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Abstract: Grape pomace, the primary by-product of winemaking, represents a significant source of
valuable aroma compounds with potential applications across various industries. This study reviews
the composition and recovery of these compounds, emphasizing the role of grape variety and
winemaking methods, including conventional and long-term maceration techniques, in their
aromatic profiles. This review examines the diverse categories of aroma compounds found in grape
pomace, including terpenes, norisoprenoids, thiols, and esters. It also investigates the impact of
factors such as viticultural practices, fermentation methods, and maceration processes on their
concentrations and sensory characteristics. The review further discusses the potential of grape
pomace valorization, highlighting its importance in creating high-value additives for use in the food,
cosmetics, and fragrance industries. Extracted aroma compounds represent a valuable resource with
the potential for reuse as additives across diverse industries. This study aims to encourage innovative
approaches to waste management in the wine industry, contributing to environmental sustainability
and resource efficiency.
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1. Introduction

Projected population growth will intensify pressure on natural resources and food security,
necessitating a holistic global strategy to ensure food stability while protecting ecosystems and
biodiversity [1,2]. With a projected two billion population increase by mid-century, the Food and
Agriculture Organization (FAO) estimates food production must double from 2012 levels to meet
demand, combat hunger, and prevent a food crisis [3]. The food industry faces ongoing challenges in
managing significant food waste and by-products, underscoring resource inefficiency [4]. Food by-
products from animal processing, dairy, and fruit and vegetable industries have significant
environmental, economic, and social impacts. Globally, one-third of all food is wasted, threatening
ecosystems due to poor stability, high water content, and pathogen-promoting conditions. Despite
limited comprehensive data since the FAO's 2011 estimate, research on food waste is growing [5-8].
By quantifying food loss and waste, it becomes easier to identify critical points in the supply chain,
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facilitating a better understanding of the necessary changes that can help reduce food loss and its
associated impacts [9].

The fruit and vegetable industry produces large amounts of by-products, including peels,
pomace, stems, seeds, and trimmings, which can exceed 50% of fresh fruit weight. Rich in nutrients
and therapeutic potential, these by-products represent a significant resource loss [10-12]. In the fruit
industry, apples, grapes, and exotic fruits are among the most widely consumed products. Beyond
their use as fresh produce, these fruits are extensively processed into a variety of products, including
juices, alcoholic beverages, and other processed foods (Figure 1). However, the production of these
items results in significant quantities of waste and by-products [13].
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Figure 1. Global distribution of food types across various regions [14,15].

Grapes (Vitis spp.) are among the most significant fruits globally, with a production of 77.8
million tonnes in 2018. Of this, 57% was used for wine production, resulting in large quantities of
waste annually. This waste includes vine shoots, pomace (comprising skins, seeds, and stems), and
wine lees, all of which contribute to the environmental footprint of the grape and wine industries.
These by-products represent a potential resource for sustainable applications and require innovative
strategies for waste management and valorization [15,16]. On average, waste generated from grape
processing accounts for approximately 30-35% of the fresh fruit's weight. Notably, grape pomace
contains elevated levels of bioactive compounds, which offer significant health benefits. However,
the composition and concentration of these bioactive substances are highly influenced by several
factors, including the grape variety, cultivation environment, and the specific technological
processing methods employed. These variables underscore the importance of tailored approaches in
utilizing grape pomace to maximize its nutritional and therapeutic potential [17]. Similar to the case
of the banana peel situation, all the different factors impacting the composition of the final grape
pomace waste make the valorization of these products more challenging [18,19]. Grape seeds are an
excellent source of dietary fiber and are particularly rich in antioxidant compounds, including
vitamin E and various phenolic compounds. Research has demonstrated that these bioactive
substances offer numerous health benefits, such as aiding in the prevention and management of
cardiovascular diseases, exhibiting anti-carcinogenic properties, and positively influencing metabolic
disorders. Notably, they have shown significant potential in combating obesity, further underscoring
their value in promoting overall health and well-being [20-22]. Grape seeds contain a diverse array
of beneficial compounds, including phytosterols, proteins, carbohydrates, minerals, and notably,
lipids. Lipids make up 10-20% of grape seed composition, making them a valuable resource for oil
production. Grape seed oil is particularly rich in unsaturated fatty acids, predominantly linoleic and
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oleic acids, which contribute to its nutritional value and wide range of applications in both culinary
and cosmetic industries [23].

Grape pomace, the most abundant by-product of grape processing, holds significant value due
to its rich composition of functional compounds. This versatile by-product has been successfully
repurposed in various forms, including natural food additives, nutraceuticals, alcohol production,
fertilizers, and other functional ingredients. Its diverse applications highlight its potential for
sustainable and innovative uses across multiple industries [24,25]. Grapes are a rich natural source
of antioxidants, with high concentrations of phenolic compounds—amounting to approximately 9 kg
per tonne - demonstrating their significant value. Among various fruits, grapes are particularly
abundant in polyphenols [26]. Studies have reported that up to 83% of the dry matter in grapes and
their by-products consist of dietary fibers, with no significant differences observed between grape
cultivars [27-29]. The insoluble fiber fraction mainly comprises cellulose, hemicellulose, and lignin,
while the soluble fraction is represented by uronic acids, which vary depending on the grape type
(red or white) [30] additionally, grape pomace contains proteins, accounting for up to 13.8% of the
by-product after processing, though this percentage can vary based on the grape variety. These
diverse compounds underscore the nutritional and functional complexity of grape pomace (Figure
2), making it a valuable by-product for various applications [19,29].

The aim of this work is to explore the benefits, challenges, and opportunities associated with
utilizing aroma compounds from grape pomace, with a focus on their potential for developing food
flavor additives, cosmetics, and perfumes. It seeks to highlight their value as a sustainable resource
and propose innovative solutions for future applications across various industries.
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Figure 2. Overview of the health benefits associated with grape consumption.

2. Characterization of Aroma Compounds from Grapes: Profiles and their Impact
on Flavor

Winemaking quality is traditionally assessed through various parameters, such as sugar and
acid concentrations, phenolic maturity, and, more recently, the aromatic characteristics of the grapes.
Aroma not only serves as a key indicator of quality but also plays a crucial role in market
competitiveness. The composition of aromatic compounds is influenced by numerous factors,
including viticultural practices, regional and seasonal variations, which makes it challenging to
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define standardized criteria for aromatic quantification across grape varieties. These factors can also
impact the genetic expression of the grapes, leading to distinct aromatic profiles between different
varieties [31]. Fermentation plays a pivotal role in determining the aromatic quality of wine,
contributing significantly to its flavor profile. Many of the aromatic compounds are initially bound,
often in glycosidic forms, which can be released through enzymatic or acid hydrolysis during the
process [32]. Aroma compounds in grapes are predominantly found in the skins, often in
glycosidically bound forms rather than free aglycones. These compounds, including alcohols, esters,
acids, terpenes, aldehydes, and ketones, are typically linked to sugars, such as disaccharides. This is
why certain winemaking techniques involve leaving the skins in contact with the must for a period,
particularly for specific grape varieties [33]. However, not all glycosidically-bound compounds are
liberated during fermentation; some may also be released during maturation and storage, further
influencing the wine's aromatic characteristics over time [34]. While grapes contain thousands of
aroma compounds, these can be broadly classified into grape aroma precursors and wine aromas, the
latter of which are developed during the winemaking process.

2.1. C13 — Norisoprenoids

C13-norisoprenoids are among the most significant aroma compounds in grapes. While a few
exist in their free form, the majority are in the form of glycosylated conjugates. The formation of C13-
norisoprenoids from carotenoids occurs through enzymatic and oxidative cleavage processes,
involving enzymes such as dioxygenases and/or glycosidases [35,36]. These compounds have very
low sensory thresholds and are highly dependent on the matrix in which they are present. The most
common C13-norisoprenoids found in wines include (3-damascenone, a-ionone, (-ionone, 1,6-
trimethyl-1,2-dihydronaphthalene (TDN), vitispirane, and (E)-1-(2,3,6-trimethylphenyl)buta-1,3-
diene (TPB). Among these, f-damascenone and [3-ionone are the only ones present at concentrations
exceeding their sensory thresholds in the wine matrix. Notably, f-damascenone plays a crucial role
in the odorous profile of many fruits, significantly contributing to the aromatic character of various
products, including wine [37]. B-damascenone is commonly described with "flowery-fruity" or
"cooked apple" notes and has an extremely low sensory threshold in water, at just 2 ng/L. In wines,
its concentration can range up to 4.5 ug/L, particularly in sweet wines. On the other hand, $-ionone
is associated with "violet" and "raspberry" aromas, with a slightly higher threshold of 7 ng/L in water
and up to 3.6 pug/L in wines. The presence or absence of C13-norisoprenoids in grapes and wine can
be influenced by various practices and climatic factors, including leaf removal, cover cropping, and
irrigation [38,39].

2.2. Terpenes

Glycosidically bound compounds consist of an aglycone linked to a disaccharide, such as
pyranoses or furanoses, forming a versatile structure with significant relevance in wine composition.
Over 200 aglycones have been identified in wines, representing a diverse array of chemical classes,
including terpenes, C13-norisoprenoids, volatile phenols, aromatic phenols, C6 compounds, aliphatic
alcohols, aliphatic acids, benzenic compounds, and phenolic acid derivatives [40,41]. Glycosidically
bound compounds are prevalent across various plant species and play a crucial role in the wine
industry, as they serve as the primary precursors for aromatic compounds released during grape
processing. The release of aglycones can occur through enzymatic hydrolysis, which happens during
pre-fermentation, alcoholic fermentation, and malolactic fermentation, or via acid hydrolysis,
typically occurring during wine aging [34,35]. The acid-catalyzed reaction is highly influenced by
factors such as pH, temperature, and the structure of the aglycone compound. In contrast, enzymatic
cleavage can occur either sequentially or in a single step, depending on the enzymes involved. For
instance, a/3-glucosidase facilitates simple glucosidase cleavage in a single step, while other specific
enzymes, such as a-arabinosidase, a-rhamnosidase, and (-glucosidase, target particular sugar
linkages. These compounds are primarily located in the grape skins, making the maceration step
crucial, especially for certain grape varieties like Muscat and Gewtirztraminer, which contain high
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concentrations of both free and bound terpenols [35,38]. Terpenes are essential varietal compounds
in Vitis vinifera grapes, with up to 70 monoterpenes identified across various grape varieties. These
compounds are particularly notable for their strong aromatic qualities. Some of the most frequently
detected free monoterpenes include linalool, geraniol, nerol, a-terpineol, and citronellol. The
concentration of these terpenes is highly influenced by both the specific grape variety and the matrix
used for their determination [41,42]. The typical aroma descriptors for various terpenes include floral,
rose, green, and herbaceous notes. While much attention has been given to geraniol and linalool as
the primary aroma compounds in Muscat varieties, recent studies have shown that several other
compounds also contribute to their distinctive aroma. For example, 3,7-dimethylocta-1,5-dien-3,7-
diol has been identified in Muscat d’Alexandrie grapes, and 3,7-dimethylocta-1,7-dien-3,6-diol in
Muscat Bleu, both of which play a role in the overall aromatic profile [43].

2.3. Sulfur-Derived Organic Compounds (Thiols)

Sulfur-derived organic compounds are primarily associated with thiols, but they can also be
present as thioesters, polysulfides, heterocyclics, or sulfides, all of which contribute to the aroma
profile. Thiols, in particular, can have a significant impact on the aromatic characteristics of wines,
influencing the profile in both positive and negative ways [44]. The majority of thiols in grapes are
not found in their free form but rather as precursors bound to glutathione (GSH) and cysteinylated
conjugates (Cys). During fermentation, the yeast enzymes break down these precursors, releasing
key thiols such as 4-mercapto-4-methylpentan-2-one (4MMP), 3-mercaptohexan-1-ol (3MH), and 3-
mercaptohexyl acetate (BMHA). The (3-lyase enzymes, present in yeast, facilitate the release of these
compounds by taking up the precursors and cleaving the carbon-sulfur bond during the fermentation
process [34,42]. The variation in thiol production across different yeast strains has been investigated
through genetic modifications of Saccharomyces cerevisiae, specifically by deleting or overexpressing
B-lyase genes. The study revealed that thiol precursors such as 4-MMP and 3-MHA were significantly
affected. Deletion of the enzyme led to a reduction of up to 95% in their production, while
overexpression resulted in a remarkable 100-fold increase in thiol levels [41]. Conjugated thiols are
predominantly found in grape skins, and their expression is variety-dependent. 4-MMP was the first
compound identified for its contribution to the guava-like aroma in Sauvignon Blanc wines produced
in South Africa. Other varieties, including Macabeo, Gewiirztraminer, Riesling, Muscat, Colombard,
Petite Arvine, Melon B., Semillon, Verdejo, as well as red grape varieties like Grenache, Merlot, and
Cabernet Sauvignon, also exhibit significant levels of key thiol compounds such as 4-MMP, 3-MH,
and 3-MHA [42,45]. Various viticultural and enological factors can influence the concentration and
expression of thiols in grapes. One such factor is the timing of harvest, which has been shown to
significantly impact the levels of thiols present in the berries [46]. The distribution of thiol compounds
is influenced by both grape variety and winemaking practices, with their biogenesis occurring
through three distinct pathways. The first pathway involves cysteinylated precursors, where S-
cysteine conjugates are formed via the beta-lyase activity of yeast. Key compounds in this pathway
include S-3-(hexane-1-ol)-cysteine (Cys3MH) and S-3-(4-mercapto-4-methyl pentane-2-one)-cysteine
(Cys4MMP). The second pathway focuses on glutathionylated precursors, which produce
compounds such as S-3-(hexane-1-ol)-glutathione (G3MH) and S-3-(4-mercapto-4-methyl pentane-2-
one)-glutathione (G4MMP). The third pathway involves the formation of cysteine-conjugates
through the breakdown of L-glutathione (GSH), with intermediates such as L-cysteinyl glycine or -
glutamylcysteine facilitating this process [47,48]. G3MH and G4MMP were identified as
glutathionylated precursors in Sauvignon Blanc wines, playing vital roles in synthesizing aromatic
compounds [49,50]. Their pathways involve forming C6 unsaturated compounds, which, through
sulfur additions, produce thiols like (E)-2-hexenal, crucial for distinctive wine aromas. [45]. Fruity,
floral, and herbaceous aromas are characteristic of thiolic compounds found in grape varieties such
as Sauvignon Blanc, Gewdirztraminer, and Scheurebe. The threshold concentrations for these
compounds are extremely low, starting at 0.8 ng/l for 4MMP and reaching up to 60 ng/L for 3MH in
hydroalcoholic solutions. Moreover, the enantiomeric forms of these compounds display distinct
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olfactory thresholds, with slight variations in their detection limits [51]. The R and S enantiomers of
3MH have similar perception thresholds (50 ng/L and 60 ng/L, respectively), with R evoking
grapefruit and S reminiscent of passion fruit. In contrast, SBMHA shows a larger difference: (R)-3MHA
gives fruity notes, while (5)-3MHA has herbaceous aromas like boxwood. The detection thresholds
for SMHA are much lower, at 9 ng/L for (R)-3MHA and 2.5 ng/L for (S)-3MHA [45]. In addition to
viticultural practices, the grape variety plays a crucial role in modulating the aroma perception of
enantiomeric compounds. [52-54].

2.4. Methoxypyrazines

Methoxypyrazines (MPs) are nitrogen-containing heterocyclic volatile compounds naturally
present in grapes as free volatile compounds. They are primarily responsible for the distinct
herbaceous and bell pepper aromas characteristic of certain red wines. The concentration of MPs in
wines is closely linked to their initial levels in the grapes from which the wines are produced,
highlighting the significant influence of grape composition on the final aromatic profile of the wine
[55]. Six types of methoxypyrazines (MPs) have been identified across various species, including 2-
methoxypyrazine (MOMP), 3-methyl-2-methoxypyrazine (MEMP), 3-ethyl-2-methoxypyrazine
(ETMP), 3-isobutyl-2-methoxypyrazine (IBMP), 3-isopropyl-2-methoxypyrazine (IPMP), and 3-sec-
butyl-2-methoxypyrazine (SBMP) [56]. MPs are highly potent aromatic compounds present in wines
at trace concentrations, typically between 2 and 30 ng/L. Their strong impact on a wine's aroma
profile stems from their remarkably low sensory thresholds, which range from 1-2 ng/L in water to
2-16 ng/L in wine, enabling them to impart noticeable herbaceous and green notes even in minute
amounts [57]. Two hypothetical pathways have been proposed for the biosynthesis of SBMP, IPMP,
and IBMP. The first involves the amidation of branched amino acids, leucine, valine, and isoleucine,
followed by condensation with a- or (3-dicarbonyl compounds like glyoxal or acetaldehyde. The
second suggests MP synthesis begins with the condensation of two amino acids to form a cyclic
dipeptide. IBMP concentration often exceeds its detection threshold, making it the key compound
responsible for the distinct green pepper aroma in certain grape varieties. Notably, Cabernet
Sauvignon, Merlot, and Sauvignon Blanc are known for their higher levels of IBMP, which greatly
impact their aromatic profiles [55]. Excessive levels of MPs can lead to undesirable green and unripe
aromas, which negatively impact wine quality. High concentrations are not only unwelcome by
consumers but also pose challenges for the wine industry [55].

3. Factors Influencing Aromatic Compounds in Viticulture and Winemaking
Processes

The production of aroma compounds is closely linked to various stages of grape development.
These compounds undergo multiple biosynthetic pathways, each influenced to varying degrees by
climatic conditions, viticultural practices, and winemaking technologies. Vineyard microclimates, in
particular, can be altered through various management practices applied throughout the year, such
as pruning, leaf removal, trimming, cluster thinning, tilling, irrigation, and fertilization. Recent
research has highlighted the significant interaction between vintage, grape variety, and vineyard
management practices in shaping the composition of aroma compounds, particularly aroma
precursors [58-60]. Table 1 presents a selection of studies examining how various viticultural and
winemaking factors influence the composition of aroma compounds in different grape varieties.

3.1. Irrigation

Water deficits have become a prevalent challenge in many viticultural regions, exacerbated by
the intensifying effects of climate change. These shifts in climate patterns are increasingly impacting
grape quality. Notably, the biosynthesis of aroma compounds has been shown to correlate directly
with water stress in vines, highlighting the critical role of water availability in shaping the aromatic
profile of grapes [59]. Sustainable agriculture practices, such as applying controlled water deficits to
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induce moderate stress, can promote the development of specific aroma compound families. While
studies highlight improvements in the concentration of certain aromatic compounds, a deeper
understanding is needed to balance their enhancement and degradation under various water
management strategies [58]. Research on the Merlot grape variety in a semi-arid climate revealed that
water stress significantly reduced C6 compounds—responsible for green and herbaceous aromas in
wine, by up to 62% compared to fully irrigated conditions. Conversely, C13-norisoprenoids,
particularly 3-damascenone in its bound form, showed increased concentrations under moderate
irrigation levels of 35-70% [61]. These findings align with previous studies reporting increased
concentrations of C13-norisoprenoids under water stress [62-64]. Research on Tocai Friulano and
Merlot cultivars further demonstrated significant changes in monoterpene levels under water deficit
conditions. In Tocai Friulano, free monoterpenes such as linalool exceeded their sensory threshold
(25 ug/L), along with linalool oxide, cis and trans-8-hydroxylinalool, 7-hydroxygeraniol, and geranic
acid. In contrast, Merlot exhibited no statistically significant changes in terpene concentration under
similar conditions. However, certain compounds, including trans-8-hydroxylinalool, 7-
hydroxygeraniol, and geranic acid, showed modest increases, while others displayed inconsistent
patterns across the two years studied (2011 and 2012) [65]. In La Mancha, the Chelva variety exhibited
an increased concentration of C6 compounds, contradicting previous findings. Regarding terpene
content, this variety showed a slight decrease under irrigation treatment [66]. Similarly, research on
the Bobal variety, conducted over three vintages (2012, 2013, and 2014), revealed a stronger
correlation between water regimes and aroma compound concentrations than between irrigation
treatments and vintage. Key compounds influenced by the water regime included benzaldehyde,
guaiacol, 4-ethylphenol, 4-vinylphenol, a-ionone, y-decalactone, syringaldehyde, and vanillin.
Interestingly, in contrast to other studies, fully irrigated Bobal vines exhibited higher levels of C13-
norisoprenoids. This was attributed to enhanced carotenoid degradation in the grape skin, which was
more pronounced under full irrigation conditions [67].

3.2. Leaf Removal

Leaf removal is a common practice in viticulture that improves grape and wine quality. It
enhances pesticide effectiveness, reduces grape rot, optimizes yield, and boosts wine quality [68,69].
The influence of leaf removal on aroma compounds varies depending on the cultivar and vintage.
Research by Silviotti et al. (2017) found that early leaf removal in Sauvignon Blanc, conducted before
or after flowering, had no significant impact on thiol precursors or other aroma compounds.
However, these compounds were influenced by the interaction of the treatment timing and yearly
variations, altering the microclimate around the grape clusters. A study conducted in Switzerland on
Petite Arvine reported a decrease in thiol content following the application of leaf removal practices
[70]. Similarly, research on Istrian Malvasia investigated the effects of two leaf removal techniques—
hand leaf removal (HLR) and mechanical leaf removal (MLR). While both treatments reduced the
overall thiol levels, the more intensive HLR resulted in a significant increase in the concentration of
the varietal thiol 3-sulfanylhexan-1-ol, as well as monoterpenes, 3-damascenone, and esters. These
findings highlight the complex influence of leaf removal on thiol dynamics and other aroma
compounds [71]. Conversely, another study, done by Yue et al. (2020) demonstrated that defoliation
in Sauvignon Blanc could enhance the concentration of bound and free monoterpenes in both must
and wine, depending on the intensity and timing of the intervention [72]. For Semillon, leaf removal
before blooming increased specific free and glycoside terpenols and norisoprenoids [69]. Research on
red grape varieties, such as Cabernet Franc and Petit Verdot, highlights the significant influence of
both cultivar and vintage on aroma compound dynamics mirroring findings in white varieties.
Studies revealed that Petit Verdot exhibited a higher concentration of carotenoids compared to
Cabernet Franc, primarily due to differences in the pulp-to-skin ratio. However, Petit Verdot also
showed a greater degradation of carotenoids under the same leaf removal treatments applied to both
cultivars, indicating a cultivar-specific response to vineyard management practices [73]. In Italy, early
leaf removal in Nero d’Avola vines increased (3-damascone, linalool, and its oxides, with composition
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varying by harvest timing [74]. Similar modulation of terpenes was observed in Pinot Noir from
Oregon, where varying leaf removal intensities (0% to 100%) were applied. The effects appeared to
be compound-specific, with 3-damascone following a consistent pattern of increased concentration
under more intensive defoliation, aligning with previous findings [75].

3.3. Bunch Thinning

Bunch thinning is a viticultural practice employed to regulate the source-to-sink ratio, prevent
overcropping, and enhance the accumulation of secondary metabolites, ultimately improving the
fruit's composition [59]. This practice has been shown to significantly enhance the concentration of
aroma compounds. For example, manual cluster thinning at the early veraison stage in Syrah grapes
grown in Palermo, Italy, led to an increase in both varietal and fermentation-derived aromas. The
most notable increase was observed in ester compounds, particularly ethyl esters, likely due to the
greater availability of precursors in the grapes. Additionally, alcohols and terpenes also showed
improved concentrations. Among these, 3-phenylethyl alcohol and 3-methylthio-1-propanol were
identified with increased levels, although still below their olfactory threshold [76]. The impact of
bunch thinning on grape composition is not solely attributed to the thinning itself but also to
additional factors such as timing, intensity, and interactions with other treatments, which can help
achieve the desired results. Research conducted on Pinot noir grapes in Central Otago at varying
thinning intensities (moderate and intense) revealed that aroma compound expression is highly
dependent on the intensity of thinning, likely due to the effect of increased light exposure on grape
aromas. Compounds like -damascone and p-ionone showed higher concentrations with more
intensive thinning and reduced vigor. A similar trend was observed for monoterpenes and C13-
norisoprenoids, whereas medium-chain fatty acids and monocarboxylic esters decreased with more
intense thinning [77]. An intriguing study conducted in Croatia found that cluster thinning resulted
in higher terpene concentrations compared to defoliation treatments, which led to a reduction in these
compounds. Ester compounds, including isobutyl acetate, ethyl lactate, ethyl 2-methylbutanoate,
ethyl 3-methylbutanoate, ethyl furoate, and diethyl succinate, also showed higher concentrations in
the thinned clusters than in those subjected to defoliation [78]. The timing of cluster thinning plays a
crucial role in its impact on grape quality. In a study conducted in China it was found that early
thinning had a more pronounced effect on the concentration of norisoprenoids, while terpene levels
remained unaffected by the timing of the treatment [79]. These findings contradict other studies,
which demonstrated an increase in terpene concentrations, particularly volatile and potentially free
terpenes, when cluster thinning was performed one week prior to the onset of ripening [80].
Mechanization of various vineyard tasks has become essential in certain viticultural regions due to
labor shortages and cost management. While mechanized practices were once thought to
compromise grape quality, recent studies have shown that mechanization can achieve equivalent
quality. Cluster thinning, when mechanized, has also demonstrated benefits, such as enhanced
aromas, acidity, and astringency. However, these effects are dependent on the grape variety and the
timing of the intervention [81].

Table 1. Factors shaping the development of aroma compounds during viticultural and winemaking processes.

Viticultural/Oenological Registered aroma

Grape variety Aroma descriptors*

practice compound changes
Merlot [61] C13-norisoprenois 1 Fruity [82], hFSr;)]aceous, floral
Tocai Friulano . .
L. Monoterpenes 1 Rose, fruity, herbal, citric, floral
Irrigation [65] [84]

Merlot [65] Monoterpenes ]
Frui 2], h floral

Bobal [67] C13-norisoprenois 1 ruity [82], herbaceous, flora

[83]
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Leaf removal

Bunch thinning

Fertilization

Pre-fermentation
practices

Maceratin

Enzyme addition

Nero d’Avola [74]

Sauvignon Blanc

Thiol
(68] iols J
Sauvignon Blanc
[72] Monoterpenes 1
Monoterpenes 1
Semillon [69]

C13-norisoprenois 1

Cabernet Franc
[73]

Petit Verdot [73]

Pinot Noir [75]

Varietal aromas 1

Syrah [76] Esters 1

Higher alcohols 1
Terpenes 1

Monoterpenes 1

Pinot Noir [77]

Medium-chain fatty

acids |

Marastina [78] Esters 1

Cabernet C13-norisoprenois 1
i 7
Sauvignon [79] Terpene |
Sauvignon Blanc .
Thiol
[92] iols 7
Merlot [83] Thiols 1
Sauvignon Blanc .
Thiol
(93] iols |
Merlot [93] Thiols |
Cabernet
Thiol
Sauvignon [93] iols |
Sauvignon Blanc Thiols 1
[94] Pyrazines
Esters 1
T
annat [96] Higher alcohols 1
Esters 1
Monastrell [97] Acetates 1

Higher alcohols 1

Mencia [99]

C13-norisoprenois |
C13-norisoprenois |
Monoterpenes 1

Monoterpenes 1

C13-norisoprenois 1

Terpene 1

Acetates 1
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Fruity, flint, mineral [45,85]

Rose, fruity, herbal, citric, floral
[84]
Rose, fruity, herbal, citric, floral
[84]
Fruity [82], herbaceous, floral
[83]
Fruity [82], herbaceous, floral
[83]
Fruity [82], herbaceous, floral
[83]
Rose, fruity, herbal, citric, floral
[84]
Rose, fruity, herbal, citric, floral
[84]
Black pepper, fruity, black olive
[86]
Fruity [87,88]

Fruity, floral, honey [89]
Fruity, floral, muscatel [90]
Rose, fruity, herbal, citric, floral
[84]

Fruity [82], herbaceous, floral
[83]

Fruity [91]

Fruity, floral, muscatel [90]
Fruity [87,88]
Fruity [82], herbaceous, floral
[83]
Fruity, floral, muscatel [90]

Fruity, flint, mineral [45,85]
Fruity, flint, mineral [45,85]
Fruity, flint, mineral [45,85]
Fruity, flint, mineral [45,85]

Fruity, flint, mineral [45,85]

Fruity, flint, mineral [45,85]
Green aromas [95]
Fruity [87,88]

Fruity, floral, honey [89]
Fruity [87,88]

Citrus, sweet/acid fruit, berry,
floral [98]

Fruity, floral, honey [89]
Citrus, sweet/acid fruit, berry,
floral [98]
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Terpenes 1 Fruity, floral, muscatel [90]
Albarino [100] C13-norisoprenois 1 Fruity [82], herbaceous, floral
[83]
. Sauvignon Blanc ) ) . .
Pressing pressure [101] Thiols 1 Fruity, flint, mineral [45,85]
Merlot [102] Terpenes 1 Fruity, floral, muscatel [90]
Moscatell [103] Esters 1 Fruity [87,88]
Esters 1 Fruity [87,88]
3-methyl-1-butanol | Earthy, solvent [105]
Aurore [104] 2-phenylethanol | Floral, rose [105]
Fusel [106], Herbaceous,
Amyl alcohols 7 whiske[y, m]alt, burnt [107]
Esters 1 Fruity [87,88]
3-methyl-1-butanol | Earthy, solvent [105]
] ) Aurore [104] 2-phenylethanol | Floral, rose [105]
Fermentation practices
(Temperature/yeast Amyl alcohols 1 Fusel [106], Hlerbaceous,
strain) whiskey, malt, burnt [107]
Syrah [108,109] Terpenes 1 Fruity, floral, muscatel [90]
Sau‘ﬁggfl)g 9]?Ianc Terpenes 1 Fruity, floral, muscatel [90]
Tempranillo [110]  Higher alcohols 1 Fruity, floral, honey [89]
Verdejo [111] Higher alcohols 1 Fruity, floral, honey [89]
Syrah [112] Higher alcohols 1 Fruity, floral, honey [89]
Char dso(;a;];}'] [113] Higher alcohols | Fruity, floral, honey [89]
Barbera [114] Higher alcohols | Fruity, floral, honey [89]
Verdicchio [114] Esters 1 Fruity [87,88]

| - decrease in compound concentration; 1 - increase in compound concentration; § - Compound concentration
remains unchanged or shows insignificant variations; *Aroma descriptors identified in previous studies for

compounds present in wines.

3.4. Fertilization

Foliar fertilization has been employed for decades as a means of combating parasitic fungi, but it
has been observed to occasionally produce unintended effects on the final product. These observations
spurred research into the influence of fertilization on wine composition, particularly in white wines. In
a study on Sauvignon Blanc from Bordeaux, nitrogen application (in the form of ammonium nitrate)
showed no significant increase in the concentration of volatile thiols. However, nitrogen treatment
using urea significantly elevated the levels of 4AMMP. Furthermore, a combined application of nitrogen
and sulfur enhanced the concentrations of key volatile thiols, including 4MMP and 3MH [92]. In
California, the concentration of 3-isobutyl-2-methoxypyrazine (IBMP) in Merlot grapes was found to
change under specific conditions. The compound increased notably when full irrigation was combined
with supplementary nitrogen application, a response influenced by the shading effect during fruit
development. Notably, no other aroma compounds were affected by these treatments in this study [83].
Copper, widely used in pest management and now predominantly as a biopesticide in organic
viticulture, has been shown to influence grape aroma profiles. A study conducted in Bordeaux
examined the impact of copper on thiol concentrations in three grape varieties (Sauvignon Blanc,
Cabernet Sauvignon, and Merlot) revealing noticeable effects on aroma composition [93].

3.5. Pre-Fermentation Practices

Viticultural practices play a significant role in the development of secondary metabolites, but
certain technological steps can also influence the expression of these compounds. While primarily
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linked to vineyard management, the method of harvest—mechanical or manual—has been shown to
affect thiol concentrations, particularly in Sauvignon Blanc. In Marlborough, machine-harvested
Sauvignon Blanc grapes exhibited higher levels of 3MH and 3MHA compared to hand-picked grapes.
The same study also explored cryogenic maceration, which led to a threefold increase in thiol
concentrations. Additionally, the mechanical harvesting method was associated with the presence of 2-
methoxy-3-isobutylpyrazine (MIBP), a compound absent in hand-harvested grapes [94]. Another study
from the same region in New Zealand corroborated these findings. Sauvignon Blanc grapes, harvested
both mechanically and manually from five different vineyard sites, demonstrated that varietal thiols
were present at significantly higher concentrations in the machine-harvested grapes [115,116].

Pre-fermentative maceration is one of the most widely studied and utilized techniques for
enhancing aroma extraction from grapes. Prolonged skin-to-must contact during this process has
been shown to significantly improve the extraction of various phenolic and volatile compounds,
contributing to a more complex and nuanced aromatic profile [117]. A study on young red wines
from Uruguay, made from the Tannat variety, compared cold pre-fermentative maceration with
traditional skin maceration, revealing variations across vintages. Ethyl acetate concentrations showed
notable increases in 2006 and 2009, while higher alcohols exhibited elevated levels consistently across
all four studied years (2006-2010). These changes in aroma composition may be attributed to the
influence of non-Saccharomyces yeasts, which have recently been recognized for enhancing the
aromatic profiles of various wines [96]. A similar technique was applied to Monastrell grapes in
Valencia, with cold soaking conducted under varying parameters. Two temperature ranges (6-8 °C
and 0-2 °C, using dry ice) and maceration durations (4 and 8 days) were tested, showing
improvements across all methods. Notably, pre-fermentation with dry ice significantly enhanced the
production of acetates and esters. These findings align with results from Bastante et al. (2011) and
Diana De Santis et al. (2010). Additional compounds, such as diethylglutareate, isobutanol, 2-
phenylethanol, and isoamyl alcohols, were also found in higher concentrations under dry ice cold
soak conditions. Interestingly, prolonged pre-fermentation time did not necessarily result in a more
complex aromatic profile, with the degree of grape maturation emerging as the more critical factor
[97,118]. The combination of maceration and hyperoxygenation has emerged as a key factor in
enhancing the development and extraction of aroma compounds. This approach notably increased
the concentrations of a wide range of volatile compounds, including esters, acids, alcohols, and
terpenes. Among these, isoamyl acetate and ethyl decanoate exhibited particularly significant
increases in their concentration levels [117].

Various techniques and factors applied during the pre-fermentation and fermentation stages,
particularly for red grapes, play a significant role in the extraction and modulation of grape aromas,
ultimately shaping the wine's aromatic profile. Pre-fermentative enzyme addition has garnered
considerable attention among researchers for its ability to release phenolic and volatile compounds.
For instance, hexyl acetate concentrations were observed to increase during enzymatic maceration
compared to cryo-maceration. Conversely, hexanal levels tended to decrease with enzyme usage,
highlighting the distinct impacts of these approaches on aroma compound composition [99]. A study
on Albarifio grapes demonstrated that the use of maceration enzymes led to an increase in the
concentration of free terpenes and norisoprenoids. These findings align with results from other
research, further supporting the role of enzyme application in enhancing these key aromatic
compounds [100,119]. The combination of maceration and clarification enzymes exhibited a
contrasting effect compared to maceration enzymes alone, particularly in the concentrations of the
two previously mentioned aroma compounds. However, other aroma compounds, such as alcohols,
fatty acids, and acetates, showed an increase in concentration with enzymatic maceration treatment.
This enhancement was found to be more beneficial than in wines produced without any treatment or
those treated with enzymatic clarification followed by additional malolactic fermentation [120].

Grape pressing is a crucial stage in the vinification process, playing a significant role in both
glutathione extraction and the development of varietal aromas. A study on three different New
Zealand Sauvignon Blanc clones, pressed at three distinct pressures (0.4, 1.2, and 2 atm),
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demonstrated an increase in the concentration of 3MH-S-cys (S-(3-hexanol)-cysteine) across all
pressing cycles. However, the accumulation of this aroma compound varied with the applied
pressure, with higher atmospheric pressure resulting in a greater concentration of 3MH-S-cys. In
contrast, the effect on 2-methoxy-3-isobutylpyrazine (IBMP) was less pronounced, as its
concentration was already elevated in the free-run juice [101]. Although it was expected that wines
with higher concentrations of 3MH and 3MHA would result from the increased presence of the
precursor 3MH-S-cys under more aggressive pressing, an unexpected finding from another study
revealed that the highest levels of thiols were actually detected in the free-run wines. This
discrepancy may be attributed to increased oxidation in the pressed juices, which could have affected
the thiol profile [121].

3.6. Fermentation Practices

Throughout the vinification process, numerous factors can be strategically manipulated to shape
the wine's aromatic profile. These include fermentation temperature, availability of molecular
oxygen, the type and source of nitrogen, the specific yeast strain used for inoculation, and the
composition and quantity of grape-derived solids. Each of these elements plays a crucial role in
influencing the development and expression of aroma compounds in the final wine [122]. Aromatic
complexity undergoes a significant transformation during alcoholic fermentation, primarily due to
the activity of the wine yeast Saccharomyces cerevisiae. This yeast synthesizes a wide range of volatile
compounds, including esters, higher alcohols, fatty acids, and sulfur-containing compounds, which
contribute to the wine's sensory profile. Additionally, S. cerevisiae facilitates the enzymatic release of
varietal aroma precursors present in the grapes, such as glycosidically bound terpenes,
norisoprenoids, and thiols, further enhancing the aromatic diversity. The interplay between yeast
metabolism, fermentation conditions, and grape-derived precursors is key to the development of the
wine's complex aroma bouquet [123].

3.6.1. Temperature

In white wine production, fermentation temperatures are typically maintained between 12°C
and 18°C to preserve the wine's fresh and fruity characteristics. This cooler fermentation range slows
yeast metabolism, reducing the formation of higher alcohols and volatile compounds that might
overshadow delicate fruit and floral aromas [124]. In contrast, red wines are often fermented at higher
temperatures, ranging from 20°C to 30°C. These elevated temperatures enhance the extraction of
color, tannins, and complex aromas from the grape skins, contributing to the wine's structure and
depth [125]. A study on Merlot grapes in Argentina explored the impact of fermentation temperature
and Saccharomyces cerevisiae strains, including low-temperature-adapted and commercial strains.
While the total volatile compound content remained stable, ester production increased at 15°C for
most strains, with one isolated strain showing a different trend. Certain aroma compounds, such as
fatty acids, were more influenced by yeast strain than by temperature. Combining thermomaceration
with low-temperature fermentation improved aromatic complexity without affecting color or
production time, offering an efficient alternative to traditional winemaking [102]. Similarly, research
in Spain on Moscatell grapes fermented with commercial S. cerevisiae strains revealed increased levels
of fusel alcohols and their esters. Terpenes were found in higher concentrations at a lower
fermentation temperature (13°C vs. 25°C), while alcohols also showed elevated content under cooler
fermentation conditions [103].

3.6.2. Yeast Strain

The findings from the previous two studies are further supported by research conducted in
Poland on the Aurore grape variety, also known as Seibel 5279, Feri Sz616, Financ Sz616, or Redei.
This study introduced an additional critical factor influencing aroma compound development: the
type of yeast employed during fermentation. In addition to the commonly used Saccharomyces
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cerevisige, the researchers also utilized a strain of Saccharomyces bayanus, highlighting the significant
role yeast selection plays in shaping the aromatic profile of wines. Esters, the dominant volatile
compounds in Aurore wines and musts, are closely linked to fruity and desirable sensory properties
across wine styles. Unlike yeast strain, fermentation temperature showed minimal impact on ester
content. Notably, one S. cerevisiae strain produced the highest ester levels overall, while at higher
fermentation temperatures, S. bayanus exhibited superior ester production. Alcohol compounds
displayed varied responses to fermentation temperatures. Compounds such as 3-methyl-1-butanol
and 2-phenylethanol decreased under cooler conditions, while amyl alcohols exhibited the opposite
trend, highlighting the interplay between yeast activity and fermentation parameters in modulating
wine composition [104]. Certain non-Saccharomyces yeast strains, such as Lachancea thermotolerans, are
increasingly recognized for their contributions to wine aroma and acidification. Known for its ability
to enhance wine acidity, L. thermotolerans has also been found to produce aroma compounds that
positively influence the sensory profile. It is not the only non-Saccharomyces yeast exhibiting such
traits; notable examples include Candida zemplinina, Torulaspora delbrueckii, Schizosaccharomyces pombe,
and Pichia kluyveri. In fermentations involving L. thermotolerans, particularly in sequential
inoculations with Saccharomyces cerevisiae, studies have reported an increase in terpene compounds,
significantly enhancing the aromatic complexity of wines produced from Sauvignon Blanc and Syrah
grapes. This highlights the potential of non-Saccharomyces yeasts as tools for modulating wine aroma
and structure. [108,109]. Torulaspora delbrueckii was the first non-Saccharomyces yeast to be proposed
for commercial wine fermentation, primarily due to its ability to exhibit fermentative characteristics
comparable to those of Saccharomyces cerevisiae. Several studies have reported that wines fermented
with Torulaspora delbrueckii generally exhibit a reduction in higher alcohol concentrations compared
to those produced with pure Saccharomyces cerevisiae fermentations. This reduction enhances the
perception of varietal aroma compounds, contributing to a more refined sensory profile [110-112].
However, the impact of T. delbrueckii on higher alcohol content is not uniform across strains. Some
research indicates an increase in these compounds, highlighting the influence of strain variability on
fermentation outcomes [113,114]. Additionally, the concentration of higher alcohols has been found
to depend significantly on nitrogen availability and content in the fermentation medium, further
emphasizing the multifaceted factors shaping aromatic profiles in winemaking [126]. Canonico et al.
(2018) reported a notable increase in ester production during the sequential fermentation of
Torulaspora delbrueckii and Saccharomyces cerevisiae in the secondary fermentation of sparkling wines.
This finding aligns with other studies that have similarly highlighted the ability of T. delbrueckii to
enhance ester concentrations, thereby contributing to greater aromatic complexity. This effect is
particularly pronounced in the enhancement of fruity aromas, significantly enriching the sensory
profile of the wines [127,128]. An intriguing yeast strain, Schizosaccharomyces pombe, has been utilized
in co-fermentation with Lachancea thermotolerans to produce wines characterized by low acetic acid
levels, the complete depletion of malic acid, and a significantly higher concentration of total esters
compared to wines fermented with commercial Saccharomyces cerevisiae strains [129].

The development of primary and secondary aromas in wine is significantly influenced by yeast
activity, fermentation temperature, and other factors during the winemaking process. Researches
indicate that non-Saccharomyces yeasts contribute to a broader spectrum of volatile aroma
compounds compared to Saccharomyces cerevisiae. This diversity arises from the unique enzymatic
profiles of each yeast species, as they produce varying concentrations of extracellular enzymes. These
enzymes interact differently with grape-derived precursors, resulting in distinctive effects on the
wine's aromatic profile.

4. Volatile Compound Profile of the Grape Pomace

The chemical composition of grape pomace is highly complex and diverse, including various
classes of compounds such as alcohols, organic acids, aldehydes, esters, pectins, polyphenols,
minerals, and sugars [130]. The complex composition of these compounds underscores their
significance in the residual properties of pomace while offering promising ways for recovery and use
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across diverse applications. This highlights the potential of grape pomace as a valuable resource for
creating functional ingredients, bioactive substances, and sustainable byproducts for the food,
cosmetic, and pharmaceutical sectors [131,132]

Grape pomace extracts hold great promise for enhancing the sensory characteristics of food
products, delivering unique flavors and aromas that boost their appeal to consumers. The sensory
effects are largely attributed to the diverse array of volatile organic compounds (VOCs) found in
grape pomace, which play a crucial role in defining its distinctive flavor profile [133]. Thanks to their
low odor thresholds, these compounds offer significant potential for enhancing and diversifying
flavors, opening new avenues for innovation in the food industry [134,135].

The core aroma profile of wine and distilled alcoholic beverages is made up of the same primary
groups of volatile compounds - alcohols, esters, acids, aldehydes, and acetals. However, their
proportions vary greatly depending on the origins of the raw materials and the processing techniques
used [136]. Spirits derived from fermented grape pomace are deeply ingrained in the cultural and
culinary traditions of Mediterranean countries, where they are celebrated for their distinctive flavors
and rich heritage. Across the globe, various nations produce traditional distilled alcoholic beverages,
each reflecting local raw materials, customs, and techniques [137]. The grape pomace serves as a vital
ingredient in the creation of these spirits. Through distillation, the process uncovers and amplifies
the complex aroma compounds naturally retained in the grape pomace, adding to the unique sensory
profile of the final spirit (Table 2). In 2008, a study conducted in Italy examined four grape pomace
varieties (Nero d’Avola, Frappato, Cabernet Sauvignon, and Nerello Mascalese), using steam
distillation-extraction. The analysis identified a total of 38 volatile compounds across all samples. The
dominant class of aroma compounds in the grape pomaces was ethyl esters of aliphatic acids,
followed by acetals. Additionally, a small amount of terpenes was detected, particularly in the
Frappato variety, though the overall concentration of these compounds was relatively low [130].

A comparative study of Italian and Spanish grape marc spirits, specifically Grappas and Orujos,
produced from both monovarietal and plurivarietal grape marcs, revealed notable differences in
aroma compound concentrations between the samples. These results emphasize the pivotal role of
grape variety in determining the quality and intended use of grape marc in spirit production.
Grappas were found to have a lower content of aroma compounds compared to Orujos, a difference
that may also be influenced by variations in distillation techniques (Orujos - distilled in alembic,
heated directly by fire or in steam distillation unit and the Grappas - distilled in alembic, but in this
case, the grape marc was heated with water bath). Notably, the alcohols category exhibited the
highest concentration among the analyzed compounds. In contrast, the levels of ethyl esters and
acetates, known for contributing to fruity and floral notes [138], showed considerable variability,
strongly influenced by the grape variety [139]. Higher alcohols were also identified as the most
abundant compounds in experiments involving the distillation of five red grape marc varieties from
Greece: Kalambaki, Roditis, Xinomavro, Zambella, and Agiorgitico. 2-Phenyl ethanol, a compound
known for imparting a characteristic rose-like aroma to distillates, was found in relatively high
concentrations in most grape pomace varieties studied, with the exception of the Xinomavro variety.
Methanol was determined, as in all other research, to be under the limits of acceptability based on
the Regulation (EU) 2019/787 of the European Parliament and of the Council [140]. Methanol, a toxic
compound that can cause blindness and even death if ingested in significant amounts, is produced
in grape pomace through the enzymatic degradation of pectin by native pectinases [141]. Microbial
activity accelerates pectin breakdown, increasing methanol concentrations in grape pomace distillate.
Proper fermentation and distillation management is crucial to minimize methanol and ensure spirit
safety [137]. Ethyl acetate, often regarded as the most abundant ester in white wines and known to
contribute to altered sensory properties at high concentrations [142], was detected in relatively low
amounts. At low concentrations, this compound enhances the aroma with positive sensory attributes
[137,142]. The analysis revealed that the grape pomace varieties exhibited lower levels of aldehydes
and volatile esters compared to other compounds. The concentrations of other volatile compounds
varied significantly depending on the grape variety, highlighting the influence of raw material
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characteristics on the chemical composition and sensory properties of the final [137]. In Romania,
Coldea et al. (2013) investigated the distillation process of various red grape pomaces, though specific
varieties were not mentioned. The study confirmed that higher alcohols were the predominant
compounds, consistent with findings in similar research. Acetaldehyde, ethyl acetate, and methanol
were detected in low concentrations, ensuring the safety of the distillates for human consumption.
The predominant aromas imparted by alcohols and acetates are primarily herbaceous and fruity in
character [143]. One of the earliest studies on the aroma compounds in grape pomace was conducted
in 1983 in France, focusing on the Muscat de Frontignan variety. The study identified 210 volatile
compounds, with 73 found in the grape pomace and the remainder in the wine. Acetals were detected
in significant quantities, including some identified for the first time. However, their elevated levels
in the aromatic extracts were likely influenced by the extraction conditions, which can significantly
alter their natural concentrations.The pomace also showed high levels of saturated and unsaturated
C6 alcohols and aldehydes, compounds believed to form during the pressing process. These
contribute herbal, green, and floral notes, which are vital to the sensory profile of the pomace.
Additionally, terpene alcohols and some of their oxides were identified during the compound
extraction process. These terpenes are characteristic of Muscat grape varieties, further emphasizing
the unique aromatic properties of this grape pomace [144]. A 2020 study stands out as one of the few
focused on optimizing enzyme-assisted pre-treatment for extracting aroma compounds from grape
pomace.This research explored various extraction methods, assessing the impact of factors such as
pre-treatment techniques, enzymatic hydrolysis time, solvent concentration, and distillation duration
to identify the most effective approach for maximizing aroma compound recovery. In this study, a
total of 65 compounds were identified in Chardonnay grape pomace. These compounds were
categorized into the following classes: 16 alcohols, 1 alkane, 1 aldehyde, 9 esters, 3 ketones, 4 phenols,
6 terpenes, and 1 furan. Alcohols were the most abundant class, consistent with findings from other
studies. Among them, 1-hexanol was present in the highest concentration, contributing floral and
herbaceous notes [145]. Phenols emerged as the second most abundant group, with benzaldehyde,
phenylacetaldehyde, and 2-phenylethanol representing the dominant compounds, imparting floral,
rose, fruity, and honey-like aromas [145,146]. Although terpenes, along with other compounds such
as alkanes, aldehydes, esters, and ketones, were detected in lower concentrations, they significantly
influenced the overall aroma profile. Together, these compounds account for a wide spectrum of
aroma descriptors, including fruity,floral green, and vegetal notes, showcasing the complex and
nuanced aromatic potential of Chardonnay grape pomace [146].

Table 2. Aroma compounds identified in grape pomaces using distillation techniques.

Grape pomace . Partisu lar Main volatile ~ Concentration .
. Region Examined Aroma descriptor™ References
(variety) compounds (ug/mL)
Parameters
1-butanol 0.84 - 0.96 Alcohol, medicine [147]
Alcohols Floral, cut grass, herbaceous
I-hexanol 158=925 1147148, v%oody, resin [149]
S-methylbutyl 51 0.0 Banana [150]
Esters acetate
Chardonnay Australia Ethyl benzoate 0.01-0.02  Floral, fruity, chamomile [151] [146]
Aldehydes  2-undecanone 0.01 Pineapple, fruity notes [152]
Phenylacetaldehyde 0.08 —0.87 Fruit [152]
Phenols Benzyl alcohol 0.17-0.92  Chocolate, fig, tobacco [153]
2-Phenylethanol 0.16 - 0.76 Floral, rose [105]
Terpenes Nerol 0.03 Lime, roses [154]
Geraniol 0.21-0.22  Citrus, floral, geranium [150]
Ethyl hexanoate 0.38 - 1.08 Anise, caramel, fruit, wine
Nero d’Avola [149]
Nerefll‘:i/ll):st:alese Italy Esters Ethyl octanoate 0-0.02 Fruit, must, S[(iil;i sweet, waxy [130]
Cabernet Sauvignon Ethyl decanoate 0.01-0.03 Brandy, fruity, grape [107]

Ethyl dodecanoate  0.01 —0.02 Fruit, soap, sweet [149]
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2-butanol 0.01—0.06 Alcohol, medicine, off-flavour
[147]
1-propanol 0.17-0.2 Fusel, alcohol, ripe fruit [155]
3-methyl-1-butanol  0.52 - 0.89 Earthy, solvent [105]
Alcohols .
2-methyl-1-butanol 0.16 -0.3 Fermented, malt, wine [156]
Floral, cut grass, herbaceous
1-h 1 .
exano 0.03 [147,148], woody, resin [149]
Orujos™ 2-phenylethanol 0.04 - 0.07 . .Ftlorellls, ;ose ['1105]1' . [139]
Spain Ethyl acetate 0.3-0.45 ruity [153], nail polis
Acetat remover [105]
S Ethyl decanoate  0.05 - 0.07 Fruity, apple [151]
Italy Ethyl lactate 0.06 — 0.23 Solvent [105]
. Liquorices, nutty,
1,1-dieth h .04 - 0.
Aldehydes "’ diethoxyethane  0.04-0.9 pungent, wood [149]
d acetal . - -
and aceta Acetaldehyde 023 - 025 Unripe walnut, bruised fruit
[157]
i Inut ised fruit
Aldehydes  Acetaldehyde 0.03 - 0.04 Unripe wa IHIS’;NIse o
Fruity [1 il polish
. Acetates Ethyl acetate 0.1-0.16 ruity [153], nail polis
Variety not remover [105]
mentioned Romania Methanol 0.65-0.73 Alcohol [158] [143]
(red grapes) 1-propanol 0.03 Alcohol [151]
Alcohols  Isobutylic alcohol 0.07-0.08 Alcohol, nail polish, fusel [107]
. Fusel [106], Herbaceous,
Isoamylic alcohol ~ 0.12-0.14 whiskey, malt, burnt [107]
Floral, cut grass, herbaceous
I-hexanol S () 1147,148], woody, resin [149]
Alcohols C%s 2-hexen-1-ol ns (++) Grass aroma, appels [159]
Cis 3-hexen-1-ol ns (++) Green aroma [160]
2-octen- 1-ol ns (++) Fresh mushroom [161]
2-phenyl-1-ethanol ns (+) Rose [89]
Hexanal ns (+++) Floral [152]
Aldehydes  Benzaldehyde ns (+) Almond, fragrant [107]
Phenylacetaldehyde ns (+) Fruit [152]
3-hyd -2-
Ketones yaroxy ns (+) Unctuous, milky [162]
. butanone
Muscat de Frontignan France - [144]
3-methylbutyl ns (+) Fruity, bananas, pears, acetone
Esters acetate [163]
Hexyl acetate ns (+) Redberry [105]
Lactones  y-butyrolactone ns (+) Creamy, oily, fatty, caramel
[164]
R Citrus, clove, floral, fresh,
[3-citronellol ns (+++)
green, rose, sour, sweet [107]
Geraniol ns (+++) Citrus, floral, geranium [150]
Terpenes -
Linalool ns (+++) Floral, lavender [107]
Nerol ns (+++) Lime, roses [154]
a-terpineol ns (++) Flowers, lilies, sweet [107]
Methanol 0.41-0.98 Alcohol [158]
1 - propanol 0.06 - 0.28 Alcohol [151]
2 —methyl - butanol  0.13-0.83 Fermented, malt, wine [156]
2 —methyl -
methy 0.11-0.35  Alcohol, nailpolish, fusel [107]
Alcohols propanol
Kalambaki, Roditis, H 1 0-0.17 Floral, cut grass, herbaceous
Xinomavro, Zambella, Greece exano : [147,148], woody, resin [149]  [137]
Agiorgitico Fusel [106], Herbaceous,
3-Methyl-butanol ~ 0.14 - 0.70 whiskey, malt, burnt [107]
Unripe walnut, bruised fruit
Aldehydes  Acetaldehydes 0.19-0.92 [157]
Esters Ethyl acetate 0.15-0.66 Fruity [153], nail polish

remover [105]

ns — not specified; + - low concentration; ++ - medium concentration; +++ - high concentration; ** Aroma

descriptors identified in previous studies for compounds present in wines; 7 plurivarietals + 12 monovarietal

— Albarino, Godello, Treixadura, Mencia), Grappas (4 plurivarietals + 6 red monovarietal — Schiava, Teréldego,

Chardonnay, Muller Thurgau).
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5. Exploring Sensorial Characteristics in Pomace Valorization: The Impact of
Long-Maceration on White Wines

The pomace generally remains in contact with the must or wine for several hours to several days,
influenced by factors such as grape type, variety, and the winemaking method chosen. Winemakers
carefully adjust this duration to achieve specific attributes in the final product, including color, tannin
structure, and flavor complexity. Recently, a unique winemaking style has gained popularity:
prolonged macerated white wines, commonly referred to as "orange" wines [165]. This technique
involves an extended maceration-fermentation phase, during which the pomace remains in contact
with the juice for a significantly longer time than in traditional white wine production. As a result,
orange wines exhibit distinctive sensory characteristics, such as enhanced structure, pronounced
tannins, and complex flavors, setting them apart from conventional white wines [107].

Maceration plays a crucial role in defining the aromatic profile of wine by enabling the extraction
and transformation of key aroma compounds from grape skins, seeds, and occasionally stems. These
compounds, such as terpenes, thiols, esters, and phenolics, are integral to shaping the wine's sensory
attributes, including its aroma, flavor complexity, and overall character. In different researhes the
impact of the maceration of the above mentioned aroma compounds was analyzed. erpenes, which
contribute floral and citrus aromas, are primarily extracted from grape skins during maceration.
Aromatic varieties like Muscat and Riesling particularly benefit from controlled maceration, which
enhances terpene levels and intensifies their characteristic aromas [166]. Thiols, known for their
tropical and citrus notes, are especially prominent in Sauvignon Blanc. While extended skin contact
can elevate thiol precursor concentrations, excessive maceration may lead to oxidation or suppression
of these compounds, diminishing their aromatic impact [167].

Phenolics, also extracted during maceration, interact with volatile compounds in ways that
influence aroma perception. Depending on the wine style and grape variety, these interactions can
either amplify or diminish specific aromas [168]. Prolonged maceration increases the extraction of
tannins and anthocyanins, enhancing spicy, earthy, and robust flavors while potentially
overshadowing delicate fruity and floral notes, especially in red wines. Short maceration preserves
fresh, fruit-forward aromas, ideal for white and rosé wines, while extended maceration develops
deeper, more complex profiles with dried fruits, spices, and earthiness. However, excessive
maceration can lead to excessive bitterness and diminish the grape's varietal character [169].

Recent studies on the impact of maceration on aroma compounds have predominantly focused
on red wines or white wines subjected to moderate maceration (up to two weeks), as highlighted in
earlier research. However, a growing body of work (Table 3) has started to explore the sensory
characteristics of white wines subjected to prolonged maceration [170-172]. This emerging
winemaking method significantly alters the profiles of various aroma compounds, particularly
monoterpenes and norisoprenoids [173]. The extended contact with grape skins results in wines with
more complex and intense sensory qualities. Notably, fruity and floral aromas were enhanced, with
higher concentrations of monoterpenes contributing to pronounced citrus and floral notes. The wines
also exhibited an improved mouthfeel, showcasing a richer texture and fuller body. These changes
were attributed to the increased release of both aromatic and phenolic

Table 3. Up-to-date aroma compounds identified in prolonged macerated white wines and their possible odors.

Class of examined

Grape variety Volatile compounds  Conc (ug/L) Aroma descriptor™

parameters
i fl -li
Linalool 53_75 Ginger, OW(.?I‘S ,grape-like , sweet,
citrus [158]
a-Terpineol 22-39 Flowers, lilies, sweet [174]
Monoterpenes .
Garganega Citronellol 24_67 Citrus, clove, floral, fresh, green, rose,
[171] ' ' sour, sweet [149]
Geraniol 4.7 -5.7 Citrus, floral, geranium [150]
Isoamylacetate 182.5-278.9 Banana, pear [175]
Esters

Ethyloctanoate 305.7-413.0 Fruit, must, soap, sweet, waxy [149]
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Ethyldecanoate 90.7-90.9 Brandy, fruity, grape [174]
Norisoprenoids 3-oxo0--ionol 81.2-90.9 Burnt, spicy [175]
Benzenoids Vanillin 12.8-51.3 Sweet, vanilla [149]
Linalool 54 Ginger, ﬂow'ers,grape-like, sweet,
citrus [158]
a-Terpineol 8.6 Flowers, lilies, sweet [174]
Monoterpenes 5
Citronellol 31 Citrus, clove, floral, fresh, green, rose,
Lo sour, sweet [149]
Verdicchio Geraniol 2.2 Citrus, floral, geranium [150]
tzt Isoamylacetate 572.8 Banana, pear [175]
Esters Ethyloctanoate 649.4 Fruit, must, soap, sweet, waxy [149]
Ethyldecanoate 144.9 Brandy, fruity, grape [174]
Norisoprenoids 3-oxo0--ionol 119.5 Burnt, spicy [175]
Benzenoids Vanillin 117.6 Sweet, vanilla [149]
Linalool 111.65 - 113.91 Ginger, ﬂow.ers,grape—like, sweet,
citrus [158]
Monoterpenes Geraniol 40.22 - 44.79 Citrus, floral, geranium [150]
a-Terpineol 46.52 - 76.68 Flowers, lilies, sweet [174]
Norisoprenoides {3-damascenone 11.08 - 19.27 Floral, red berries [37]
Malvazija Alcohols 1-Hexanol 4329 —4752  Floral, cut grass, herbaceous [147,148]
istarska [172] Hexanoic acid 3820 - 9834 Fruit, Fresh, Sweet [176]
Ethyl 3- Fusel [106], Herbaceous, whiskey,
methylbutanoate 4674-53.14 malt, burnt [107]
Fatty acids Ethyl octanoate 732 - 871 Fruit, must, soap, sweet, waxy [149]
2-Phenethylacetate 43.27 - 47.89 Floral, rose [105]
Isoamyl acetate 1030 - 1062 Banana, pear [175]
Ethyl lactate 152,14 - 160,33 Floral, fruity, sweet [177]
a-Terpineol 114.7 Flowers, lilies, sweet [174]
Monoterpenes Linalool 374 Ginger, ﬂow'ers,grape-like, sweet,
citrus [158]
C13-norisoprenoids Vitispirane 37.1 Camphor, spicy, wood [149]
Malvazii Isobutanol* 48.3 Alcohol, nail polish, fusel [174]
istars;( :?izr:];ak) Higher alcohols Isoamyl alcohol* 2435 Fusel [106], Herbaceous, whiskey,
[173] malt, burnt [107]
Ethyl acetate 75.1 Fruity [153], nail polish remover [105]
Esters Ethyl hexanoate 145.7 Anise, caramel, fruit, wine [149]
Ethyl octanoate 128.1 Fruit, must, soap, sweet, waxy [149]
. 4-Ethylguaiacol 445.7 Phenolic, sweet [157]
Volatile phenols 4-Ethyy§phenol 119.0 Medicinal, stable [157]
Monoterpenes Linalool 1.94 Ginger, ﬂow.e rs,grape-like, sweet,
citrus [158]
Chenin Blanc Alcohols Tsopentanol 3533 Fusel, alcoholic, fermented, pungent,
[178] bready, yeasty [179]
Esters Isoamyl acetate 183.2 Banana, pear [175]
Ethyl hexanoate 295.5 Anise, caramel, fruit, wine [149]

* Concentrations expressed in mg/L; ** Aroma descriptors identified in previous studies for compounds present

in wines produced through extended maceration in white wine productioncompounds during prolonged

maceration. As a result, the wines displayed a wider spectrum of flavors, ranging from ripe fruit to delicate spice

and herbal nuances, setting them apart from those made with shorter maceration times [107].

Beyond the sensorial characteristics outlined in Table 3, there is a notable lack of research on the

grape pomace left after the production of white wines with prolonged maceration. Investigating this

topic would be of significant interest, particularly in determining whether further extraction of aroma

compounds from the pomace is possible. Such compounds could potentially be used in other food
products, offering additional value. Furthermore, exploring this area could shed light on the
mechanisms at play during extended maceration periods, particularly those exceeding one month,

providing a deeper understanding of how prolonged maceration influences both the wine and its

byproducts.
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7. Exploring Future Applications of Aromatic Compounds Extracted
from By-Products

The high interest in the extraction of valuable compounds from the horticultural wastes has
triggered also the grapegrowing industry. Another factor turning the sector of grapes towards
finding new approaches in reusing the grape pomace componds was the elimination of the subsidy
to distillation in 2013, throwing the wineries to enhance new ideas and approaches in the waste
management [180]. At a first, traditional applications such as animal feed formulas or soil fertilizers
were researched. Lately, a deeper characterization of the chemical compounds determined in the
grape wastes allowed a wider application spectrum, for example grape-seed oil, dietary fibres, food
and health supplements, biofuels and many others [181]. Most of the studies have strongly focused
on the phenolic compounds as having several health benefits therefore the potential application of
the aroma compounds recovery from the grape wates was evaluated and considered at a lower
extent. Up to this point only a few researches focused on the extraction of the aroma compounds from
the pomace as a waste [130,182-184]. Most of these researches pointed as the main interest an
approach in improving the extraction method of the targeted compounds. The step of isolating
specific volatile and non-volatile compounds strongly relies on the extraction process. The type of the
chosen extraction method will stongly influence the final quality of the products. Generally, as being
a solid material the extraction methods most suitable to be used on the waste grape should be the
solid-liquid method as it is the method which duplicates the fermentation technology [40].

Aromas are fundamental in defining the sensory experience of food products, directly
influencing consumer satisfaction, acceptance, and loyalty. The presence and composition of volatile
compounds determine the specific aroma of foods, significantly affecting their flavor and overall
quality [185]. Flavor compounds can be synthesized chemically or extracted from natural sources to
serve as additives across various industrial applications. However, chemical synthesis often leads to
decreased consumer acceptance due to the preference for natural products [186]. Flavors produced
through biotechnological methods have gained significant traction, offering sustainable and natural
alternatives to chemically synthesized counterparts. This approach aligns with the increasing
consumer preference for clean-label, eco-friendly, and health-conscious products. Once extracted,
aroma compounds can be repurposed in diverse applications, including creating high-end perfumes,
aromatherapy oils, and personal care items in the cosmetic industry. In pharmaceuticals, these
compounds are incorporated into formulations to improve the sensory appeal of medicines, making
them more palatable and acceptable to patients. Additionally, in the chemical industry, they are used
to produce environmentally friendly cleaning products and air fresheners that emphasize natural
scents [187].

The versatility and multifunctional nature of these compounds also open avenues for innovative
applications, such as bioactive packaging materials that preserve food freshness or functional foods
that combine sensory appeal with health benefits. By harnessing biotechnological advancements,
industries can address the dual goals of sustainability and innovation, delivering high-quality,
natural flavors while meeting evolving consumer demands for ethical and environmentally
responsible products [188].

8. Conclusions

Grapes are highly valuable products that contain a wide variety of compounds throughout
different parts of their structure, offering diverse applications across multiple industries. Studies
reveal that aroma compounds in grapes undergo significant transformations due to various
viticultural and winemaking practices.

Techniques such as leaf removal, bunch thinning, maceration, and fermentation have been
shown to influence the extraction and concentration of aroma compounds. For example, leaf removal
results in a noticeable decrease in thiol compounds, while simultaneously increasing the
concentration of terpenes. The effects of bunch thinning depend on the intensity of the practice, and
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similarly, fermentation can be altered by factors like temperature and yeast strain. Though higher
fermentation temperatures have traditionally been used in red wine production, recent research
suggests that cooler fermentation temperatures can improve overall aroma perception based on the
winemaker's desired outcome. Under cooler conditions, higher alcohols tend to decrease, while esters
increase, leading to a more floral aroma profile. Moreover, the introduction of non-Saccharomyces
yeast strains, once avoided, has been shown to positively impact wine aroma, unlocking new
possibilities for aroma extraction.

Grape pomace extracts present a promising opportunity to enhance the sensory qualities of food
products by infusing them with rich, complex flavors and aromas that appeal to consumers. Research
has shown that distillation effectively extracts and concentrates a variety of aroma compounds from
grape pomace, including terpenes, esters, higher alcohols, and aldehydes. These compounds not only
improve flavor profiles but also provide unique sensory experiences that make products more
enticing to consumers.

An interesting insight highlighted in this study is the potential of long-macerated white
winemaking, which seems to utilize the process at a higher potential compared to traditional
maceration techniques. The grape pomace from this method could be valuable for extracting
distinctive and appealing aroma compounds with unique profiles. However, there is limited
knowledge about this ancient winemaking practice, indicating a need for further research.

The extraction of aroma compounds from grapes is gaining attention due to their vital role in
enhancing the sensory appeal and quality of grape-based products. These compounds, responsible
for the distinct flavors and aromas of wines and juices, are highly valued across various industries.

In winemaking, they define the unique profiles of grape varieties and production methods,
making them essential for premium products. Developing new flavors presents both challenges and
opportunities for food innovation, requiring effective aroma delivery systems to optimize sensory
impact. Many of these compounds also offer biological benefits, contributing to food stability and
health, promoting sustainability, and driving consumer satisfaction.
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