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aging as a sustainable method for
low-alcohol sherry wines: impact on composition
and typicity

Lourdes Vega-Espinar,a Raquel Muñoz-Castells, b Victor Palacios,a Juan Morenob

and Cristina Lasanta *a

This study evaluated static biological aging as a sustainable alternative to conventional dynamic aging for

producing low-alcohol sherry wines. We investigated the feasibility of using a reduced alcohol strength,

addressing market trends for lower-alcohol beverages while assessing the impact on chemical

composition and sensory typicity. Wines from two Jerez wineries were statically aged for 12 months,

comparing a low-alcohol test group (13–14% v/v) against a traditional-alcohol control (15–15.5% v/v).

Results demonstrated that static aging at lower alcohol content significantly enhanced flor yeast

metabolism. This was evidenced by the accelerated consumption of key substrates (ethanol, glycerol,

volatile acidity) and amplified production of key biological markers, such as acetaldehyde and acetoin,

compared to the control wines. Sensory analysis validated these chemical findings, confirming that the

reduced-alcohol wines met all quality parameters and exhibited an enhanced characteristic aroma.

Results suggest that specific outcomes may vary depending on the distinct microclimatic conditions and

characteristic yeast strains inherent to each winery, warranting further research to optimize operational

conditions. We conclude that static biological aging at reduced strength is a viable strategy for

producing lower-alcohol Fino-style wines that align with consumer trends and offer substantial

economic and sustainability benefits, including lower fortification costs and reduced greenhouse gas

emissions (GHG), supporting more sustainable enological practices.
Sustainability spotlight

The use of static biological aging to elaborate low-alcohol sherry wines represents an important innovation in sustainable winemaking, shiing the paradigm
from an energy intensive process to one of inherent efficiency. The core sustainability advantage of this method lies in its direct challenge to conventional,
resource-heavy practices. By demonstrating that high-quality biological aging is achievable at a lower alcohol level (13-14% v/v), this process reduces the need for
fortication. This reduction is not merely an economic saving; it is a signicant environmental victory. It slashes the associated energy consumption and
Greenhouse Gas (GHG) emissions typically required to produce, transport, and integrate the fortifying alcohol. This method effectively decouples quality wine
production from a high carbon footprint. This process innovation contributes directly to the United Nations Sustainable Development Goals (SDGs). By
championing resource efficiency (less alcohol, less energy) and demonstrably lowering emissions, it is a clear and actionable example of goal 12 (responsible
consumption and production) and goal 13 (climate action). It provides a viable pathway for the wine industry to reduce its environmental impact while
simultaneously aligning with modern consumer trends.
1. Introduction

Biological aging is an oenological practice traditionally estab-
lished in southern Spain, where regions such as Jerez, Sanlúcar
de Barrameda, Montilla-Moriles, Condado de Huelva, Málaga,
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and Lebrija have rened this unique method for centuries.
Similar biological aging processes are also used in other global
wine regions, such as for “Vin jaune” in France,1 Szamorodni in
Hungary2 and Vernaccia di Oristano in Italy.3

Biological aging is a microbiological process based on the
spontaneous growth of lm-forming yeasts, known as the ‘veil of
or’, which develop on the wine's surface.4,5 The development
and maintenance of this yeast biolm require specic environ-
mental conditions of temperature and humidity.6 According to
various studies, the yeasts that make up the veil of or tend to
belong mostly to the species Saccharomyces cerevisiae,6 including
four main races: beticus, cheresiensis, motuliensis and rouxii (also
known as Zygosaccharomyces rouxii).7–9 However, nowadays
© 2026 The Author(s). Published by the Royal Society of Chemistry
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modern molecular techniques have made it possible to identify
other species of yeast non-Saccharomyces.10–12 Veil of or yeasts
perform an aerobic metabolism characterized primarily by the
consumption of oxygen, ethanol, and glycerol, although other
substrates, such as acetic acid, lactic acid, and ethyl acetate, may
also be metabolized.5,13 This metabolic activity generates key
volatile compounds, including acetaldehyde, higher alcohols,
acetoin, and 2,3-butanediol,14,15 which confer the unique sensory
characteristics typical of these wines, marked by pungent notes,
nutty aromas, and yeast-derived avours.16,17

Wines produced under the Protected Designations of Origin
(PDO) ‘Jerez-Xérès-Sherry’ and ‘Manzanilla-Sanlúcar’, specically
Fino and Manzanilla, are obtained from the Palomino Fino grape
variety. Following alcoholic fermentation, the base wine is fortied
with wine alcohol to reach 15–15.5% v/v before starting the bio-
logical aging stage. The wine is then aged in 600 litre American oak
(Quercus alba) casks, which are intentionally lled to ve-sixths of
their capacity to facilitate the development of the veil of or.18

Themost representative agingmethod in the Jerez area is the
dynamic ‘solera y criaderas’ system, which involves the periodic
extraction (‘saca’) of a wine fraction from the ‘solera’ scale
(containing the oldest wine) and its replacement (‘roćıo’) with
wine from the immediately superior ‘criadera’ (1st criadera).
This process is repeated successively through the younger
‘criaderas’ (2nd, 3rd, etc.), with the system being fed by the base
wine (‘sobretabla’). The dynamic nature of this system ensures
a continuous blending of different vintages, conferring stability
and sensory homogeneity over time. Moreover, the periodic
‘roćıos’ sustain the veil of or's vitality by supplying nutrients
and dissolved oxygen, which are essential for the yeasts' aerobic
metabolism. Wineries in Jerez typically perform 3 to 4 ‘sacas’
and ‘roćıos’ annually to maintain the requisite conditions for
biological aging.19 A less widespread alternative, though one
gaining recent prominence, is the static biological aging system
(or ‘añada’). In this method, each cask is lled with wine from
a single harvest and remains sealed throughout maturation,
without the periodic ‘sacas’ and ‘roćıos’. The absence of
replenishment with young wine limits the nutrient and oxygen
supply available to the yeasts.20 This results in a distinct
evolution of the veil of or and a greater expression of the
specic vintage conditions, yielding a more heterogeneous and
complex wine prole.21

In response to growing global demand for lower-alcohol
beverages, driven by health and sustainability trends, the wine
sector has initiated a scientic and regulatory re-evaluation
concerning biologically aged wines.22–24 The objective is to
produce these wines at alcohol levels below the traditional
standard. In this regard, the European Commission recently
modied the ‘liqueur wine’ category specications, which
includes Fino and Manzanilla wines.25,26 This revision permits
a potential reduction in their alcohol content to 14% v/v, subject
to approval by the respective PDOs and inclusion in their
product specications. However, it is necessary to verify that
this reduction does not signicantly alter the essential physi-
cochemical or sensory characteristics of these wines. These
modications aim to reduce dependence on external wine
alcohol addition, moving towards a more ecological and
© 2026 The Author(s). Published by the Royal Society of Chemistry
sustainable process by lowering energy consumption, green-
house gas (GHG) emissions,27 and the associated water foot-
print. However, ethanol metabolism by or veil yeasts and the
reduction in alcohol content could weaken the wine's natural
microbiological barrier. This may favour the proliferation of
undesirable microorganisms, such as lactic acid bacteria (LAB),
acetic acid bacteria (AAB), or Brettanomyces spp.28 that could
increase volatile acidity to the detriment of its sensory quality.29

This work represents one of the rst industrial-scale studies
on the effects of reduced alcohol content in static biological
aging within the ‘Jerez-Xérès-Sherry’ and ‘Manzanilla de
Sanlúcar’ PDOs. The primary objective is to evaluate the tech-
nical feasibility of this process in two representative wineries,
assessing its sustainability, environmental impact, and oeno-
logical inuence on or veil yeast metabolism, volatile
compound evolution, and sensory prole.
2. Materials and methods
2.1 Experimental

All experiments were conducted in two wineries, “winery A” and
“winery B”, located in Jerez de la Frontera (Cádiz, Spain),
belonging to the Jerez-Xèrés-Sherry Protected Designation of
Origin (PDO). In each winery, four 600 L capacity barrels were
selected, each containing 500 L of Palomino Fino variety wine.
The selected wines had a medium aging of 3 years of biological
aging to produce ‘Fino’ type wines. Two of them were le as
controls for traditional biological aging, starting with an alco-
holic strength between 15.5 and 16% v/v, and two others started
with an alcoholic strength around 15% v/v to study the evolu-
tion of biological aging with a lower alcohol content. All of them
underwent static aging under or veil to study their evolution
over a 12 month period. In winery A, temperature ranged from
15.36 °C in winter to 23.11 °C in summer and relative humidity
from 69.67 to 73.91%, and in winery B, the seasonal range was
more pronounced, with temperatures varying from 14.03 °C in
winter to 26.93 °C in summer, and relative humidity ranging
from 65.96% to 81.85%.

Three samples were collected from each of the selected
barrels: at the start, at six months, and at the end of the study
period. In each case, measurement of physicochemical param-
eters (alcohol content, total and volatile acidity, pH, sulphur
dioxide, glycerol, and abs 420 nm), determination of major and
minor volatile compounds, and a sensory analysis were carried
out in triplicate.
2.2 Standard oenological parameters

Standard oenological parameters (ethanol content, total and
volatile acidity, pH, and sulphur dioxide) were analysed
according to the protocols established by the International
Organisation of Vine and Wine (OIV, 2025).30 The Total Poly-
phenol Index (TPI) was calculated from the absorbance at
280 nm, and the yellow colour was estimated from the absor-
bance measurement at 420 nm. Measurements were performed
using a UV-VIS spectrophotometer (Genesys™ 10, Thermo
Fisher Scientic).
Sustainable Food Technol., 2026, 4, 2040–2054 | 2041
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2.3 Volatile compounds

Major volatile compounds and polyols were determined by Gas
Chromatography-Flame Ionization Detection (GC-FID). The
analysis was performed on an Agilent GC-FID system (Agilent
Technologies, Santa Clara, CA, USA) equipped with a CP-WAX 57
CB capillary column (60 m × 0.25 mm × 0.4 mm lm thickness).

For sample preparation, a 10 mL aliquot of wine was
combined with 1 mL of the internal standard (4-methyl-2-
pentanol, 1.018 g L−1) and 0.2 g of CaCO3. The mixture was
briey sonicated (30 s) before centrifugation (5000 rpm for
10 min at 2 °C). 0.7 mL of the supernatant was injected into the
GC inlet using the split mode at a 1 : 30 ratio. Quantication
relied on external calibration curves, which were generated
using standard solutions prepared from certied analytical-
grade compounds (Merck and Sigma-Aldrich Chemicals).

Minor volatile compounds were analysed using Stir Bar Sorp-
tive Extraction-Thermal Desorption-Gas Chromatography-Mass
Spectrometry (SBSE-TD-GC-MS). The instrumental setup utilized
an Agilent 7890A GC coupled to an Agilent 5975CMS (Agilent, Palo
Alto, CA, USA) with a Gerstel Multi-Purpose Sampler.

For sample preparation and analysis, 1 mL aliquot of wine
was mixed with 0.1 mL of hexyl butyrate (0.4116 g L−1 in
ethanol) as the internal standard, and 8.9 mL of a buffered
solution (12% (v/v) ethanol, pH 3.5) to a nal volume of 10 mL.
PDMS-coated Twister stir bars were then added and extracted
for 120 minutes at 1200 rpm and 20 °C.

The stir bars were subsequently thermally desorbed, and
analytes were separated on an HP-5MS capillary column (60 m
× 0.25 mm× 0.25 mm). The GC oven temperature started at 50 °
C (2 min), and was ramped at 4 °C min−1 to 190 °C (10 min
hold). The MS acquired data in electron impact mode (70 eV,
35–550 Da). Identication was achieved through comparison
with NIST08 and Wiley7 libraries and pure standards. Triplicate
analysis and quantication were performed using the calibra-
tion table method outlined by Palenzuela et al. (2023).31
2.4 Sensory analysis

Sensory evaluations were conducted by a trained tasting panel
from the OECCA Foundation, the entity responsible for the
tasting and certication of wines under the PDOs Jerez-Xeres-
Sherry and Manzanilla de Sanlúcar. The panel is ISO 17025
accredited and consists of 22 members (equally distributed by
gender). Each wine sample was tasted in three independent
sessions by groups of seven panelists per session. The wines
were tasted blind, strictly following the standard evaluation
protocols for these PDOs.

In each session, 30 mL of each wine sample was served at
room temperature (20 °C). The samples were presented in
standardized tasting glasses (ISO 3591:1977),32 and were coded
with random numbers to ensure the uniformity and anonymity
of the analysis. Participants evaluated various attributes across
three distinct phases: visual, olfactory, and gustatory. Partici-
pation was entirely voluntary, and all panellists were fully
informed of the study's objectives. All results were collected and
processed anonymously to comply with current data protection
regulations.
2042 | Sustainable Food Technol., 2026, 4, 2040–2054
A total of 12 attributes were evaluated: three in the visual phase
(color, viscous appearance, and visual defects), six in the olfactory
phase (biological aging, oxidative aging, raisining notes, ethyl
acetate, TCA, and other olfactory defects), and three in the gusta-
tory phase (sweetness, body, and gustatory defects). All attributes
were assessed using a seven-point scale, where 1 represents
absence and 7 indicates maximum intensity for each trained
parameter. These are the standard attributes determined by the
tasting panel to assess whether the wines comply with the speci-
cations established in the PDO's book of requirements.
2.5 Statistical analysis

Data obtained from physicochemical parameters and major and
minor volatile analyses were subjected to statistical evaluation
using Prism GraphPad 10 (GraphPad Soware, San Diego, CA,
USA). ANOVA was performed, followed by Bonferroni's least
signicant difference, and differences were considered statistically
signicant at p < 0.05. Multivariate statistical techniques,
including principal component analysis (PCA) with orthogonal
rotation (varimax) as the factor extractionmethod, were employed.
PCA was applied to both major and minor volatile compound
datasets using IBM SPSS Statistics (International Business
Machines Corporation, Armonk, New York, United States).
3. Results and discussion
3.1 Oenological parameters

Tables 1 and 2 present the values of the main oenological
parameters quantied during static biological aging (t = 0, 6, and
12 months) in test barrels aged at <15% v/v and control barrels at
>15% v/v from the A and B wineries. Regarding ethanol content,
one of the main substrates consumed by or yeast, the control
barrels in both A and B wineries show a decrease of approximately
3% of total content aer one year, whereas the test barrels exhibit
a reduction of 10% (A) and 5% (B). This consumption was
signicantly pronounced during the rst six months (fromMay to
November). This indicates that yeast metabolism of ethanol in
a static biological aging system is enhanced when the alcoholic
strength is below 15% v/v. In static aging systems, the omission of
“sacas and roćıos” eliminates the periodic supply of micro-
nutrients and oxygen, a condition that can limit the proliferation
of or yeast. Under these circumstances, a lower alcoholic strength
may improve the growth conditions for the yeast by reducing
stress, thereby promoting its aerobic metabolism and cellular
development. The signicant difference in ethanol consumption,
with the A test barrels showing a rate double that of the B test
barrels, could be due to differences in the predominant yeast
strains in each solera system5 and other factors such as a higher or
lower presence of nitrogenousmicronutrients as reported by some
authors.33

Concerning total acidity, divergent trends were observed
between wineries A and B. Whereas no differences in total
acidity were detected between the test and control barrels at any
time point in winery B, the test barrels in winery A exhibited
signicantly lower total acidity than the control barrels. Like-
wise, in the case of A total acidity decreased signicantly over
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Mean and standard deviation of oenological parameters for winery A, p-value <0.05 indicates statistical differences at the 95%
confidence level according to Bonferroni's test. ns: no significance

Winery A 0 control 0 test p-value 6 control 6 test p-value 12 control 12 test p-value

pH 3.20 � 0.00 3.24 � 0.01 0.2612 3.20 � 0.01 3.26 � 0.04 0.0924 3.20 � 0.02 3.26 � 0.01 0.0924
Total acidity (g L−1) 5.28 � 0.03 4.80 � 0.04 0.0014 4.79 � 0.01 3.88 � 0.04 <0.0001 5.03 � 0.01 3.77 � 0.11 <0.0001
Volatile acidity (g L−1) 0.21 � 0.01 0.21 � 0.04 ns 0.19 � 0.01 0.14 � 0.04 0.0347 0.17 � 0.02 0.11 � 0.01 0.0149
Ethanol (% v/v) 15.40 � 0.07 14.73 � 0.25 0.0105 15.18 � 0.04 13.65 � 0.07 0.0001 14.93 � 0.04 13.10 � 0.07 <0.0001
Abs 420 nm 0.18 � 0.00 0.17 � 0.01 ns 0.20 � 0.01 0.18 � 0.00 0.4503 0.18 � 0.00 0.17 � 0.01 ns
Absorbance 280 nm (TPI) 13.55 � 0.07 13.65 � 0.21 ns 13.55 � 0.21 13.70 � 0.00 ns 13.60 � 0.14 13.70 � 0.14 ns
Glycerol (g L−1) 1.89 � 0.12 1.46 � 0.14 0.0268 1.08 � 0.07 0.41 � 0.01 0.0025 0.94 � 0.01 0.37 � 0.00 0.0061
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time unlike in B, where values remained constant. This is likely
due to a greater precipitation of tartaric salts in winery A, sug-
gesting that the control and test wines from this winery may
have higher concentrations of tartaric acid and/or potassium
than those from winery B. Additionally, the A wines (both
control and test) had a higher average pH of 3.2 compared to the
B wines (3.1). A pH around 3.2 favors the formation and
precipitation of potassium bitartrate which leads to a reduction
in total acidity.34

Volatile acidity is a key parameter for monitoring the prog-
ress of biological aging. Acetic acid is metabolized by the or
yeasts during this process35–38 through its incorporation into the
fatty acid metabolic pathway. However, acetic acid is also one of
the main products generated by certain microorganisms, such
as lactic and acetic acid bacteria.39,40 At certain levels acetic acid
can affect yeast growth and viability (above 0.5 g L−1).41 As
shown in Tables 1 and 2, volatile acidity in A was signicantly
reduced (p < 0.05) over time in both control and test barrels.
This decrease was much more pronounced in the test barrels
(around 48%) compared to the control wine (19%), similar to
the greater ethanol consumption observed in the test barrels
during the warmer rst stage (May–November). This again
corroborates that yeast metabolism is more accentuated in
barrels with lower alcoholic strength. The behavior in B was
different: while the control's volatile acidity slightly decreased,
the test barrel's volatile acidity initially surged by 47% (from
0.28 to 0.4 g L−1) in the rst six months before settling again at
0.3 g L−1.

This initial increase could be due to some microorganisms,
such as lactic or acetic acid bacteria, which thrive during the
warmer summer months when or yeast growth is inhibited6

causing acetic acid production to exceed consumption, leading
to accumulation at tolerable levels. Therefore, in a static aging
system, while a lower alcoholic strength favors or yeast growth,
Table 2 Mean and standard deviation of oenological parameters for
confidence level according to Bonferroni's test. ns: no significance

Winery B 0 control 0 test p-value 6 cont

pH 3.11 � 0.03 3.10 � 0.03 ns 3.10
Total acidity (g L−1) 4.66 � 0.04 4.53 � 0.21 ns 4.51
Volatile acidity (g L−1) 0.21 � 0.02 0.28 � 0.21 0.2736 0.18
Ethanol (% v/v) 15.93 � 0.11 14.98 � 0.11 0.0037 15.69
Abs 420 nm 0.22 � 0.002 0.22 � 0.00 ns 0.21
Absorbance 280 nm (TPI) 14.30 � 0.04 14.41 � 0.11 ns 14.31
Glycerol (g L−1) 1.23 � 0.16 0.52 � 0.01 0.0017 1.39

© 2026 The Author(s). Published by the Royal Society of Chemistry
it may also promote the development of other microorganisms
due to their better adaptation to high temperatures during the
rst period. The presence of specic substrates, such asmalic or
gluconic acid, can promote the growth of these microorgan-
isms, making their control necessary in static biological aging.42

Subsequently, when conditions become more favorable for or
yeast development (November–May), acetic acid consumption
surpasses production, leading to an overall decrease in volatile
acidity in winery B. Thus, the static biological aging process
itself demonstrated the capacity to purify the medium and
control the acetic acid levels in the wine.

Glycerol is another key substrate consumed by or yeast. It
has been used as an indicator to establish the time or degree of
biological aging.43 As can be seen (Tables 1 and 2), glycerol
levels at time zero were relatively low, indicating that the wines
had undergone a signicant period of biological aging prior to
the experiment. In both A and B wineries, glycerol values were
signicantly lower (p < 0.05) in the test barrels compared to the
controls. A similar trend was observed for its consumption over
time: a decrease of nearly 75% was observed in the A test barrels
(vs. 50% in controls), while in the B barrel, the reduction was
25% (vs. a 31% increase in control). Thus, although winery B
exhibited lower glycerol levels than winery A at time zero, its
intermediate and nal concentrations were higher, particularly
in the control barrels. As with ethanol, glycerol consumption
was greater during the rst stage of the trial (May–November).
This again demonstrates that a lower alcoholic strength
improves the metabolism of or yeast. This may lead to
a marked increase in dryness or a lack of sweetness and
viscosity on wine, a characteristic feature of Fino sherry wines.2

Absorbance at 420 nmmeasures the intensity of yellow tones
in wine, which increases as oxygen exposure causes phenolic
compounds to polymerize into brown pigments, serving as
a primary indicator of the wine's oxidation level. In biological
winery B, p-value <0.05 indicates statistical differences at the 95%

rol 6 test p-value 12 control 12 test p-value

� 0.03 3.14 � 0.05 ns 3.08 � 0.04 3.12 � 0.00 ns
� 0.07 4.50 � 0.13 0.6480 4.63 � 0.05 4.34 � 0.11 0.6480
� 0.01 0.4 � 0.14 0.0010 0.19 � 0.01 0.30 � 0.05 0.0398
� 0.01 14.50 � 0.28 0.0011 15.41 � 0.02 14.15 � 0.08 0.0008
� 0.00 0.21 � 0.00 ns 0.22 � 0.002 0.21 � 0.01 ns
� 0.01 14.35 � 0.08 ns 14.23 � 0.04 14.40 � 0.09 0.4475
� 0.10 0.41 � 0.02 0.0003 1.61 � 0.04 0.40 � 0.02 <0.0001
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aging, the development of the veil of or protects the wine from
oxidation by consuming dissolved oxygen, making a stable
absorbance at 420 nm a key indicator of a healthy and
successful aging process. In this case, the values of absorbance
remained stable over time and showed no signicant differ-
ences between the control and test barrels for either A or B
wineries. This indicates that in all cases, including the barrels
with lower alcoholic strength (<15%), the or layer developed
well, with active oxygen consumption from both the barrel
headspace and the wine itself, minimizing the oxidation reac-
tions of polyphenolic compounds.2
3.2 Major volatile compounds and polyols

Tables 3 and 4 show the average concentrations of the major
volatile compounds in the test and control sherry barrels from
both wineries.

3.2.1 Acetaldehyde and related metabolites. Acetaldehyde
is a key metabolite produced by or yeast during biological
aging and signicantly contributes to the wine aroma prole.44

It is formed through the oxidation of ethanol, a reaction cata-
lysed by the enzyme alcohol dehydrogenase II (ADH2) in the
presence of NAD+ unlike alcohol dehydrogenase I (ADHI).2,45

Acetaldehyde levels were higher in the test barrels than in the
control barrels in both wineries at all sampling points, except at
time zero in a winery. Acetaldehyde concentrations rst
decreased (except for the A test barrel), and then increased over
time, reaching levels of 320–710 mg L−1 (A) and 220–270 mg L−1

(B). The initial decrease occurred in all barrels except for the A
test barrel. These uctuations occur because acetaldehyde is
a precursor for other volatile compounds, such as diethyl acetal,
acetoin, and 2,3-butanediol.46 Furthermore, some acetaldehyde
can be oxidized to acetic acid and then converted into acetyl-
CoA, which enters the glyoxylate or Krebs cycle.47 Research
has also shown that acetaldehyde production and accumulation
are regulated by the predominant strain of yeast in the or veil.

Acetoin is another characteristic compound of biological
aging, imparting a bitter almond aroma. It is formed through the
acyloin condensation of two acetaldehyde molecules.48 As shown
in Tables 3 and 4, like acetaldehyde, acetoin concentrations were
higher in the test barrels than in the control barrels at both
wineries. However, the evolution of this compound over time
differed between the wineries. In the A control barrels, acetoin
levels remained relatively constant with a slight decrease, and A
test barrels showed a signicant increase, reaching concentra-
tions of 268 mg L−1, nearly six times that of the control. A
correlation between acetoin and acetaldehyde levels was
observed in winery A with a linear regression coefficient (r2) of
0.97, which aligns with previous studies.49 In winery B, acetoin
increased over time in both control and test barrels, showing no
correlation with acetaldehyde levels.50,51

Conversely, 2,3-butanediol, which is produced by yeast via
the reduction of acetoin, showed no signicant differences
between the test and control barrels. Regarding its evolution,
2,3-butanediol levels remained constant in the A test barrel. In
all other barrels, its concentration decreased during the initial
stage and then stabilized.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Diethyl acetal is another major acetal found in biologically
aged wines, contributing balsamic and woody notes.52,53 It is
formed through the chemical reaction of ethanol and acetal-
dehyde, and also via the metabolism of or yeast. Similar to 2,3-
butanediol, no signicant differences in diethyl acetal concen-
tration were found between the control and test barrels in either
winery, with a very similar evolution in all cases.

Regarding ethyl acetate, signicant differences were
observed between the test and control barrels in both wineries
at 6 and 12 months. The behavior of this compound differed
between the locations. In winery A, the test barrels exhibited
lower levels of ethyl acetate than the control barrels. Conversely,
in winery B, the test barrels showed higher levels. The ethyl
acetate concentration in the A test barrels decreased over time,
with an overall reduction of 23% aer 12 months. In contrast,
the B test barrels showed a signicant increase of 123% within
the rst 6 months. This behavior is linked to the wine's volatile
acidity. In winery A, the consumption of acetic acid by the yeast
led to a decrease in ethyl acetate. In winery B, however, the
production of acetic acid exceeded its consumption during the
initial months, resulting in higher ethyl acetate formation.

3.2.2 Ester prole. Ethyl lactate is a volatile compound
found in biologically aged wines, and its concentration is typi-
cally correlated with lactic acid levels. Lactic acid is produced by
lactic acid bacteria during malolactic or heterolactic fermenta-
tion.54 In sherry winemaking, malolactic fermentation (MLF) is
generally avoided. This is due to the low malic acid content of
Palomino Fino grapes and the desire to preserve the wine's
acidity in the warm Jerez region.55 Consequently, wines destined
for biological aging usually retain residual malic acid, which is
slowly consumed by lactic acid bacteria during the aging
process.45 The resulting lactic acid also serves as a substrate for
or yeast.5 Therefore, the levels of lactic acid and ethyl lactate
depend on the balance between their production and
consumption. As shown in Tables 3 and 4, the initial ethyl
lactate concentrations (t = 0) were higher in winery A than in
winery B, suggesting that MLF was performed prior to the aging
stage. In general, ethyl lactate concentrations decreased in both
the test and control barrels at both wineries during the rst six
months, aer which they stabilized. The reduction was signi-
cantly greater in the test barrels than in the control barrels—
approximately twice (68% vs. 32% in A, and 50% vs. 25% in B).
This suggests that static biological aging at a lower alcoholic
degree enhances the metabolic activity of or yeast, specically
the consumption of lactic acid.

Diethyl succinate, associated with aging on lees,56 showed no
signicant differences between treatments and followed
a pattern of initial decrease followed by stabilization, similar to
2,3-butanediol and diethyl acetal.

3.2.3 Higher alcohols. The concentration of 1-propanol did
not differ signicantly between test and control barrels and
remained stable over time in both wineries. This may be
because the wines had already undergone approximately four
years of biological aging before the experiment. Previous studies
have shown that 1-propanol is synthesized by or yeast from a-
aminobutyric acid during the rst 3–4 years of aging, aer
which its concentration remains stable.57
Sustainable Food Technol., 2026, 4, 2040–2054 | 2045
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Fig. 1 Biplot (PC1 vs. PC2) from the PCA of the physicochemical
parameters and major volatile compounds.
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Isobutanol and 2-phenylethanol are produced by or yeast
from the amino acids valine and phenylalanine, respectively, via
the keto acid pathway.58 Their production is reportedly related
to cell growth and the concentration of dissolved oxygen.59 In
winery A, isobutanol levels were higher in the test barrels than
in the control ones, which could suggest greater yeast cell
growth in the lower-alcohol environment. In winery B, however,
no signicant differences were observed. Isobutanol concen-
trations tended to decrease during the rst six months and then
stabilize, a pattern also seen with diethyl acetal, 2,3-butanediol,
and diethyl succinate. The same was observed for 2-phenyl-
ethanol in both wineries (Tables 3 and 4).

Finally, the isoamyl alcohols 2-methyl-1-butanol and 3-
methyl-1-butanol are produced by or yeast from the amino
acid precursors isoleucine and leucine, respectively.50 No
signicant differences in 2-methyl-1-butanol were observed
between the control and test barrels at either winery, and its
concentration remained constant throughout the experiment.

However, for 3-methyl-1-butanol, the results varied. In
winery A, the test barrels had signicantly higher concentra-
tions than the control barrels at 6 and 12 months and increased
during the rst six months before stabilizing. In winery B, no
signicant differences were found between the test and control
groups, but both showed a similar pattern of an initial increase
followed by stabilization.

3.2.4 Principal component analysis of major volatile
compounds and polyols. PCA was performed using the dataset
of physicochemical parameters and major volatile compounds
from both wineries. The detailed results are presented in Table
5. The analysis yielded three components (PCs) that explained
87% of the total data variance.

PC1 (40% variance), the “winery factor”, effectively discrimi-
nated between the A and B wineries, regardless of the barrel type
(test or control). PC1 was negatively correlated (factor loading >
Table 5 Loading factors extracted from the PCA of physicochemical
parameters, major volatile compounds, and polyols (varimax rotation)

PC1 PC2 PC3

Alcohol (%) 0.292 0.105 0.889
Volatile acidity 0.603 −0.039 0.218
Total acidity −0.162 0.033 0.956
pH −0.905 −0.045 −0.345
Abs 420 nm 0.924 −0.087 0.219
Glycerol −0.249 0.264 0.790
Acetaldehyde −0.706 0.119 −0.682
Ethyl acetate −0.097 −0.563 0.246
Diethyl acetal −0.438 0.841 0.238
Methanol 0.320 0.801 0.166
1-Propanol −0.857 0.434 0.112
Isobutanol 0.904 0.398 −0.061
2-Methyl-1-butanol 0.977 0.176 0.012
3-Methyl-1-butanol 0.922 −0.236 −0.211
Acetoin −0.265 0.078 −0.936
Ethyl lactate −0.840 0.053 0.524
2,3-Butanediol (levo) −0.366 0.881 0.119
2,3-Butanediol (meso) −0.379 0.876 −0.172
Diethyl succinate 0.305 0.846 0.339
2-Phenyl-ethanol 0.696 0.706 0.098
Variances% 40 27 19

2046 | Sustainable Food Technol., 2026, 4, 2040–2054
0.6) with pH, acetaldehyde, 1-propanol, and ethyl lactate, and
positively correlated with volatile acidity, isobutanol, 2-methyl-1-
butanol, 3-methyl-1-butanol, and 2-phenylethanol. As shown in
Fig. 1, B samples scored positively on PC1, while A samples
scored negatively. This indicates that the specic operating
conditions of each winery (e.g., temperature, dominant or yeast
strain, or surface area) are the primary drivers of variance,
allowing for a clear distinction between the wines from each
location. This nding aligns with previous studies showing that
the dominant yeast strain in a winery is a determining factor in
the aromatic prole of biologically aged wines.12,45,60

PC2 (27% variance), the “time factor”, was positively corre-
lated with variables that decreased during aging, particularly in
the initial months. This factor only discriminated the samples
at t = 0 (positive scores) from those at later time points (t = 6
and t = 12 months), which had lower scores (Fig. 1). Therefore,
PC2 is independent of both winery conditions and barrel type.

PC3 (19% variance), the “aging factor”, was positively
correlated with substrates (alcohol, glycerol) and total acidity,
and negatively with key metabolic products (acetaldehyde,
acetoin). This “aging factor” successfully discriminated
between the test and control barrels, in both wineries.

As seen in Fig. 2, test barrels (negative scores) and control
(positive scores) provide a measure of the metabolic intensity in
each group. In winery A, the test barrels at 6 and 12 months
showed a much more pronounced metabolic activity (PC3
scores between−1.5 and−2.18) compared to the control barrels
(PC3 score of +0.7). Furthermore, the PC3 scores in the test
barrels continued to decrease over time, a trend not observed in
the controls. In winery B, the difference in PC3 scores between
test and control barrels was much smaller. The aging evolution
was more favourable in the control barrels; a metabolic setback
was observed in the test barrels aer 6 months, likely due to the
increase in volatile acidity (Table 2).

Overall, the yeast metabolism during biological aging in the
lower-alcohol wines was signicantly more pronounced during
the warmer months (May to November) compared to the cooler
period (November to May). This trend was observed in both
wineries, although it was less marked in B.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Biplot (PC1 vs. PC3) from the PCA of the physicochemical
parameters and major volatile compounds.
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3.3 Minor volatile compounds

A total of 37 minor volatile compounds were identied and
quantied in test (<15% v/v alcohol) and control (>15% v/v
alcohol) barrels from wineries A and B at 0, 6, and 12 months.
The detailed composition of minor volatile compounds is
summarised in Tables S1 and S2 (SI). In winery A, the total
concentration of minor volatiles increased signicantly over the
rst 6 months (56–79%) before returning to near-initial levels.
In contrast, winery B exhibited a continuous decrease
throughout the aging period, although its concentrations
remained consistently higher than those in A. This suggests that
the evolution of minor aromatic compounds is primarily gov-
erned by the specic conditions of each winery (temperature,
dominant or yeast strain, or surface area, .). As expected,
the behavior of most volatile families followed the same trend of
the total aroma sum within their respective wineries, for both
test and control wines. Nonetheless, signicant differences
between test and control barrels were noted for specic
aromatic families, likely due to the metabolic activity of or
yeasts or other factors.

3.3.1 Acetates. Across both wineries and all sampling
times, acetate concentrations (<2% of total) were signicantly
higher in test barrels than in control barrels. The most abun-
dant acetates in the test barrels were isoamyl acetate, ethyl
phenylacetate, and 2-phenylethyl acetate. These compounds are
typically formed by yeast enzymatic activity during alcoholic
fermentation,52,53 and their concentrations can uctuate during
biological aging depending on the yeast strain and its metabolic
activity.24,61

In winery A, acetate concentrations increased signicantly
during the rst six months, particularly in the test barrels.
Subsequently, levels decreased, more notably in the control
barrels, during the second aging period (autumn to spring).
This suggests that the dominant yeast strain in A modulates its
synthesis/hydrolysis activity in response to environmental
conditions and that aging at a lower alcoholic strength favors
synthesis over hydrolysis. In winery B, although test barrels also
© 2026 The Author(s). Published by the Royal Society of Chemistry
maintained higher acetate levels than controls, concentrations
signicantly decreased over time, especially within the rst six
months in the control barrels. This indicates that the predom-
inant yeast strain in winery B exhibits greater hydrolytic activity
compared to the strain in winery A. Furthermore, the metabolic
activity in the B test barrels may have been inhibited by an
increase in volatile acidity and potential bacterial growth.
Consequently, the nal acetate concentrations were higher in A
than in B, particularly in the test barrels.

3.3.2 Ethyl esters. Within each winery, the group of 11
compounds corresponding to ethyl esters (accounting for 6–
12% of the total) followed a temporal evolution similar to
acetates. The concentration of these compounds is known to be
governed by the balance between synthesis and hydrolysis
reactions—both chemical, favoured by the acidic wine medium,
and enzymatic, driven by or yeasts.61 The specic yeast strain
and its physiological condition determine its capacity for ester
synthesis or hydrolysis.42,62

The two wineries displayed divergent trends. In A, ethyl ester
concentrations doubled within the rst 6 months before
decreasing slightly by month 12. Conversely, in B, a continuous
decline was observed throughout the aging period. While these
ndings reaffirm the inuence of specic winery conditions,
a key distinction from acetates emerged: test barrels contained
lower concentrations of ethyl esters than control barrels. This
suggests that the higher ethanol content in the control wines,
which promotes esterication, was a more dominant factor
than the higher yeast metabolic activity observed in the test
wines. Specically, ethyl 2-methylbutanoate, ethyl 3-methyl-
butanoate and ethyl octanoate showed signicant differences
between test and control conditions.

3.3.3 Lactones. Four lactones (accounting for 70–85% of
the total) were identied: g -butyrolactone, crotonolactone, (E)-
whiskey lactone, and g-nonalactone. Among these, g-
butyrolactone and (E)-whiskey lactone were the most prominent
in terms of concentration. Lactones are formed through the
intramolecular dehydration of their corresponding aliphatic
hydroxy acids within the acidic medium of wine. Some lactones,
such as g-butyrolactone, can be generated from the enzymatic
reaction of amino acids and keto acids during fermentation62

and by the lm-forming yeasts during biological aging.63

Conversely, other lactones like (E)-whiskey lactone are primarily
extracted from oak wood and transferred to the wine during the
aging process.20 Several authors suggest that lactone accumu-
lation is characteristic of specic yeast strains and is related to
differences in their membrane composition or the transport
mechanism of these compounds into the cell.63 In our study, the
behavior of the principal lactones was analogous to that of
acetates and ethyl esters in both the test and control barrels. In
the A wines, g-butyrolactone and (E)-whiskey lactone concen-
trations increased signicantly during the rst 6 months, fol-
lowed by a slight decrease. In contrast, g-nonalactone levels
decreased throughout the entire experimental period. In the
case of crotonolactone, its concentration also decreased during
the rst six months, subsequently remaining stable in the
control barrels or increasing in the test barrels during the
second phase. In the B wines, all lactones decreased over time to
Sustainable Food Technol., 2026, 4, 2040–2054 | 2047
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Table 6 Loading factors extracted from the PCA of minor volatile
compounds (varimax rotation)

PC1 PC2

Acetates 0.425 0.429
Ethyl esters 0.908 0.144
Higher alcohols 0.876 −0.010
Lactones 0.945 0.123
Carbonyl compounds 0.056 0.619
Volatile phenols 0.958 −0.003
Terpenes and derivates −0.573 0.692
Norisoprenoids −0.060 0.935
Variance (date)% 49 14

Fig. 3 Biplot (PC1 vs. PC2) from the PCA of the minor volatile
compounds.
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varying extents. The differing yeast strains in each winery largely
determine the temporal behavior of the various lactones, irre-
spective of their origin. As shown in Tables S1 and S2, in most
cases, lactone levels in test barrels were higher than those of the
control, with no signicant differences established between
them. Therefore, the variation in alcoholic strength does not
appear to directly affect the behavior of the different yeast
strains from each winery.

3.3.4 Alcohols. A total of four alcohols (accounting for 1–
4% of the total) were identied and quantied, with hexanol
being the most abundant among them. A general decrease was
observed in both test and control barrels over time. This
reduction was more pronounced in the test barrels, showing
a 57% decrease compared to 41% in the control for A, and
a 77% decrease compared to 69% in the control for B. Some
authors have reported that certain strains of or yeast can
metabolize hexanol.64 Generally, the test barrels exhibited lower
concentrations of hexanol than the control barrels, with these
differences being statistically signicant for A (p < 0.05). This
suggests that or yeast and its metabolic activity may be
involved in the reduction of hexanol during biological aging.

3.3.5 Carbonyl compounds. Furfural, the primary carbonyl
identied (representing <3% of the total), originates from oak
wood and diffuses into the wine. While extraction is higher
from new barrels,65 small amounts can still be released even
from the very old barrels used in biological aging.66 Its
concentration increased during the rst six months and then
decreased. The increase in furfural was greater in the control
barrels (32% vs. 22% in the A test; 39% vs. 24% in the B test).
This may be attributed to the rst stage, which coincides with
the summer months; the higher temperatures and the higher
alcoholic degree in the control barrels favour furfural extrac-
tion. During the second stage, (winter months), concentration
decreased, likely due to both lower temperatures and the
enzymatic reducing activity (aldehyde reductases, alcohol
dehydrogenases) of the or yeast. These enzymes can reduce
carbonyl compounds such as furfural to its corresponding
alcohol, furfuryl alcohol.67 Overall, the net increase in furfural
concentration was signicantly greater in the control barrels
than in the test barrels.

3.3.6 Volatile phenols, norisoprenoids, and terpenes.
Together, volatile phenols, norisoprenoids, and terpenes rep-
resented between 1% and 14% of the total minor volatile
composition. Among these, 4-ethylguaiacol (spicy, smoky notes)
was the only volatile phenol quantied. Its temporal evolution
differed between wineries. In A, both test and control barrels
showed a slight initial increase followed by a signicant
decrease, resulting in overall reductions of 62% and 70%,
respectively. Conversely, in B, both treatments exhibited
a continuous and signicant decrease from the start, leading to
a total reduction of approximately 86%. This overall reduction
may be attributed to several factors: its limited extraction from
oak wood,66 its adsorption by the or velum due to its high
hydrophobicity,68 and its transformation by the phenol oxido-
reductase enzymes of or yeasts.67 Although the concentrations
in test and control barrels were similar within each winery, the
initial concentration (t = 0) at B was about 10-fold higher than
2048 | Sustainable Food Technol., 2026, 4, 2040–2054
at A, suggesting the latter already had a lower concentration due
to prior or yeast activity.

b-Damascenone was the only norisoprenoid identied. It has
a very low perception threshold (0.05 mg L−1) and imparts fruity,
oral, and honey-like aromas.69 Its temporal behavior varied
depending on the winery. In winery A, its concentration
progressively increased to 9 mg L−1 in the test barrels and 16 mg
L−1 in the control barrels, with no signicant differences at any
time point. In contrast, at winery B, a slight increase occurred at
6 months, followed by a decrease to very low levels. Signicant
differences between the test and control barrels were only
observed at the 6 month mark. Some studies have shown that b-
damascenone can slightly increase during the initial years of
aging due to the enzymatic action of or yeasts, which hydrolyse
norisoprenoid glycosides.67 However, its concentration tends to
decrease over longer aging periods due to oxidation and
possible adsorption by the or velum.68

Terpenes were found in very low levels, as is typical for bio-
logically aged wines. The most signicant terpenes identied
were limonene and (E)-methyldihydrojasmonate. Their evolu-
tion over time differed by winery. In winery A, limonene
concentration increased steadily, reaching up to 66 mg L−1. In B,
however, limonene appeared only briey at 6 months before
disappearing. In contrast, (E)-methyl dihydrojasmonate was
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Temporal evolution of the cumulative concentrations of
volatile compounds in control and test barrels from wineries A and B
during biological aging.
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initially present in both wineries but became undetectable
within a year. The presence of limonene in biologically aged
wines has been previously reported.24,70 This phenomenon has
been linked to mites, such as Carpoglyphus lactis, found on
barrel corks.70,71 These mites can fall into the wine during
sampling, releasing terpenes that impart characteristic citrus
and oral notes.70

3.3.7 Principal component analysis of minor volatile
compounds. PCA was performed on the dataset of quantied
minor volatile compounds from each winery. The analysis
extracted two factors that explained 73% of the total data vari-
ance. The details of the PCA values are described in Table 6.

PC1 (49% variance), the “aroma factor”, was positively
correlated (factor loading > 0.6) with the main groups of minor
aroma compounds: ethyl esters, higher alcohols, lactones, and
volatile phenols. Consistent with numerous studies, most of
Fig. 5 Mean intensity values for sensory attributes in biologically aged
ethanol content over 12 months (t = 0, 6, 12).

© 2026 The Author(s). Published by the Royal Society of Chemistry
these compounds tend to decrease during biological aging and
are signicantly inuenced by or yeast. The “aroma factor”
successfully discriminated between the barrels based on aging
time and winery (Fig. 3).

However, it did not distinguish between test and control
barrels, indicating that aging at a lower alcohol concentration
did not generally affect these minor aroma compounds. The
only exception was the acetate family, which showed signicant
differences between test and control barrels, but its loading in
the PCA was split between PC1 and PC2. The “aroma factor”
score was consistently higher in winery B at all sampling times
and its score decreased over time, whereas in A, it increased
slightly at 6 months before decreasing at 12 months, showing
little overall change. This different behavior may be attributed
to the dominant yeast strains in each winery, which can either
promote the synthesis or the hydrolysis and transformation of
these compounds. This effect is evidenced by the temporal
evolution of the cumulative concentrations of ethyl esters,
higher alcohols, lactones, and volatile phenols (Fig. 4), which
reveals markedly different trends during the rst six months.
Whereas winery A showed an approximate increase of 60–80%
in these compounds, indicating a greater synthetic capacity of
or yeasts, winery B exhibited a 40% decrease, reecting the
prevalence of hydrolytic and transformation activities.

PC2 (14% variance), the “barrel factor”, was positively
correlated (factor loading > 0.6) with carbonyls (furfural),
terpenes (limonene and (E)-methyl dihydrojasmonate), and the
volatile phenol 4-ethylguaiacol. These compounds are associ-
ated with oak wood, either directly or indirectly (e.g., via mites),
and can be released into the wine during aging. The “barrel
factor” score tended to increase over time in the A barrels but
decrease in the B barrels. In general, test barrels showed
wines from winery A, comparing traditional (control) and lower (test)

Sustainable Food Technol., 2026, 4, 2040–2054 | 2049
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Fig. 6 Mean intensity values for sensory attributes in biologically aged wines from winery B, comparing traditional (control) and lower (test)
ethanol content over 12 months (t = 0, 6, 12).
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a slightly lower “barrel factor” score compared to control
barrels, except at t = 0 in B. This difference may be due to the
higher alcohol content in the control barrels, which could
enhance the extraction of these compounds from the wood.

3.4 Sensory analysis

Fig. 5 and 6 present the results obtained for the principal
parameters evaluated in the tasting panel for the two wineries
throughout the entire study period. It should be noted that, to
simplify, the attributes ‘visual defects,’ ‘olfactory defects,’ and
‘gustatory defects' are not shown, since no defects were identi-
ed in any of the samples. Furthermore, the attribute ‘viscous
appearance’ was omitted since all samples consistently exhibi-
ted the minimum score, as expected for wines of this category.

The ‘biological aging’ attribute registered the highest mean
scores and the largest variance across both wineries and wine
types, which is specic for these wines. In winery A, the values for
this parameter remained virtually constant throughout the study
in the control wines; however, in the test wines, we can observe
an increase over time and a decrease in alcoholic strength, which
is in concordance with the data obtained for acetaldehyde
content and the previously mentioned intensication of the or
yeast metabolism resulting in a signicantly higher score in the
low-alcohol wines at the end of the study. In winery B, no
substantial increase was observed with time, although the nal
score at the end of the study was also signicantly higher for the
wines with lower alcoholic strength. The remaining parameters
in the olfactory assessment (oxidative aging and raisining attri-
butes) registered scores very close to one in all cases, indicating
their absence or presence at levels near the detection threshold.
This nding aligns with the typical aromatic prole for this wine
type and with the characteristics stipulated in its product speci-
cations. The parameters ethyl acetate and TCA also received
scores of 1 (denoting absence) or values closely approximating it.
2050 | Sustainable Food Technol., 2026, 4, 2040–2054
In the gustatory assessment, all evaluated wines, regardless
of alcohol content and winery, received very low scores for body.
This is characteristic of these wines, which typically exhibit
a very light body, likely attributed to glycerol consumption by
the yeast. Furthermore, the sweetness parameter was rated at
the minimum score (absence) for all samples, consistent with
their classication as dry wines.

The color remained nearly constant in the rst cellar, aver-
aging values near 2.5, which is characteristic of a straw-yellow
hue. In winery B, a minor evolution was noted potentially
attributable to seasonal or velum activity but no differences
were observed between the control and test casks. In this
winery, values were closer to 3, corresponding to a pale golden
color. This chromatic range is typical for this wine category.

Finally, it should be noted that all wines evaluated throughout
the study periodmet the required sensory specications outlined
in the regulations for the Jerez-Xérès-Sherry PDO.

3.5 Sustainability assessment

This section evaluates the potential economic, energy, and
environmental impacts of reducing the alcohol degree of bio-
logically aged sherry wines from 15% to 14% (v/v). The primary
benets stem from the reduced input of wine alcohol (ethanol)
required for the initial fortication and subsequent adjust-
ments during the aging process. For this analysis, a simplied
assumption of a cumulative 1% (v/v) reduction in total ethanol
addition throughout the entire aging stage was adopted. Table 7
lists the parameters used for this approximation.

Based on proportional calculations, lowering the alcohol
content by one percentage point saves approximately 5.3 L of
95% ethanol per 500 L barrel. This saving translates directly
into economic, energy, and emission benets. Considering an
average market price of 7 V per L, this reduction yields a direct
economic saving of approximately 37 V per barrel.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Estimated savings per barrel (500 L) and for production of 5000 barrels per year

Parameter Unit Per barrel Total (5000 barrels)

Ethanol saved (95%) L 5.27 26.325
Economic saving (ethanol) V 36.9 184.275
Energy saved (ethanol production) kW h 34.3 171.113
GHG emissions avoided (ethanol production) kg CO2eq 12.1 60.548
Mass of ethanol avoided t 0.00427 21.32
Transport distance km 540 540
GHG emissions avoided (transport) kg CO2eq 0.21 1.036
Transport cost avoided V 0.20 1.015
Equivalent tanker trips avoided (28 000 L) — 0.00019 0.94

Table 7 Parameters and data sources used to estimate savings from reducing the alcohol degree from 15% to 14% (v/v) in biological aging sherry
wines

Parameter Value used Reference

Ethanol (95%) required per 1000 L of wine 5.3 L Calculated directly from proportion (1% v/v × 500 L/95%)
Average market price of 95% ethanol 7 V per L MAPA (2024)72

Energy consumption for ethanol distillation 6.5 kW h L−1 Soleymani Angili et al. (2021)73

GHG emissions for ethanol production 2.3 kg CO2 eq per L Therasme et al. (2021)74

Density of 95% ethanol 0.81 kg L−1 Standard physical property
Road transport emission factor 0.09 kg CO2 eq per t per km EEA (2022)75

Bulk tanker capacity (liquid food transport) 28 000 L Typical european road tanker specication
Average tanker freight cost 2.0 V per km Estimated for specialised food-grade bulk transport (Spain)
Regulatory framework for sherry fortication — Consejo regulador DO Jerez-Xérès-Sherry (2023)76
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Furthermore, applying an energy intensity factor of 6.5 kW h
L−1 and an emission factor of 2.3 kg CO2 eq per L—validated
against published bioethanol Life Cycle Assessment (LCA)
studies and the Ecoinvent v3.10 database77 – this 5.3 L reduction
corresponds to savings of 37.34 kW h and 12 kg CO2 eq per
barrel, respectively.

To illustrate the potential regional impact, these per-barrel
savings were extrapolated based on an estimated average
annual production of 5000 barrels (2.5 million L) from the
participating wineries. The aggregated calculations are pre-
sented in Table 8. This extrapolation yields a total annual saving
of 26 325 L of ethanol, 184 275V, 171 MW h, and approximately
60.5 t CO2 eq in each winery. The analysis also incorporated the
avoided transport of ethanol from Tomelloso (the primary
supply region) to Jerez, a distance of 540 km. This contributes
an additional saving of approximately 1 t CO2 eq and 1000 V in
freight costs, equivalent to 0.94 fewer tanker trips. While
transport-related impacts represent less than 2% of the total
GHG savings, their inclusion provides a more complete life-
cycle perspective.

In summary, for an illustrative annual production of 5000
barrels, reducing the alcohol degree by 1% (v/v) avoids the use
of over 26 000 L of 95% wine ethanol, generates savings of
approximately 184 000 V, and prevents a total of ∼61 t CO2 eq
(including production and transport logistics). These ndings
demonstrate that even a marginal reduction in fortication
strength can yield signicant economic, energy, and environ-
mental benets, contributing to the sherry industry's alignment
with European climate-neutrality and energy-efficiency
objectives.
© 2026 The Author(s). Published by the Royal Society of Chemistry
4. Conclusions

Static biological aging of sherry wines with an alcoholic strength
below 15% v/v proves to be a viable and effective strategy,
resulting in a signicant enhancement of or yeast metabolism.
This was clearly evidenced by the accelerated consumption of
primary substrates, including ethanol, glycerol, and volatile
acidity. This metabolic enhancement is, however, strongly
modulated by the specic ecological and climatic conditions of
the winery. The process is favored by milder, more stable
temperatures and exhibits slight seasonal variations. In this
context, while a rapid decrease in alcohol content during
warmer months might, in some cases, favor the growth of
competing microorganisms, the static biological aging process
itself demonstrated an intrinsic capacity to purify the medium
and control acetic acid levels. In addition, the or veil consis-
tently maintained its protective capacity against oxidation
across all scenarios, as evidenced by stable color over time,
independent of the alcohol content.

The intensied metabolic activity translates into an
enhancement of typicity. Key chemical markers of biological
aging, especially acetaldehyde and acetoin, reached signicantly
higher concentrations in the reduced-alcohol wines. Concur-
rently, the minor volatile prole shied, characterized by higher
concentrations of acetate esters and lower levels of ethyl esters
and furfural. These chemical ndings were validated by sensory
analysis. The reduced-alcohol wines not only met all quality
parameters but also received signicantly higher scores for the
primary ‘biological aging aroma’ attribute, which is characterized
by notes of nuts and apple, typical of this wine style.
Sustainable Food Technol., 2026, 4, 2040–2054 | 2051
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Finally, a life-cycle assessment (LCA) quantied signicant
sustainability and economic advantages, revealing that even
a minor reduction in the nal alcohol content can lead to
considerable savings in costs, energy consumption, and carbon
dioxide equivalent emissions for a given volume of wine.
Therefore, static biological aging at a reduced strength repre-
sents a sustainable method for producing lower-alcohol sherry
wines that successfully retain and even amplify their charac-
teristic Fino prole. However, its successful implementation is
contingent upon rigorous microclimatic control to mitigate the
increased microbial competition. Thus, further research is
necessary to determine the optimal operational conditions and
to examine specic aspects, such as how this reduction in
alcoholic strength affects the or veil microbiota, in order to
fully understand and optimize the process.
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17 M. V. Garćıa-Moreno, M. M. Sánchez-Guillén, M. J. Delgado-
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