needed. In contrast, ILs appear mainly in comparative studies; cost and
toxicological/regulatory concerns make them less attractive than DESs for the extraction
of carotenoids intended for foods, which explains the current emphasis on DESs as the
preferred “greener” option [92].

The variability in carotenoid yields and purity across different methods highlights the
importance of standardized protocols to improve reproducibility and scalability.
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4.4. Pectin Extraction

Currently, most commercially available pectin is obtained by upcycling citrus peels.
The conventional industrial method, SLE using an acid-mediated solvent and heating (hot
acid extraction), is preferred due to its high yield, simplicity, and cost-effectiveness [93].
Organic acids like citric acid are now used in place of inorganic acids, offering similar or
even better pectin yields while causing less degradation of the pectin structure, which
enhances its bioactive properties. This approach aligns with green chemistry principles and
supports the production of clean-label food ingredients. Pectin extraction from OP has been
extensively studied, showing varying results in yield and composition (Table 5). Nearly 48%
of studies utilize acid-mediated hot extraction, with recent research exploring sustainable
alternatives to replace inorganic acids. Overall, extraction factors include particle size, raw
material moisture content, pH, temperature, extraction time, and solvent type, all of which
significantly affect pectin yield. Most studies aim to optimize these parameters, typically
reporting an ideal temperature range of 80–95 ◦C for efficient extraction. While higher
temperatures can enhance yield by disrupting cell walls, they can also lead to decreased
yield due to excessive depolymerization beyond certain limits.

MAE is a promising green technology that heats the solvent more quickly than acid-
mediated hot extraction, yielding pectin with a higher galacturonic acid (GalA) content. For
example, Zioga et al. [39] found that 3 minutes of MAE could achieve comparable yields to
117 min of HCl-mediated extraction. Citric acid-mediated extraction for 106 min yielded
slightly more pectin (22%) but without a significant statistical difference. In addition, MAE
can produce food-grade pectin (GalA content > 65%) with a degree of esterification (DE) at
74%. The FAO has established that food-grade pectin must contain more than 65% GalA.
This high DE indicates minimal chain de-esterification during extraction. Studies from Kute
et al. [40] reported similar findings, suggesting that prolonged extraction periods at high
temperatures might lower DE values. Although UAE has shown potential, no significant
reduction in extraction time was observed compared to traditional processes. High energy
requirements and specialized equipment currently limit its industrial scalability. There is a
gap in research examining different extraction durations with UAE to determine if higher
yields could be achieved in less time. Optimizing UAE could reduce energy consumption
and improve efficiency, making it more suitable for large-scale pectin production. However,
it is possible to conclude that UAE can decrease the optimal temperature used in acid-
mediated hot extraction to achieve the maximum pectin yield. In this context, studies from
Bosch et al. [41] demonstrated that the combination of UAE with enzymatic treatment
resulted in a higher yield (27%) compared to HCl-mediated hot extraction (22%), although
the process required a longer extraction time.. Nonetheless, the lower molecular weight
and DE of the UAE-extracted pectin allow it to serve as a food additive where higher
solubility and gelling properties are desired, mainly for low-sugar products. Furthermore,
pectin is increasingly recognized for its health benefits stemming from specific structural
domains with bioactive properties. Thus, the extraction method significantly influences
pectin’s potential as a nutraceutical [94].

Innovative methods such as ohmic heating (Saberian et al. [95]), induced electric
fields [96], and pulsed extraction [31] have shown positive yields. However, limited pectin
characterization makes their advantages unclear. While no studies have focused specifically
on EAE during the last decade, it could yield high pectin, as evidenced by its successful
application to other by-products. EAE offers benefits over traditional methods, such as
enhanced yields by breaking down plant cell walls at lower temperatures, which saves
energy. Moreover, EAE does not need an extra step for waste neutralization. However,
one of the main drawbacks of EAE is the high cost of enzymes. While green technologies
like MAE and UAE reduce energy consumption and extraction time, there is still a need to
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standardize extraction conditions. Additionally, most of these green methods are still in the
research phase, and further optimization is required before they can be implemented on a
larger industrial scale. MAE is superior in reducing extraction time and increasing pectin
yield compared to conventional acidic extraction, although scaling it up for industrial use
is challenging. Currently, acid-mediated hot extraction using organic acids is the most
affordable green extraction method.

To complement the extraction section, Figure 8 provides a qualitative, side-by-side as-
sessment of the main extraction techniques in terms of CAPEX, operational ease, industrial
readiness, time/energy efficiency, and solvent safety/recovery.
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As the Figure 8 indicates, conventional SLE remains the workhorse at scale because
it combines low equipment costs, simple operation, and high throughput. Its main draw-
backs are long extraction times, high solvent consumption, and a greater burden on solvent
recovery/waste handling; nonetheless, when EtOH–H2O is used, safety is compatible with
food-grade requirements and the economics are often favorable, explaining its persistent
prevalence in industry. Among intensified “green” methods, UAE and MAE show clear
strengths in time and energy efficiency and often preserve compound integrity. UAE is
versatile for polyphenols and as an intensification step for pectin; at a large scale, per-
formance can be equipment-dependent (cavitation distribution), which is why Figure 8
marks industrial readiness as conditional. MAE achieves one-order-of-magnitude shorter
cycle times and competitive yields, but requires thermal control to avoid degradation of
heat-sensitive targets (e.g., some carotenoids).

Pressurized liquid extraction (PFE) balances short extraction times with moderate
CAPEX. Using EtOH–H2O under pressure gives good recoveries of phenolic compounds
(and can aid pectin) with relatively low solvent footprints; the trade-off is pressurized
operation, which raises training and safety requirements. SFE with CO2 excels in solvent
safety and residue-free products and provides high purity/selectivity for carotenoids and
EOs (co-solvent ethanol widens polarity). Its limitations are higher CAPEX and compressor
energy, hence the conditional mark for time/energy and scalability.

Finally, EAE is attractive under mild conditions and with aqueous media, particularly
for pectin and selected phenolics, aligning well with safety and “clean-label” expectations.
The current bottlenecks are enzyme cost, longer residence times, and the need for down-
stream clarification, so industrial readiness is use-dependent (often best as a pretreatment
rather than a stand-alone unit).
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Table 2. Experimental conditions, yield, and chemical composition of EOs extracted from orange peels through various extraction methodologies.

By-Product Type Extraction
Extraction Conditions

Yield (%) Identification and Quantification (%) Ref.
Time (min) Solvent Other Parameters

Fresh OP

Enzyme-assisted
HD 260

Water

3.9% Viscozyme L®; 55 ◦C 4.6 Limonene (66) and β-caryophyllene (23) [97]

HD

35 Electromagnetic induction heat-
ing method 3.77 Limonene (94.43), β-myrcene (2.16), sabinene (0.47), linalool (0.29),

valencene (0.17)
[61]

41 Heating mantle 2.72 Limonene (93.2), β-myrcene (2.28), sabinene (0.77), linalool (0.63%),
valencene (0.04)

HD assisted by
solar energy 120 10 m2 solar reflector coupled to

a HD unit
1.03 Limonene (95.96), sabinene (0.16), myrcene (1.70), α-pinene (0.37), linalool (0.23)

[60]
HD 190 - 1.05 Limonene (95.24), sabinene (0.19), myrcene (1.73), α-pinene (0.39), linalool (0.30)

MAE 60 EthosX Extractor
(600 W; 100 ◦C) 0.43 Limonene (80) [72]

Fresh OP
(Valencia variety)

Solvent-free MAE 30 - 1000 W; 100 ◦C 0.40 Limonene (94.64), sabinene (0.54), myrcene (1.64), α-pinene (0.43), linalool (0.62)

[73]HD 180

Water

- 0.40 Limonene (95.48), sabinene (0.49), myrcene (1.87), α-pinene (0.53), linalool (0.30)

CP - Automated cold-pressing machine 0.16 Limonene (95.06), sabinene (0.54), myrcene (1.82), α-pinene (0.51), linalool (0.30)

Steam explosion
+ HD 30 Pretreatment: 240 s, 170 ◦C, 8 bar 1.34 Limonene (89.13), myrcene (3.41), nonane (2.00), dodecanal (0.82),

α-pinene (0.72) [62]
HD 240 - 1.21 Limonene (77.39), myrcene (6.08), linalool (5.13), decanal (2.92), octanol (2.18)

Fresh OP
(Navel Navelate

variety)

Microwave-
assisted HD 20 785 W for 5 min + 250 W for 15 min 1.80 Limonene (97.38), β-myrcene (0.79), sabinene (0.50) and α-pinene (0.39)

[59]
HD 240 - 1.70 Limonene (96.75), β-myrcene (0.74), sabinene (0.49) and α-pinene (0.32)

Fresh Orange
Flavedo

Salt-assisted
extraction by HD 210 Water +

NaCl
1:8.4 SLR; NaCl 5.3% (m/v); petroleum

ether as used for EO separation 2.15 Limonene (88.07), β-myrcene (4.93), α-pinene (1.14), sabinene (0.39), α-
citral (0.36), linalool (0.26), [98]

Fresh OP
(after juice
extraction)

HD 180 Water - 1.90 Limonene (86.70), sabinene (2.90), β-pinene (3.10), linalool (2.40),
α-terpineol (1.91)

[58]

Salt-assisted
extraction by

hydrodistillation
180 Water +

CaCl2
- 3.0 Limonene (87.90), sabinene (2.18), β-pinene (2.95), linalool (3.05),

α-terpineol (2.01)

EAE 240
Water

mix pecti-
nase/hemicellulases; 60 min; 40 ◦C 3.7 Limonene (88.3), sabinene (2.28), β-pinene (3.01), linalool (2.61),

α-terpineol (1.83)

UAE + HD 210 30 min; 25 ◦C with power of 700 W 2.9 Limonene (88.2), sabinene (2.34), β-pinene (3.05), linalool (2.5), α-terpineol (1.72)

Solvent-free MAE 30 - 10 min soaked with water; Power
of 500 W 3.6 Limonene (85.4), sabinene (1.8), β-pinene (2.75), linalool (4.8), α-terpineol (2.50)

HD—hydrodistillation; CP—cold pressing; MAE—microwave-assisted extraction; UAE—ultrasound-assisted extraction; EAE—enzyme-assisted extraction.
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Table 3. Experimental conditions, yield, and chemical composition of extracts rich in phenolic compounds extracted from orange peels through various extraction
methodologies.

By-Product Type Extraction
Extraction Conditions

Identification and Quantification (mg/g DW) Ref.
Time (min) Solvent/Medium Other Parameters

Dried OP Powder

SLE 30

Ethanol 80% (v/v)

1:10 SLR; orbital shaker 900 rpm;
99.85 ◦C Hesperidin (34.9), ferulic acid (0.10), catechin (0.06), rutin (0.04)

[74]UAE 30 1:10 SLR; power of 35 W; 99.85 ◦C Hesperidin (40.0), ferulic acid (0.05), rutin (0.03), catechin (0.02)

MAE 6 1:10 SLR; stirring at 1000 rpm;
99.85 ◦C Hesperidin (58.2), catechin (0.15), ferulic acid (0.125)

SLE 30 1:10 SLR; 35 ◦C Neohesperidin (5.51), hesperidin (8.6), narirutin (0.38), nobiletin (0.42), naringin (0.42)

[27]
UAE 30 1:10 SLR; 125 W; 30 ◦C Neohesperidin (9.86), hesperidin (8.36), narirutin (0.17), nobiletin (0.74), naringin (0.82)

MAE 3 1:10 SLR; power: 200 W, 76 ◦C Nehohesperidin (12.2), hesperidin (9.3), naringin (1.3), nobiletin (0.8), didymin (0.6)

SFE 30 CO2
1:10 SLR; 250 bar, 10 MPa, flow

rate of 15 g/min, 80 ◦C Neohesperidin (7.0), hesperidin (5.1), naringin (0.65), nobiletin (0.5), didymin (0.24)

Freeze-dried OP

SLE 36 Methanol/DMSO (1:4 v/v) 1:20 SLR; rotary shaker, 150 rpm Hesperidin (0.23), sinensetin (0.39), nobiletin (0.37), luteolin (0.04), rutin (0.03),
tangeretin (0.02)

[82]EAE 240 pectinase, cellulase,
hemicellulose, and papain 1:20 SLR; rotary shaker, 150 rpm Hesperidin (0.29), sinensetin (0.56), nobiletin (0.49), luteolin (0.08), rutin (0.16),

tangeretin (0.03)

UAE 27 Methanol/DMSO (1:4 v/v) 1:17.57 SLR; ultrasonic power,
63.84 W; 25.70 ◦C

Hesperidin (0.23), sinensetin (0.6), nobiletin (0.44), luteolin (0.08), rutin (0.04),
tangeretin (0.03)

PFE 50 Water 60 ◦C Hesperidin (35.7), narirutin (0.90), gallic acid (0.21), p-coumaric acid (0.11), ferulic acid
(0.1) (in DE)

[79]

UAE 10 Methanol 1:33 SLR; sonicator water bath;
40 ◦C

Hesperidin (278.95), narirutin (0.14), gallic acid (0.23), p-coumaric acid (0.11), ferulic
acid (0.39) (in DE)

Dried OP
SLE

- Water
1:10 SLR; 25 ◦C

Narirutin (194), naringin (157.2), hesperidin (158.6)
[63]

- Ethanol Narirutin (198.6), naringin: (182.1), hesperetin (117.9), naringenin (1.2)

DES 100 choline chloride-Ethylene
Glycol ([Ch]Cl:EG 1:4) 1:10 SLR; temperature of 99.85 ◦C Gallic acid, syringic acid, rutin, naringin, p-coumaric acid, ferulic acid, caffeic acid,

trans-cinnamic acid, flavone, and thymol [7]

OP
(after the

processing of juice
and EO)

PFE 40 Ethanol 50% (v/v) 1:5 SLR; 65 ◦C Hesperidin (58), naringin (0.4), narirutin (9), hesperitin (0.27), tangeritin (0.32),
naringenin (0.48) (in DE)

[80]

UAE 30 Ethanol 50% (v/v)
1:56.5 SLR; 15 min in ultrasonic

bath at 30 ◦C and 15 min in shaker
at 200 rpm

Hesperidin (7.10), gallic acid (0.15), narirutin (5.50), hesperitin (0.24), tangeritin (0.26),
naringenin (0.25) (in DE)

SFE 240 CO2 28.7 MPa; 60 ◦C Hesperidin (0.11), caffeic acid (0.6), luteolin-6-C-glucoside (0.13), myricetin (0.38),
apigenin-7-O-rutinoside (0.26) [99]
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Table 3. Cont.

By-Product Type Extraction
Extraction Conditions

Identification and Quantification (mg/g DW) Ref.
Time (min) Solvent/Medium Other Parameters

Defatted orange
peels

SFE 10 water 1:24 SLR; temperature: 150 ◦C;
10 MPa Hesperidin (20), narirutin (2.33)

[100]UAE
120 Ethanol 80% (v/v)

1:20 SLR; 35 ◦C; 800 W power and
20 kHz frequency Hesperidin (3), narirutin (2.85)

SLE 1:20 SLR; 35 ◦C; 200 rpm shaker Hesperidin (1.56), narirutin (0.73)

-: non-defined. Abbreviations: OP—orange peel; SLE—solid–liquid extraction; UAE—ultrasound-assisted extraction; MAE—microwave-assisted extraction; EAE—enzyme-assisted
extraction; PFE—pressurized fluid-assisted extraction; SFE—supercritical-assisted extraction; SLR—solid–liquid ratio; DE—dry extract.

Table 4. Experimental conditions, yield, and major carotenoids extracted from orange peels through various extraction technologies.

By-Product Extraction
Technologies

Extraction Conditions
Yield (%) Identification and Quantification (mg/g DW) Refs.

Time (min) Solvent Other Parameters

Freeze-dried OP

SLE - Acetone Without saponification - Free carotenoids (50.9), monoesters (29.3),
diesters (20.3), total carotenoids (97.4)

[101,102]

UAE + IL

30 [C4mim]Cl 1:3 SLR; ultrasound probe at 20 kHz and
200 W, at 80% amplitude - Free carotenoids (32.1), monoesters (24.6),

diesters (7.6), total carotenoids (64.2)

25
[C4mim]Cl

(ethanol 59% (v/v)
as co-solvent)

1:3 SLR; ultrasound probe at 160 W, in an ice
bath for 5 min; Amberlite XAD-7HP resin

was used to separate the carotenoids
from the IL

- (all-E)-lutein (10.1), (all-E)-β-carotene (6.48),
(13Z)-violaxanthin-C12: (3.54)

SFE 16 Supercritical CO2 and
methanol Temperature of 80 ◦C; 150 bar -

free carotenoids (lutein, zeaxanthin,
β-cryptoxanthin, b-carotene), carotenoid esters

(antheraxanthin-C12:0, zeaxanthin-C12:0,
β-cryptoxanthin-C12:0), apocarotenoids

(β-apo-8′-carotenal, apo-8-luteinal), apo-esters
(apo-10′-zeaxanthinal-C4:0,
apo-8′-zeaxanthinal-C6:0)

Freeze-dried OP (af-
ter juice extraction)

UAE + IL 5
[BMIM][Cl]

(ethanol 50% (v/v) as
co-solvent)

1:3 SLR; ultrasound probe at 200 W and
20 kHz at 80% amplitude; Amberlite

XAD-7HP resin was used to separate the
carotenoids from the IL

0.32
Total carotenoids (17.95), 9-cis-violaxanthin

(6.76), all-trans-violaxanthin (0.48),
all-trans-lutein (2.87) [103]

SLE 1440 Acetone Saponified with 10% methanolic KOH
overnight at room temperature 0.78 Total carotenoids (7.88), 9-cis-violaxanthin (1.53),

all-trans-violaxanthin, all-trans-lutein (3.07)

Dried OP
(Navel cultivar)

DES + UAE
20

Octanoic acid: Proline 1:20 SLR; ultrasound intensity of 60%
(120 W); 45 ◦C

0.46 -
[104]

SLE Hexane 0.39 -

-: non-defined. Abbreviations: OP—orange peel; SLR, solid-to-liquid ratio; UAE—ultrasound-assisted extraction; IL—ionic liquid; DES—deep eutectic solvent.
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Table 5. Experimental conditions, yield, and characteristics of pectin extracted from orange peels through various extraction technologies.

By-Product Extraction
Technologies

Extraction Conditions
Yield
(%)

Degree of
Esterification

(DE) (%)

Other Pectin
Parameters Ref.Time

(min)
Temperature

(◦C) pH Solvent/Medium Purification Method Other Parameters

Dried OP

SLE (hot acid-
assisted extraction) 240 80 1.5 Water with HCl

Ethanol cold
precipitation;
oven drying

1:20 SLR 22.1 55 GalA: 20.91%; Mw:
197.78 kDa;

[41]
UAE + enzymes 270

80 ◦C (30 min)
and 50 ◦C
(240 min)

5.0
50 mM sodium

citrate buffer with
Celluclast

1:19 SLR; 30 min in
ultrasonic bath (300 W);

then incubated at 70 rpm
26.9 8 GalA: 22.77%; Mw:

70.22 kDa;

Ohmic extraction 1 90 1.5 Water with HCl - 1:20 SLR; voltage: 30 V/cm 10.36 75 GalA: 68.24% [95]

Freeze-dried OP
powder

Acid-mediated hot
extraction 60 90 2.0 Water with HCl Nanofiltration

(200 Da dialysis bag;
ethanol precipitation;

freeze-drying)

1:30 SLR

20.8 72 Mw: 212.9 kDa
[38]

Hydrothermal
Extraction 45 120 Water 18.9 64 Mw: 109.2 kDa

Dried OP Powder

SLE (hot
acid-assisted
extraction)

114 94 1.45 Water with HCl
Ethanol cold

precipitation; oven
drying

1:20 SLR; water bath
extraction 23.64 73 Anhydrouronic acid:

38.60% [105]

MAE 1.5

80 1.5

Water with HNO3
Ethanol cold
precipitation;
freeze-drying

1:20 SLR; frequency 2450
MHz and power 540 w 15.79 42 -

[40]SLE (hot
acid-assisted
extraction)

10 Water with HNO3 1:20 SLR 8.78 36 -

Dried OP powder
(after juice

processing; sugars
and phenolics

recovery)

MAE 3 - 1.5
Water acidified

with hydrochloric
acid

Ethanol cold
precipitation; oven

drying

1:25 SLR; household
microwave oven at 2450

MHz and irradiation 620 W
18.3 74

GalA: 65.7%; intrinsic
viscosity: 0.57 dL/g;

Mw: 9.9 kDa

[39]
SLE (hot

acid-assisted
extraction)

117

90

1.6 Water with HCl

1:30 SLR

18.5 78
GalA: 56.4%; intrinsic
viscosity: 0.774 dL/g;

Mw: 14.6 kDa

160 2.0 Water with citric
acid 22.8 56

GalA: 46.7%; intrinsic
viscosity: 0.397 dL/g;

Mw: 6.2 kDa

-: non-defined. Abbreviations: OP—orange peel; SLR, solid-to-liquid ratio; SLE—solvent extraction; UAE—ultrasound-assisted extraction; MAE—microwave-assisted extraction;
Mw—molecular weight; GalA—galacturonic acid.
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5. Increasing the Value of OP Through Biorefinery Processes
As previously reported, the nutritional and phytochemical composition of OP enables

the generation of valuable sub-fractions by applying different green extraction methods.
However, the first steps towards waste valorization and circular economy implementation
focus on recovering a single BC, as discussed previously, leading to suboptimal use of
biomass and increased waste. Since OP contains many high-value-added BCs (such as EO,
pectin, and polyphenols), using a biorefinery approach has the advantage of producing
multiple ingredients and maximizing the value derived from the biomass feedstock while
producing a lower amount of waste to be treated. A biorefinery approach is defined as
“the sustainable processing of biomass into a spectrum of marketable products” by the
International Energy Agency (IEA). Therefore, it is a compendium of integrated processes
that selectively target the extraction of value-added ingredients, preserving the integrity of
the biomass for subsequent extractions. This approach offers a more integrated extraction
method aligned with green chemistry principle 4, the Sustainable Development Goals, and,
more importantly, the new European Union strategies such as Farm-to-Fork that seek to
prevent food losses and waste, promote a circular economy, and ensure the maximum reuse
of materials. Green technologies and solvents can provide efficient extraction with low
solvent and energy consumption in the biorefinery system. Indeed, several valorization
pathways under the biorefinery concept have been proposed; nevertheless, most extraction
and bio-based products lack a high technological readiness level (TRL), inhibiting their
introduction as a feasible option at the industrial level. Table 6 highlights key biorefinery
strategies designed to valorize OP, including feasibility analyses and cost estimations.

Over 60% of these studies target the recovery of food-grade compounds such as
EOs, polyphenols (mainly hesperidin), pectin, and sugarsg Generally extracted using
either conventional or green physical processes. The complexity of biorefineries varies,
ranging from simple set-ups extracting two ingredients to more advanced systems that
produce energy. Notably, Figueira et al. [43] proposed a green method to co-extract pectin
and hesperidin with high yields (18.7% and 1%, respectively), achieving efficient solvent
reuse. In contrast, Jokic et al. [106] and Angoy et al. [107] implemented single-step green
extractions using SFE, UAE, or MAE to recover EO and polyphenol-rich fractions. While
these approaches are time-efficient, residual solid biomass often remains unutilized. This
highlights a missed opportunity: applying a third extraction step could unlock pectin or
energy recovery, thereby enhancing process circularity. Collectively, these cases reflect a
shift toward more holistic OP valorization, though few fully exploit its multi-component
potential. A three-step extraction strategy has been reported to sequentially recover EO,
polyphenol-rich extracts, and pectin [60,108]. While both studies achieved high yields, only
one adopted green extraction, reducing extraction time, energy use, and CO2 emissions. In
contrast, steam distillation and citric acid-mediated hot extraction were associated with
high energy demands. Although citric acid is less costly than inorganic acids, pectin
extraction remains economically limiting. To address this, Tsouko et al. [108] proposed a
process design that reduces energy requirements by 62% by concentrating the pectin-rich
extract and recycling ethanol. Investment in green extraction, such as solar systems, incurs
high initial costs and a long payback period. However, it offers an environmentally friendly
solution compared to conventional systems that rely on energy from fossil sources. Some
studies, in addition to physical processes, applied biotechnological or chemical processes to
obtain biogas [37], activated carbon [109], or biofuel [110]. Integrated processes and solvent
recycling have been found to reduce costs, payback time, and environmental impact. In
most integrated biorefinery approaches, EOs are usually removed at the start of the process.
While this may seem intuitive due to their high volatility and potential to interfere with
downstream extraction steps, it is important to emphasize this rationale explicitly. Early
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EO removal not only prevents the degradation of thermolabile compounds but also aids in
the subsequent recovery of more polar or thermally stable compounds.

Overall, most OP biorefinery papers prioritize polyphenol-rich extracts and pectin
extraction (about 66% of the studies), mainly because of their economic value and high
market demand. These compounds are highly valued in the food and pharmaceutical
industries due to their versatility and known recognized benefits.

Therefore, the market price for these compounds is relatively high, providing a prof-
itable return on investment. Briefly, the pectin global market is forecasted to reach about
103.990 tons and USD 1.85 billion in 2026, while in 2022, the global market size was es-
timated at USD 1.68 billion and is expected to grow at a compound annual growth rate
(CAGR) of 7.4% from 2023 to 2030. This steady growth reflects the increasing consumer
awareness of health benefits, the demand for natural products, and applications in mul-
tiple sectors such as dietary supplements and nutraceuticals. Last year, we proposed an
integrated and sustainable protocol for OP valorization focusing on the recovery of BCs
such as EOs, hesperidin-rich polyphenol extracts, and pectin [13].

Additionally, it is important to note that, to date, integrated processes specifically
targeting carotenoids are largely lacking. Given their non-polar nature, future research
should identify suitable extraction phases and integration points to enable their selective
recovery within biorefinery frameworks.

The OP biorefinery, besides its great potential, faces challenges such as feedstock variabil-
ity, seasonality, transportation, and process optimization, which can be overcome by focusing
current and future research on improving process parameters, exploring alternative and
green extraction methods, and integrating advanced biotechnological processes to enhance
sustainability and reducing costs to increase profitability. Additionally, the processing unit for
valorization should be close to processing facilities due to transportation challenges. In con-
clusion, the biorefinery demonstrates the practical application of green chemistry principles,
SDGs, and EU farm-to-fork and green deal strategies. Converting waste into value-added
ingredients addresses waste management issues, promotes environmental sustainability, and
boosts economic growth. The diverse range of high-value ingredients offers new resources to
support functional foods, nutraceuticals, and pharmaceutical industries. Continuous innova-
tion and research in this area will be vital to support the EU’s objectives of transitioning to a
circular economy and achieving climate neutrality by 2050.

Figure 9 illustrates an example applied to the orange juice industry, where OP, tradition-
ally considered a low-value residue, is converted into high value-added ingredients through
different technological routes. This approach exemplifies how the principles of a circular
economy can be integrated into food production systems, reducing waste and maximizing the
value extracted from raw materials. One of the first steps in the cascade is the extraction of
EOs, which are widely used in the food, cosmetic, and pharmaceutical industries due to their
strong antimicrobial properties. This sector already represents a consolidated market, with a
value of USD 7.51 billion in 2018 and an annual growth rate of 9% projected between 2019
and 2026. Beyond EOs, novel extraction and purification technologies enable the recovery
of bioactive flavonoids such as hesperidin, a compound with demonstrated antioxidant and
prebiotic functions. The hesperidin-rich extract market is still in its growth phase, but already
accounted for USD 81 million in 2019, with an estimated CAGR of 6.3% until 2026, indicating
increasing industrial interest. The remaining solid biomass can be further processed into
dietary fiber, which contributes to gut health and offers applications as a functional food
ingredient. In addition, polysaccharides such as pectin and micro-cellulose can be isolated as
biopolymers, opening avenues for applications in food structuring, nutraceuticals, and bioplas-
tics. The pectin market alone was valued at USD 2.90 billion in 2015 and is expected to surpass
USD 10 billion by 2025, while micro-cellulose also shows significant growth projections.
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Table 6. Ten-year overview of biorefinery methodologies applied to fresh OP obtained after juice extraction.

Pretreatment Extraction Technologies Yield Ingredients Obtained
(from 1 Ton of OP) Main Findings on Feasibility Study and Cost Estimate Ref.

Dried in an oven at
50 ◦C for 24 h and

ground

Citric acid extraction
Alkaline extraction

Enzymatic hydrolysis

13 tons free sugars
2.9 tons pectin
0.8 tons XOS

bioenergy

→Pectin and xylan precipitation are expensive. Therefore, 30% and 70% evaporation of pectin and
xylan resulted in the lowest investment, payback time, ethanol, and energy

consumption, respectively.
→The integrated process reduced the net unit cost of pectin and XOS production.

→The critical role of solvent and water recycling in reducing production costs and environmental
footprint cannot be overstated. For instance, using citric acid not only improves economic feasibility
but also significantly reduces the environmental impact, with 92% of the citric acid being recyclable.
→XOS production is workable only if it is associated with the production of other bioproducts.

[111]

Cut to 1 cm and
stored at 6 ◦C

Steam distillation
Citric acid extraction
Anaerobic digestion

6.07 kg EOs
22.72 kg pectin

77.71 Nm3 biogas

→The proposed OP biorefinery has high energy demands, with EO production using over 51% of
the thermal energy and pectin extraction consuming about 36%.

→The utility costs (44.8%) are the most representative of the process due to the high consumption
of steam and cooling water in the EO and pectin production processes.

→Capital depreciation costs are higher than the raw material costs. Therefore, applying this
process at scales of <240 ton/day is not feasible without strategic planning and investment.

[37]

Dried at 50 ◦C
and ground

Steam distillation
UAE

Citric acid-mediated hot extraction
Enzymatic hydrolysis

1.5 kg EOs
1.3 kg polyphenol-rich extract

34 kg pectin
68 kg bacterial cellulose

→Industrial pectin and EO production are highly energy-consuming due to high
utility requirements.

→High quantities of ethanol used for pectin precipitation should be recycled. Process design
showed that energy requirements could be reduced by 62% during pectin separation when the
pectin-rich liquid extract is concentrated to 25% of its original volume via a mechanical vapor

recompression-forced circulation evaporator system.

[108]

- Solar HD
HCl extraction

10 kg EOs
20 kg polyphenol-rich extract

(78% hesperidin)
80 kg pectin

→The distillation time was reduced by more than 30% compared to the traditional method while
also allowing for higher narirutin and hesperidin concentrations.

→The conventional process emits about 2560 g of CO2, whereas solar HD has a zero CO2 footprint
since it requires no additional energy.

→The investment cost for a solar system is 28.5% higher than that for conventional processes, but it
has a payback period of nearly two years with no additional expenses.

[60]

Blade-milled until
500 µm and frozen

(−20 ◦C)

Acetone extraction
Acid and enzymatic hydrolysis

22.5 kg EOs
15.7 kg polyphenol-rich extract

196.2 kg pectin
296 kg glucose

→Despite the purpose of sustainable integrated OP valorization, solvents such as acetone and
petroleum ether were used. In addition, inorganic acid was used for pectin extraction.

Monosaccharides were obtained solely based on green extraction (EAE).
[52]

Frozen and ground
in ice (≤10 mm) Hydrodynamic cavitation

6 g EO (96% limonene)
2.6 kg polyphenol-rich extract with

hesperidin (5.68 mg/g) and naringin
(2.56 mg/g)

Pectin

→The process’s scalability was validated since 42 kg of OP was used to test the hydrodynamic
cavitation equipment (semi-industrial scale). However, based on the energy balance, it would be

imperative to optimize the extraction time.
→The results presented in this study open the route to the integral valorization of OP via a simple,
low-cost, and highly effective technology, requiring water as the unique additional raw material.

→The overall specific energy consumed at the end was around 0.62 kWh/kg.

[83]

Abbreviations: OP—orange peel; EOs—essential oils; UAE—ultrasound-assisted extraction; XOS—xylooligosaccharides; EAE—enzyme-assisted extraction.
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Figure 9. The cascade biorefinery approach applied to OP, illustrating the sequential recovery of
high-value ingredients. Essential oils are first obtained, followed by the recovery of hesperidin-rich
extracts, dietary fiber and/or pectin, and micro-cellulose until reaching the end of the biorefinery.
Each stream is associated with specific bioactivities well described in the literature (antimicrobial,
antioxidant, prebiotic, biopolymer) and market data, highlighting the economic potential of OP
valorization within circular economy frameworks.

Altogether, this cascading biorefinery model demonstrates the environmental, technologi-
cal, and economic benefits of valorizing citrus side streams. By transforming residues into BCs
and biopolymers, it provides a blueprint for sustainable innovation in the agri-food sector.

6. Conclusions and Future Perspectives
This review shows a clear shift from single-compound recovery to integrated, green

extraction and biorefinery frameworks for OP, reflecting a global interest in circular models
that minimize food waste and maximize the valorization of bioresources. Despite significant
progress, the transition from laboratory-scale to industrial application remains limited,
constrained by issues of scalability, process standardization, regulatory approval, and
economic feasibility. Interest has grown markedly over the past decade, with polyphenol-
and pectin-rich extracts emerging as the most studied and economically relevant upcycled
ingredients. Their prominence in the literature reflects not only their natural abundance
and well-documented health-promoting properties but also their strong compatibility
with green extraction technologies. Polyphenols are known for their antioxidant and
anti-inflammatory effects, while pectin is valued for its prebiotic activity and structural
versatility as a functional ingredient. Their high economic value and market demand have
made them central targets in most OP-based extraction strategies for food and nutraceutical
applications. EOs are almost universally extracted at the beginning of integrated processes,
due to their high volatility and potential interference with downstream operations, a
strategy that, although widely applied, is rarely discussed in the literature as crucial to
standardize biorefinery models. In contrast, carotenoids remain underexplored, with few
efforts addressing their selective recovery. Their lipophilic nature poses specific extraction
challenges, calling for innovative process integration strategies in future research.

Conventional extraction methods persist due to their simplicity and low capital re-
quirements but are often time-, energy-, and solvent-intensive. Emerging green technologies
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such as, UAE, MAE, EAE, PFE, and SFE provide higher selectivity, shorter processing times,
and reduced solvent use, yet high equipment costs and a lack of unified optimization
parameters hinder their industrial implementation.

Future research should focus on (i) improving the technological readiness level of
green extraction methods, (ii) enhancing integration and solvent recycling strategies,
(iii) designing standardized protocols to allow for comparability between studies, and
(iv) exploring new approaches to recover underexplored compounds such as carotenoids.
Furthermore, interdisciplinary collaborations between academia and industry will be crit-
ical to overcoming economic and logistical barriers, ultimately enabling the large-scale
application of OP integrative and biorefinery-based systems.

Such efforts will contribute to a more sustainable and health-oriented food system,
aligned with the goals of the EU Green Deal and the UN Sustainable Development Goals. In
addition, future work should not only address the optimization and upscaling of integrated
biorefineries but also evaluate the functional and health-promoting potential of OP-derived
ingredients. Since the main goal of upcycling is to translate these ingredients into food
and nutraceutical applications, assessing their stability, bioaccessibility, bioactivity, and
potential physiological benefits is essential. Bridging process optimization with biological
validation will be key to unlocking the full prophylactic and/or therapeutic value of OP
within a sustainable bioeconomy model.
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