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The increasing demand for no- or low-alcohol (NoLo) wines in the European beverage market has led to a rise in
the availability of sparkling NoLo wines. However, comprehensive evaluations of their foamability and effer-
vescence remain limited in the scientific literature. This study aims to provide a detailed assessment of the
foamability of sparkling NoLo wines across various levels of dealcoholisation and temperatures. The Mosalux
methodology was selected as the standard reference for this analysis.

In the study, pure ethanol was incrementally added to a completely dealcoholised white-still wine, raising the
ethanol concentration from 0 % to 12 %; at the same time, different wine temperatures ranging from 4 °C to 25
°C were tested. Additionally, artificial intelligence (AI) techniques based on image analysis were employed to
assess foam collar persistence, count, and classify visible bubbles. Image acquisition was performed over several
minutes to monitor foam behaviour, simulating a typical consumer evaluation continuously. An RGB camera
captured images from above the experimental glass.

The collected data were compared with the wine’s physical properties, using response surface methodology to
describe the interaction between the liquid and gas phases. The results showed that ethanol reduction promoted
the formation of stable and compact foam while reducing the average bubble diameter. The Mosalux data and
wine physical properties were correlated with indices derived from the image analysis, which described bubble
production potential and foam receding time. Maximum bubble production and bubble detection kinetics were
found to be closely related not only to the wine’s viscosity and surface tension but also to the maximum height
recorded with the Mosalux device.

These findings suggest that alcohol reduction may enhance the overall visual appeal of sparkling NoLo wines
while offering potential health benefits to consumers.

1. Introduction

Growing demand for beverages with low alcohol content was widely
noted. No-low alcohol (NoLo) beverages address several needs of Eu-
ropean consumers. Awareness of chronic health issues related to high
ethanol intake has influenced consumer preferences towards these
drinks (Caluzzi et al., 2021; Kumar et al., 2024). Alcohol-free versions of
common wines and spirits can also prevent acute effects on behaviour,
such as cognitive impairment and sleepiness (European Commission).
Consequently, NoLo wines are emerging as a significant alternative in
the European Union (EU) beverage market (Shaw et al., 2023). Unlike
non-fermented grape juice, NoLo wines originate from fermented wine

that has undergone dealcoholisation to reduce ethanol concentration
(EtOH) (OIV, 2021). According to EU regulations, beverages with an
EtOH of 0.5 % or less are classified as non-alcoholic, although individual
countries may have different thresholds (Okaru & Lachenmeier, 2022).
Moreover, the dealcoholisation can reduce EtOH as desired. A partial
dealcoholisation of wine removes just part of the ethanol, while a total
dealcoholisation process can mostly remove ethanol from white and red
wines (EU Regulation 2021/2117).

Several methods exist to reduce the alcohol content in wines. Har-
vesting unripe grapes can significantly decrease wine quality but affect
wine taste, so current viticultural practices focus on low-sugar-
producing Vitis vinifera varieties and clones. Alternative yeasts can
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marginally reduce ethanol production, making post-fermentation
treatments necessary. Effective post-fermentation treatments aim to
remove most of the ethanol while preserving the wine’s flavour and
aroma. Techniques like spinning cone column and vacuum distillation
evaporate ethanol at low temperatures, maintaining the wine’s original
taste and aromas (Sam et al., 2021). Reverse osmosis (RO) is also widely
used and capable of producing non-alcoholic, especially when an EtOH
lower than 5 % is needed (Goncalves et al., 2013; Sam et al., 2021). RO
occurs by removing light molecules, primarily water and ethanol, from
wine. Then, the part of the permeate extracted must be restored with
low-sugar Brix grape juice or its original water separated from the
permeate with further treatments (usually distillation) (Schmidtke et al.,
2012). All the abovementioned practices are allowed by the EU regu-
lation 2021/2117. However, drastic alcohol reduction often results in
losing volatile aromatic compounds and declining wine taste quality.
This quality decrease is particularly noticeable when the alcohol
reduction exceeds 2 % (Lisanti et al., 2013). In aromatic wines, higher
alcohols, esters, and acids may be decreased with ethanol (Liguori et al.,
2019). Despite these challenges, sparkling NoLo wines may still be more
appealing than NoLo wines due to their effervescence, which can
enhance flavour perception and the whole visual appeal (Shaw et al.,
2023).

All sparkling wines share specific characteristics: carbon dioxide
(CO») dissolved in the wine reaches at least 3.5 bars at 20 °C in-bottle
pressure. Usually, sparkling-NoLo wines are produced through CO; in-
jection to avoid ethanol increase from a second fermentation. Wines
produced through CO: injection are classified as aerated sparkling wines
according to European Council Regulation (No. 479/2008). Deal-
coholised aerated sparkling wines can be created using the aforemen-
tioned techniques, in line with the guidelines established by the
International Organization of Vine and Wine (OIV 2012). When un-
corked and poured, the overpressure reaches the ambient pressure, and
CO, is released. Thus, effervescence is typical when sparkling wines are
poured, moulding aroma, palate, and visual analysis (Buxaderas &
Lopez-Tamames, 2012). Preserving the dissolved CO, is crucial for
enriching the wine’s sensory profile (McMahon et al., 2017). Efferves-
cence, resulting from COs release, depends on the presence of different
molecules that stabilise foam. Furthermore, viscosity and surface ten-
sion (ST) are essential for gas-bubble formation and foam stability.
Viscosity and ST play against the bubble forming or produce smaller
bubbles, resulting in a more compact foam that preserves the evapora-
tion of the dissolved gasses (Martinez-Lapuente, Ayestaran, & Guada-
lupe, 2018; Pugh, 2016).

Various chemical additives and physical techniques enhance COy
preservation (Kemp et al., 2019). Among the most reliable methods for
evaluating foam stability include the "Mosalux" technique, which as-
sesses effervescence by measuring foam height and stability after CO5
injection into a base wine (still wine before becoming a sparkling wine)
(Maujean et al., 1990). Viejo et al. (2019) also listed many more foam
evaluation methodologies for wine, beer, and sparkling water, including
computer-vision-based methods. However, image analysis offers results
closer to human perception, providing detailed information on foam
behaviour, including foam persistence, bubble classification, and bubble
release kinetics. This technique has been applied in various food pro-
duction fields to count, monitor, and classify food quality (Bhargava &
Bansal, 2021). An image analysis algorithm typically is a virtual neural
network working on an artificial intelligence (AI) architecture consisting
of a trained model that detects and delimits objects from
two-dimensional RGB images. In the context of wine evaluation, image
analysis increases the accuracy and precision of objective assessments,
as opposed to the subjective judgments of human tasters (Liger-Belair
et al., 1999). For instance, it has been used to study the effervescence in
champagne, including the frequencies of bubble formation, growth
rates, and rising velocities. Cilindre et al. (2010) proposed a method-
ology based on computer-assisted viewing equipment (CAVE) to
enhance the standard foam evaluation conducted with the Mosalux
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methodology. This approach involves capturing images above a glass of
wine to mimic the consumer’s tasting perspective after the wine is
poured. So, our paper explores combining the Mosalux assessment with
an image analysis approach, providing more comprehensive informa-
tion about foam rising, decay, bubble, and wine-free-surface detection
inspired by the methodology described by Sauerbrei et al. (2006) and
Cilindre et al. (2010). This combination offers a broader understanding
of foam behaviour in NoLo wines, which is essential for improving their
quality and consumer appeal (Sarker et al., 1998).

Despite the potential of Nolo sparkling wines and the importance of
effervescence for quality, systematic evaluation of foam quality for
dealcoholised aerated sparkling wines is lacking. Given that water so-
lutions have lower viscosity and higher ST than hydroalcoholic solutions
(Vazquez et al., 1995), it is hypothesised that NoLo wines exhibit high
foam stability and persistence compared to alcoholic wines. This study
used artificial intelligence techniques to assess the foam behaviour of
NoLo wines under different conditions. The main objective was to
describe foamability by observing foam persistence and bubble detec-
tion. Five ethanol concentrations were tested to simulate various deal-
coholisation steps by adding pure ethanol to a no-alcohol wine at four
temperatures. Standard foamability was evaluated using the Mosalux
method, followed by COs injection and image analysis to monitor foam
behaviour over time.

2. Materials and methods
2.1. Experiment design

A white still wine used for the experiments was provided by Myal-
colzero (Mezzocorona, TN, Italy, www.myalcolzero.it), an Italian brand
that produces commercial dealcoholised wines. Dealcoholisation
occurred through RO to extract the hydroalcoholic permeate and os-
motic distillation to recover the grape juice water. The chemical analysis
of the wine is listed in Table 1. An ethanol solution of 96 % (v/v) was
added to reach five EtOH steps: 0 %, 3 %, 6 %, 9 %, and 12 %. Hence,
four temperature (Temp) conditions were tested: 4 °C, 11 °C, 18 °C, and
25 °C. Ten mg * L™} of pure albumin was added to every sample to
ensure consistent foam production. A custom Central Composite Design
experimentation was planned, and the Response Surface Methodology
(RSM) was chosen as the data analysis tool. The performed trials are
listed in Table 2. This experimentation setup aimed to describe the
wine’s physical behaviour at different Temp and EtOH. Factor levels
were chosen at equal intervals, and corners were set at critical points for
Temp and EtOH. Any RSM model tested the linear effect of Temp and
EtOH, as well as their interaction and their quadratic terms. If the
interaction or the quadratic effect were not statistically significant, they
were excluded from the model. The robustness of models was assessed
based on model p-value and lack of fitting. If the model showed a p <
0.05 and a not statistically significant lack of fit (p > 0.05), it was
considered valid. The wine’s sample physical properties were measured
with laboratory tools. The foamability was assessed following the
Mosalux methodology and thanks to an image analysis technique. The
image analysis gathered several photos of the wine’s glass for minutes
after the COy flow injection. Following, a time series depicted the
development of foam and bubbles throughout time. The bubble release
was modelled by fitting the experimental data on a mathematical
function in which some key coefficients were assigned to each sample.
Thus, the RSM was carried out on measurements directly appraised from
the wine or on the coefficients returned from the function fitting process
used to describe foam and bubble development. The analysis was per-
formed with the software RStudio.

2.2. Physical analysis

Density was determined by weighing a 100 mL sample of every wine,
while a capillary viscosimeter was used to determine the samples’
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Table 1
Chemicals analysis of the dealcoholised still wine.
Sugar Total acidity pH EtOH Malic Acid Lactic Acid Total SO, Free SO,
('L ('L pH % vol ('L ('L ™H (mg*L™") (mg*L™")
23.00 4.65 3.43 0.00 1.43 0.00 44.00 5.00
Table 2
The table describes the RSM design used for the present experimentation and the related level used for the two factors tested: Temp and EtOH.
Sample Temp (°C) Repetitions EtOH (%) Sample Temp (°C) Repetitions EtOH (%)
1 25 1 0 11 11 1 0
2 25 1 3 12 11 1 3
3 25 1 6 13 11 3 6
4 25 1 9 14 11 1 9
5 25 1 12 15 11 1 12
6 18 1 0 16 4 1 0
7 18 1 3 17 4 1 3
8 18 1 6 18 4 1 6
9 18 1 9 19 4 1 9
10 18 1 12 20 4 1 12

viscosity. The surface tension was estimated through an image analysis
technique. Each sample was picked and expelled with a flat needle sy-
ringe. A Canon R10 (Tokyo, Japan) mounting a 15-180 mm lens was
used to record a video while the wine’s droplets fell from the needle. The
video was converted into single frames, and the most representative
photos were processed with the "OpenDrop" image analysis software
(www.opendrop.readthedocs.io/en/latest). Opendrop bases the liquid-
air surface tension estimation, calculating the angle between the
liquid droplet and the needle (Handschuh-Wang et al., 2018; Jakhar
et al., 2019). The sampled photos were manually segmented into 2-bit
masks, remarking the needle and the sample’s droplet. This approach
aims to estimate the curvature radius between the needle and the sam-
ple’s drop through image analysis. The curvature radius is included in
the Young-Laplace equation to estimate the difference in pressure
(Laplace pressure) between the two phases, air (gas) and wine liquid
sample, from the liquid phase density (Berry et al., 2015).

2.3. Foam evaluation

The still wine’ samples (100 mL) were poured into a 500 mL cylinder.
Samples were tested for the Mosalux analysis in which a flux made by 7
L*h~! of CO, was injected into the wine from the bottom of a cylinder
(Maujean et al., 1990). The still wine was assumed to be a base wine to
become a carbonated sparkling wine (Gallart et al., 2004). Three pa-
rameters were recorded thanks to the Mosalux apparatus: maximum
height (HM) reached by the foam during constant carbon dioxide in-
jection from the bottom of the experimental cylinder expressed in mm,
foam stability height (HS) (height of the persistence foam collar)
expressed in mm; foam stability time (HT) until all bubbles collapse
when CO; injection is interrupted, expressed in seconds (s).

2.4. Image analysis

The same Mosalux methodology was replicated in a black box. An
RGB camera Canon R 10 (Canon Inc. Tokyo, Japan) was placed on the
top of the box at about 350 mm from the wine surface. Two LED stripes
lighted the black box. 100 mL of wine was introduced into the cylinder,
and a 7 L*h™! of CO, flux was injected for 30 s. After 20 s of injection,
the photo capturing started. Hence, a photo was taken every 5 s for 250
s, focusing on the wine surface (camera zoom 50 mm). Photos were
uploaded and processed in Arivis ZEISS Cloud (www.apeer.com). Arivis
ZEISS Cloud is a free automated image segmentation service working on
the EfficientNet network encoder and can retrieve an 8-bit mask of
threshold images. Two models were trained. The first semantic seg-
mentation model was trained on detecting foam and free surface wine:

isolate and clustered bubbles on the wine surface were manually
labelled and classified as "Foam", while the free surface of wine was
labelled as "Wine". The second one, an instance segmentation model,
was trained to detect each single and visible bubble. All the bubbles
were manually labelled one by one. The foam detection aimed to
establish the wine’s surface covered by the foam and the time needed to
let the foam disappear. The bubble classification aimed to count the
visible bubbles by recognising each single one and their assessment in
terms of numbers, bubbles’ diameter and total area. The dataset
comprised 1100 images, but only 7 % were manually labelled. Thus,
about 77 images were labelled, including more than 8000 items (bub-
bles). Arivis ZEISS Cloud automatically splits the annotated dataset into
train-test and validation to assess the learning performance.

2.5. Time-series analysis

Fifty sequential photos were analysed, and the foam and bubble
characterisation was performed for 250 s (one picture every 5 s). The
number of bubbles and their area development across time were adapted
to three approximate functions. Functions are listed in Egs. (1)-(3). So,
Eq. (1) is a simple linear function, Eq. (2) is an Arrhenius-like function,
and Eq. (3) is a function with a central flex point.

Y =a*t Eq. 1
—b
Y=a*e: Eq. 2
a
=5 o Eq. 3

Where a, b, and c are coefficients, t means time in seconds (s), and Y is
the dependent variable under investigation: number of bubbles and total
bubbles’ area. The time (t) was ranged from O s to 250 s. The coefficients
were determined in Rstudio (2022.12.0) using the "minpack.lm" pack-
age. The best function was assessed by comparing the predicted data
with the actual ones in terms of the regression coefficient (RZ), the root
mean square error (RMSE), Akaike’s information criterion test (AIC),
and the Bayesian information criterion (BIC). RMSE formula is shown in
Eq. (4). Concerning the foam evaluation, the initial disappearing time
was visually assessed and defined as "Persistency". Since the foam retreat

was detectable, the linear decay speed was computed in mm? *s™!,

RMSE = Eq. 4
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3. Results
3.1. Wine properties and foam response

The RSM was performed on the physical properties of wines, and a
linear contribution of Temp and EtOH was verified in both density and
viscosity, Fig. 1. Additionally, the interaction effect was found to be
relevant to viscosity. The trend is shown in Fig. 1b. Finally, EtOH has a
linear effect on ST ranging from 0.074 to 0.045 mN*m™!, increasing
EtOH (data not shown). Both the model’s feasibility and lack of fit were
assessed, resulting in a valid model. The Mosalux foam changes due to
Temp and EtOH are shown in Fig. 2. HM and HS followed a negative and
proportional trend, according to the increase in Temp and EtOH. More
precisely, Fig. 2b indicates that a Temp under 15 °C promotes foam
stability, but EtOH higher than 3 % can reduce that. Temp over 20 °C is
deleterious at each EtOH value. No significant effect was found for HT.
All records are listed in Table Al. Details of the RSM are reassumed in
Table 3.

3.2. Image analysis: foam characterisation

Then, the following paragraphs describe the foam development and
the bubble’s characterisation through a time series and exploiting image
analysis tools. Generally, the first photos of the time series acquired
close to the end of the CO; injection depicted the whole wine’s surface
covered by a dense foam. Several seconds after stopping the CO5 in-
jection, the foam is usually made up slowly, and both the wine-free
surface and bubbles appear. In almost all the trials, the foam collar
persisted until the end of the trial. An example is displayed in Fig. 3.

The semantic segmentation model was trained to classify the foam as
the sum of bubbles covering the liquid surface. The clear liquid surface
represented the wine. The model did not need heavy training due to the
different colours and textures of the foam (almost white) and the pure
wine (medium-yellow). An example of the output consisting of two
overlapped masks is depicted in Fig. 4. The model reached an accuracy
close to one just after six hundred epochs. The output described the ratio
of surface covered by foam and wine. At the beginning of the image
acquisition, the cylinder surface was covered entirely by foam due to the
CO5 flux injected (Fig. 3). In some trials, the foam was maintained
throughout the monitoring period. However, the exact time the se-
mantic segmentation model detected the clear wine from the foam is
called "persistency" the foam decay was computed as linear foam

a)

EtOH (%)

Temp (°C)

Food Control 171 (2025) 111108

decreasing because data was insufficient to test other functions
compared to Sauerbrei et al. (2006). A typical result combining the
image analysis results is shown in Fig. 5. The data reassumes in Table 4
the minimum and maximum values reached by the two classes during
the time series. The foam seemed stable at the highest Temp. Just at 11
°C and 18 °C, the foam pulls back consistently. Moreover, in some cases,
EtOH decreased the foam persistency and, hence, the foam stability.
However, the statistical analysis performed on the persistency did not
prove any relevant effect, mainly due to the dispersion of data.

3.3. Image analysis: bubbles characterisation

An example of the instance segmentation output is shown in Fig. 6.
The instance segmentation model was trained until 1200 epocs, and an
experimental accuracy of 0.977 and an average intersection union of
0.729 were reached. Moreover, Arivis ZEISS Cloud summarised the
essential geometrical information for each bubble.

Details of the number of bubbles and their area in each trial are
reassumed in Table A2. Bubbles were classified according to their
diameter based on the deduction established by Liger-Belair et al.
(2008): small bubbles with a diameter smaller than 0.50 mm, medium
bubbles with a diameter smaller than 1.00 mm, and large bubbles with a
diameter larger than 1.00 mm. The coldest conditions promoted the
formation of small bubbles, especially at low ethanol levels. Addition-
ally, increasing the EtOH led to a higher frequency of medium and large
bubbles. An interaction effect was observed for the large bubbles, where
increasing both Temp and EtOH concentration reduced the prevalence
of this size class.

Throughout the monitoring period, the bubbles’ diameter remained
relatively stable. The average diameter was compared using RSM anal-
ysis. The interaction effects between Temp, EtOH, and bubble diameter
are detailed in Table 5 and illustrated in Fig. 7. Contrary to foam
persistence, the smallest bubble diameters were observed at lower Temp
and EtOH levels, while larger bubbles were found in conditions where
the foam was less stable. Furthermore, the interaction between Temp
and EtOH had a negative impact on the frequency of medium and large
bubbles, as depicted in Fig. 7b and c.

3.4. Bubbles kinetics-time assessment

Almost all of the time series showed three common trends: linear
(Fig. 8a), Arrhenius-like (Fig. 8b), and a function with a flex point

@//

>

7S

N

15
Temp (°C)

Fig. 1. RSM plot according to the two factors: Temp on the horizontal axis and EtOH in the vertical axis. Green- Yellow tones mean lower value, while brown-white
tones mean higher value. Charts a) refers to density (kg*dm"c’) and b) refers to viscosity (s). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)



A. Zanchin et al.

12

10

199

ol 200~ =
[ [ [ [
5 10 15 20
Temp (°C)

Food Control 171 (2025) 111108

Temp (°C)

Fig. 2. RSM plot according to the two factors: Temp on the horizontal axis and EtOH on the vertical axis. Green-yellow tones mean lower value, while brown-white
tones mean higher value. The charts follow the order: a) HM (mmm), b) HS (mm). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

Table 3

A statistical report of the RSM was performed on the foam features: foam maximum height (HM), foam stability height (HS) and foam stability time (HT).

indicates a p value < 0.001, while “NS” indicates non-significant.

Gk

Dependent Variable Linear Interaction Quadratic p-value Lack of fit
Temp EtOH Temp x EtOH Temp? EtOH?

HM NS il NS NS NS e NS

HS o e NS NS NS i NS

HT NS NS NS NS NS NS NS

c) d) I e) I

Fig. 3. Five examples of photos acquired during the time-series analysis are displayed following the order: a) 10 s, b) 100 s, ¢) 155 s, d) 200 s, and e) 245 s.

a) b)

Fig. 4. An example of a mask resulted from the semantic segmentation in b):
Foam (blue) and Wine (green). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

(Fig. 8c). Finally, the statistics confirm that the Arrhenius-like equation
(i.e., Eq. (2)) is the most suitable one, and it has been chosen as the best-
fitting function to describe the bubbles’ number and the bubbles’
covered area. The average performance computed among all the trials is
written in Table 6. In this function, the coefficient "a" multiplies the
entire function, while the independent variable (t) divides the

v

1000 > 1.0
o0, bec
Persistency e, K% e Bubbles
800 | - ooq
*ocnes Number
600 ®e¢ 0.6
00 oceqses 90s°%
...0000"0“” o e .
400 o® a 0.4 ° FOam
0e®
— [
200 b ge® 0.2
() ... &
0 1Se328 " 0.0 ° Wine
0 50 100 150 200 250
Time (s)

Fig. 5. An example of foam detection and bubble counting through image
analysis is shown. Foam and wine are indicated on the right axis as the ratio of
the covered glass surface (from 0.0 to 1.0), while the counted bubbles are
indicated on the left axis (Number). The letters “a” and “b” mean the coefficient
role in Eq. (2).
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Foam characterisation through image analysis. Foam and wine coverage refers to the ratio between foam and wine in the cylinder area. Values ranged between 0 and 1,
meaning absent and the liquid surface was wholly made up of wine or foam, respectively. Minimum (Min) and maximum (Max) values are derived from each time
series made by 50 items. The average values among three repetitions were computed at Temp 11 °C and EtOH 6 %. Finally, persistence refers to the time the liquid
surface was completely covered by foam, and the wine was detectable by the semantic segmentation algorithm. Decay means the receded speed of foam.

Sample Temp EtOH Foam coverage Wine coverage Persistency Decay
Q0 % vol Min Max Min Max (s) (mm?*s 1)
Al 25 0 1.00 1.00 0.00 0.00 250 0.000
A2 25 3 1.00 1.00 0.00 0.00 250 0.000
A3 25 6 1.00 1.00 0.00 0.00 250 0.000
A4 25 9 1.00 1.00 0.00 0.00 250 0.000
A5 25 12 1.00 1.00 0.00 0.00 250 0.000
Bl 18 0 0.22 1.00 0.00 0.78 35 4.742
B2 18 3 1.00 1.00 0.00 0.00 240 0.000
B3 18 6 0.69 1.00 0.00 0.31 150 4.047
B4 18 9 0.86 1.00 0.00 0.14 200 3.679
B5 18 12 0.79 1.00 0.00 0.22 170 3.531
Cl 11 0 1.00 1.00 0.00 0.00 250 0.000
Cc2 11 3 0.78 1.00 0.00 0.23 165 3.478
C3 11 6 0.78 1.00 0.00 0.22 160 3.168
C4 11 9 1.00 1.00 0.00 0.00 210 0.000
C5 11 12 0.97 1.00 0.00 0.04 120 0.283
D1 4 0 0.98 1.00 0.00 0.03 120 0.253
D2 4 3 0.99 1.00 0.00 0.01 250 0.000
D3 4 6 0.99 1.00 0.00 0.01 250 0.000
D4 4 9 1.00 1.00 0.00 0.00 250 0.000
D5 4 12 0.55 1.00 0.00 0.45 50 2.956

Fig. 6. An example of a mask returned from the instance segmentation
of bubbles.

coefficient "b" at the exponential. Thus, "a" represents the maximum Y
reachable at the asymptote, which means the maximum bubbles po-
tential production at each Temp and EtOH condition. On the other hand,
"b" affects the rate of ascending of the exponential function (Fig. 5).
For this topic, the RSM was performed among the coefficients "a" and
"b" to describe the bubble detection along the time series regarding
bubble number and area covered by bubbles. The RSM plots are dis-
played in Fig. 9, and details of the analysis are listed in Table 7. Firstly,
the number of bubbles and their area are strictly correlated and follow
the same data distribution. The total bubbles’ area depends on the
number of bubble and their diameters. Moreover, both coefficients
showed a similar behaviour among the two features. The RSM per-
formed on the bubble number found the linear effect relevant to the
EtOH factor. The positive linear trend was proved between EtOH and the
"a" coefficient, displayed in Fig. 9a, in which a slight negative compo-
nent due to the Temp effect was also detected. An opposite trend was

Table 5

A statistical report of the RSM was performed on the bubbles’ average diameter and distribution among medium and large size of bubbles.

0.05, while “NS” indicates non-significant.

observed in Fig. 9b for the "b" coefficient. In this case, Temp has a
positive effect, while EtOH is negative. The modelisation of the area of
the bubble returned some insights compared to the bubble number.
First, EtOH’s linear and quadratic effects were found relevant for the "a"
coefficient, combined with the interaction effect between Temp and
EtOH. Thus, the lowest Temp and the highest EtOH returned the highest
potential of the covered area from bubbles but showed a strong decay
among the central values of both factors (Fig. 9c). Second, the linear
relationship was found relevant for both factors in "b" modelisation. "b"
increased following the Temp increase, while it decreased while incre-
menting the EtOH of wines (Fig. 9d). Specific details for each trial are
resumed in Table A3. Thus, the most powerful bubble producer potential
was reached by the wines having an EtOH higher than 9 %, while low
alcohol wines at the warmer Temp made the bubbles visible later.

4. Discussion

Therefore, this experimentation focused on dealcoholised aerated
sparkling wines, with any insights generally applicable to Nolo sparkling
wines.

Temp had a minimal impact on ST and density, especially when
compared to EtOH. Both ST and density only varied slightly, with
changes in Temp resulting in minor decimal adjustments. In contrast,
the alcohol content significantly influenced these properties. At 20 °C,
water has a density of 0.998 g*mL~! and an ST of 0.0728 mN*m !,
whereas ethanol exhibits a density of 0.789 g*mL ™! and an ST of 0.0222
mN*m L. Viscosity was inversely proportional to Temp and positively
correlated with EtOH content, reflecting findings from other studies
(Liger-Belair et al., 2008).

The Response Surface Methodology (RSM) analysis of Mosalux-

ey

indicates a p value <

Dependent Variable Linear Interaction Quadratic p-value Lack of fit
Temp EtOH Temp x EtOH Temp? EtOH2

Average Diameter NS NS * NS * NS

Medium NS NS * NS NS * NS

Large NS NS * NS NS * NS
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Fig. 7. RSM plot according to the two factors: Temp on the horizontal axis and EtOH in the vertical axis. Green-yellow tones mean lower value, while brown-white
tones mean higher value. The charts follow the order: a) average bubbles diameter (mm), b) average medium bubbles frequency, c) average large bubbles frequency.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. The charts represent three typical curves among the bubbles counted and time: a) linear, b) exponential, and c) having a point flex.

Table 6
Average fitting function performances computed among the actual and pre-
dicted data from the formulas described in Egs. (1)-(3).

Variable  Function Type R? RMSE AIC BIC

Number Eq. 1 Linear 0.65 17.01 426.95 432.78
Number Eq. 2 Arrhenius-like 0.77 12.99 375.96 381.78
Number Eq. 3 Flex 0.61 27.50 422.88 430.65
Area Eq. 1 Linear 0.56 13.30 334.97 340.61
Area Eq. 2 Arrhenius-like 0.72 11.87 292.49 298.13
Area Eq. 3 Flex 0.65 27.34 343.61 351.13

specific indices revealed that the linear effect of EtOH primarily influ-
enced HM, while HS was affected by both Temp and EtOH. Higher EtOH
levels appeared to disrupt the foam structure of the wine, resulting in
lower foam heights at higher alcohol concentrations (Girbau-Sola et al.,
2002). Similar trends were observed for HS, where higher Temps and
EtOH reduced foam stability, consistently with Dussaud et al. (1994).
HT, however, remained unaffected by these variables. Hence, foam
stability over time was predominantly determined by the quality of the
base wine rather than by EtOH content, underscoring the importance of
the protein composition of surfactant compounds over the alcohol level
in NoLo wines (Brissonnet & Maujean, 1991). At 25 °C, foam persistence
was at its highest. Temp influences foam behaviour in two ways: it re-
duces liquid viscosity, which decreases the foamability of NoLo wines,
while simultaneously lowering CO, solubility, thereby promoting gas
escape from the wine. Persistent foam results in a steady CO; release,
negatively impacting the wine’s visual appeal and diminishing the

perception of effervescence during tasting, as much of the CO; has
already dissipated (Liger-Belair, 2012). These findings align with the
Mosalux analysis and the chemical properties of the wine, particularly
viscosity and ST. Foam showed the least persistence at 0 % and 12 %
EtOH, while generally more stable between 3 % and 9 %.

Regarding the computer vision approach, promising outcomes are
supported by the similarity or difference between the plots in Figs. 1 and
2 and the plots in Fig. 9. The coefficient “a” returned a similar plot
drawn for viscosity and HS, while the coefficient “b” returned an
opposite trend to those items. The segmentation model used for bubble
detection could identify individual bubbles on the wine surface or
distinguish them from the foam. At 0 % EtOH, foam typically persisted
until the end of the trial, although isolated bubbles were visible within
the compact foam. In contrast, at 12 % EtOH, the foam receded, and
bubbles were predominantly detected on the wine surface. This trend is
consistent with earlier studies, which observed compact and persistent
foam in wines with 3 %-8 % EtOH (Molan, Edwards, & Esehenbruch,
1982). The ratio of foam to wine surface area is also a key sensory
descriptor in sparkling wine evaluation made by tasters and consumers
(Gallart et al., 2004).

More in detail, EtOH content primarily influenced bubble size and
number, demonstrating the relationship between viscosity, ST, and
average bubble diameter. Similar results, made at higher EtOH con-
centrations, were reported by (Loubiere & Hébrard, 2004). Generally,
viscosity and ST promote the formation of smaller bubbles (Zahedi et al.,
2014). In the case of sparkling wines, viscosity and ST can sometimes
work against each other, leading to bubble coalescence, where smaller
bubbles merge into larger ones (Jeandet et al., 2007). Large bubbles
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Fig. 9. RSM plot according to the two coefficients used to describe the development of the bubble number and the covered area by bubbles during the time series
analysis. Temp is on the horizontal axis, and EtOH is on the vertical axis. Green-yellow tones mean lower value, while brown-white tones mean higher value. The
charts follow the order: a) "a" coefficient for bubble number, b) "b" coefficient for bubble number, c) "a" coefficient for bubble area, d) "b" coefficient for bubble area.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 7

A statistical report of the RSM performed on the values of the estimated coefficients
EtOH effects, on two datasets: the number of detected bubbles and the sum of their area. “*” indicates a p value < 0.05, “**” indicates a p value < 0.01, “***”

p value < 0.001, while “NS” indicates non-significant.

non
a
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and "b" according to Eq. (2) of every wine sample, according to the Temp and

indicates a

Bubbles Feature Coefficient Linear Interaction Quadratic p-value Lack of fit
Temp EtOH Temp x EtOH Temp? EtOH?
Number a ok NS NS NS whk NS
b Fekk ek NS NS NS Kk NS
Area a NS K*dk Fekk NS F*kk *dk NS
b o wr NS NS NS s NS
a) b) c)
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Fig. 10. Scatter plots aim to describe the linear correlation of the bubbles’ average diameter (mm) on the horizontal axis with a) the persistency (s) and b) the
coefficient "b" estimated on the bubbles’ number dataset. Then, c) illustrates the average bubble’s roundness (Eq. (4)) on the horizontal axis and the coefficient "a"
fitted on the bubbles’ area dataset, vertical axis. The green points are measurements in every sample, while the grey dashed line indicates the predicted linear
relationship. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

were observed at higher EtOH concentrations, where ST was lowest.
First, low ST promoted higher bubble production (Fig. 9a); second, low
ST promoted bubble coalescence in these samples while the bubbles rose
from the bottom of the glass to the wine surface (Jordan & Napper,
1988). Thus, average bubble diameter and the proportion of large
bubbles generally followed the ST trend across samples, with lower
EtOH samples being an exception. In those cases, higher temperatures
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led to the detection of larger bubbles, driven by significant viscosity
reduction due to the low alcohol content and warmer conditions (pre-
dominant viscosity effect). Smaller bubbles were more likely to produce
persistent foam, as shown in sparkling wines (Gallart et al., 2004) and
apple cider (Lobo et al., 2005). However, smaller bubbles were associ-
ated with reduced foam height (HM) and persistence ("b") (Condé et al.,
2017). Additional details are presented in Fig. 10a and b. Tasters
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Fig. 11. Scatter plots aim to describe the correlation between the estimated coefficients ("a" and "b") estimated on the bubbles’ number dataset, vertical axis, and
physical features measured from the wine samples.: a) illustrates coefficient "a" and viscosity (s), b) illustrates coefficient "b" and viscosity (s), c) illustrates coefficient

"

and surface tension (ST, mN*m 1), d) illustrates coefficient "a" and foam maximum height (HM, mm), e) illustrates coefficient "b" and foam persistency (s), and f)

illustrates the relation between the coefficient "a" and "b". Green points are measurements made in every sample, while the grey dashed line indicates the predicted
linear relationship. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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typically prefer small bubbles during foam sensory analysis (Gallart
et al.,, 2004). A correlation was also found between bubble size,
roundness, and their appearance. A positive relationship was observed
between the "a" coefficient and roundness (Fig. 10c), while a slightly
negative relationship was found with "b." Wines that rapidly produced
large numbers of bubbles tended to generate larger, rounder bubbles
compared to other samples. Roundness was computed for all bubbles
following Eq. (5).

4r*Area

Roundness = ——
Perimeter

Eq. 5
Where area and perimeter are geometrical properties of each detected
bubble. Rounded bubbles are characteristic of "wet foam", which con-
tains a higher water content (approximately 5%). Typically, fast-
forming, low-persistence foam containing many water molecules in
the liquid layer between bubbles gives the bubbles a spherical shape
(Pugh, 2016). Bubble number and diameter, combined with foam height
and persistence on the wine surface, may offer improvements to recent
foam evaluation techniques, such as Karakashev et al. (2012).

In some trials, the maximum number of detectable bubbles (plateau
in Fig. 5) was not reached within the standard 230 s following the CO,
flux injection. Instead, a dense foam layer formed, covering the entire
wine surface for approximately 4 min. These conditions significantly
influence the wine’s sensory appreciation since foam is a key factor in
consumers’ evaluation of sparkling wines. Generally, a base wine that
sustains durable foam in preliminary tests is considered favourable
(Martinez-Lapuente et al., 2015). However, excessive foaminess may be
less appealing to standard consumers because it obstructs the view of the
wine’s free surface (Molan, Edwards, & Esehenbruch, 1982). For
instance, Gallart et al. (2004) demonstrated a positive correlation be-
tween HM and the overall impression of the wine as observed by expert
tasters. This relationship between HM and coefficients "a" and "b" can
offer insights into the appearance of NoLo-sparkling wines. However,
compared to wine, a broader range of preferences was found among beer
tasters, where foam appearance significantly influences overall judg-
ment (Donadini et al., 2011).

As a main insight, EtOH is the critical factor in foam production and
bubble visibility in wine. Increased EtOH levels can interfere with the
activity of proteins stabilising foam, reducing HM, foam stability (HS),
and persistency (Molan, Edwards, & Esehenbruch, 1982). That is pri-
marily due to the relationship between wine viscosity and ST with foam
properties such as HM. As illustrated in Fig. 11a-b, a detailed correlation
is shown between the coefficients "a" and "b" and the physical properties
appraised from the wine samples: a positive trend exists between vis-
cosity and "a", and a negative trend for "b". Similar insights were
observed by comparing the RSM in Figs. 9 and 1. Fig. 9a-c, which
describe the “a” coefficients, are comparable with the viscosity of the
samples depicted in Fig. 1b and opposite to the ST trend. On the con-
trary, Fig. 9b-d, which describe the “a” coefficients, show an opposite
trend than Fig. 1b and a positive relation with ST. Conversely, Fig. 11c-d
shows that the lowest ST condition, which involves low HM, results in
the highest bubble potential (coefficient "a"). Specifically, a weaker foam
structure allows the foam to dissipate faster, making the wine surface
and individual bubbles more easily detectable by the Al tool. This rapid
foam disappearance may facilitate standard consumers’ early recogni-
tion of wine effervescence.

The ascending rate (coefficient "b") reflects the moment the AI algo-
rithm can detect individual bubbles amidst dense foam. A higher "b" co-
efficient suggests a stable foam layer, preventing standard consumers
from observing the natural wine effervescence. Practically, "b" predicts
foam persistency, as shown in Fig. 11e. A weak inverse relationship was
found between "a" and "b" (Fig. 11f), indicating the bubble production
potential is in contrast with foam persistency. Thus, low viscosity delays
foam dissipation and bubble detection (Martinez-Lapuente, Ayestaran, &
Guadalupe, 2018), while a well-structured foam (high HM) reduces the
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"a" coefficient, impacting the detectable bubble potential. These findings
are largely explained by the physical properties of the wines, especially
viscosity and ST. Viscosity delays foam drying, which is crucial for pro-
ducing well-structured, soft foams (Pugh, 2016). High-viscosity wines
create wet foam that does not reach maximum HM due to the weight of
the foam, which ST almost increases. However, viscosity enhances both
HS and bubble production potential ("a"), extending the half-life of bub-
bles (Dickinson, 1994), though it inversely relates to the "b" coefficient.
High-viscosity wines may detect bubbles earlier than low-viscosity wines,
producing a compact, stable, opaque foam (Andrés-Lacueva et al., 1997).
Managing the viscosity of NoLo wines using alternatives to ethanol may
also control bubble detection, wine effervescence, and foam persistency
(Coelhoetal., 2011). Opposite results were observed for ST, where low ST
enhances the CO; releases and the foam production (HM, HS, and "b") but
may reduce bubble detection due to increased foam persistency
(inversely related to "a") (Engels, von Rybinski, & Schmiedel, 1998). The
effervescence of NoLo-sparkling wines might be extremely sensitive to
EtOH levels, which shape foam characteristics. Finally, the presented
results have to be interpreted in light of our experimental conditions,
resulting in some limitations. Moreover, in sparkling wines produced by
Champenoise or Charmat methods, EtOH effects may be mitigated by
metabolites released by yeast during re-fermentation (Blasco et al.,
2011). Additionally, the base wine in this study contained 23 g*L ™! of
total sugar. Higher sugar content (up to 40 g*L’1 -(Schmitt et al., 2023))
are sometimes pursued in NoLo-sparkling wines to balance the lack of
mouthfeel, such as body and fullness (Schmitt et al., 2023). Typically, a
change in the total sugar content may affect wine viscosity, foam, and
effervescence behaviour (Kemp et al., 2019). On the other hand, over-
coming the threshold of 40 g*L~! of sugars would change the wine kind
from “Sec” (less than 32 g*L’l) to “Demi-Sec”, which refers to sweet
wines.

5. Conclusions

This study provides a detailed analysis of foam and bubble produc-
tion in NoLo wines at different Temps and EtOH, utilising Response
Surface Methodology analysis and computer vision techniques from a
consumer-oriented perspective. The findings confirm that wine viscosity
and surface tension were significantly altered by varying the EtOH,
influencing the foam persistence, compactness, bubble number, and
diameter. An "Arrhenius-like" function effectively modelled the dy-
namics of effervescence in terms of the total bubble production (a) and
persistence (b) over time. Two coefficients derived from this model
describe both the potential for bubble detection in the glass and the time
required for bubbles to become visible after foam decay when a wine is
poured. These coefficients correlate with viscosity, ST, and key indices
from Mosalux experiments. Notably, wines with very low ethanol con-
tent demonstrated increased foamability, producing compact and stable
foam collars, which are desirable traits in sensory evaluations of spar-
kling wines. Additionally, lower EtOH resulted in smaller bubbles,
further enhancing foamability and potentially improving overall con-
sumer appeal. On the other hand, combinations of the two coefficients
proposed in this study (a and b) included both foam appearance and
bubble classification information. The coefficient “a” is opposite to HM,
but it also indicates the aspect and persistence of the average bubble.
Coefficient “b” describes the foam persistence and the bubble diameter.

This visual analysis approach offers a novel and cost-effective
method for predicting and describing the effervescence of innovative
sparkling beverages, such as NoLo-wines, for which few references exist
in the scientific literature.
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Actual measurements returned by Mosalux are foam maximum height (HM), foam stability height (HS), and foam stability time (HT). The average values among three

repetitions were computed at Temp 11 °C and EtOH 6 %.

Sample Temp (°C) EtOH (% vol) HM (mm) HS (mm) HT (s)
Al 25 0 177 38 18
A2 25 3 141 34 19
A3 25 6 128 27 17
A4 25 9 141 25 17
A5 25 12 97 21 12
Bl 18 0 177 35 17
B2 18 3 110 28 16
B3 18 6 159 33 23
B4 18 9 154 30 22
B5 18 12 136 28 30
Cl 11 0 200 48 91
Cc2 11 3 182 36 34
C3 11 6 187 37 34
c4 11 9 103 38 38
C5 11 12 69 33 22
D1 4 0 197 44 20
D2 4 3 197 37 16
D3 4 6 197 37 15
D4 4 9 126 38 34
D5 4 12 79 33 25
Table A2

Mean, minimum (min), and maximum (max) values from each trial of counted bubbles and the sum of their area. Glass ratio means the ratio between the wine’s surface
occupied by bubbles divided by the glass area used for this experiment. The average values among three repetitions were computed at Temp 11 °C and EtOH 6 %.

Sample Temp EtOH Bubbles (N°) Area (mm?) Glass
Q) % vol Mean Min Max Mean Max Min Ratio %
Al 25 0 51.4 + 10.7 35 98 6.00 + 1.52 11.82 3.66 0.46
A2 25 3 7.1+85 0 27 0.85 + 1.03 3.53 0.00 0.06
A3 25 6 9.8 +99 0 28 1.50 + 1.46 4.60 0.00 0.11
A4 25 9 20.7 +17.3 0 56 2.91 + 2.29 6.73 0.00 0.22
A5 25 12 74.7 £ 52.5 0 165 8.54 + 5.79 18.06 0.00 0.65
Bl 18 0 481.3 +192.5 131 746 257.71 £ 123.37 435.85 44.39 19.62
B2 18 3 13.9 + 31.9 0 150 2.18 + 5.05 24.47 0.00 0.17
B3 18 6 1.2+15 0 7 0.37 + 0.37 1.79 0.00 0.03
B4 18 9 51+9.7 0 36 1.46 + 2.61 7.76 0.00 0.11
B5 18 12 96.3 + 114.1 0 294 20.72 + 26.99 71.11 0.00 1.58
Cl 11 0 8.4 +5.5 1 26 1.25 + 0.97 4.37 0.01 0.09
Cc2 11 3 11.7 £ 10.6 0 31 4.13 +3.28 14.21 0.00 0.31
C3 11 6 35.3 £ 44.7 1 150 4.76 £7.25 33.42 0.02 0.36
C4 11 9 229.2 +150.1 11 480 53.30 + 39.99 114.78 1.29 4.06
C5 11 12 420.4 +179.9 33 612 162.18 + 98.79 269.54 3.31 12.34
D1 4 0 86.0 + 60.6 0 165 8.29 + 5.99 17.95 0.00 0.63
D2 4 3 03+1 0 6 0.05 + 0.26 1.84 0.00 0.00
D3 4 6 35.1 +16.2 1 57 6.19 + 3.54 10.47 0.04 0.47
D4 4 9 351.5 + 165.4 24 556 58.64 + 31.88 102.45 2.18 4.46
D5 4 12 643.9 + 50.2 417 732 402.76 + 109.96 586.80 68.59 30.66
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Table A3
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Coefficients were estimated by fitting the number of bubbles and their area detected from each sample on Eq. (2). The average values among three repetitions were

computed at Temp 11 °C and EtOH 6 %.

Sample Temp EtOH Bubbles N° Bubbles area
Q) % vol a b a b

Al 25 0 59.00 138.70 190.36 96.34
A2 25 3 193.78 132.40 66.78 120.14
A3 25 6 117.67 72.77 25.57 67.42
A4 25 9 243.00 84.13 143.52 52.75
A5 25 12 384.00 68.90 90.54 30.74
Bl 18 0 116.20 79.40 120.55 28.73
B2 18 3 182.00 184.00 56.40 63.20
B3 18 6 184.72 92.60 23.00 42.36
B4 18 9 421.00 120.75 76.80 50.67
B5 18 12 302.40 57.80 102.63 34.62
C1 11 0 96.14 78.13 51.73 96.11
c2 11 3 186.18 86.38 15.30 39.84
c3 11 6 299.70 60.70 21.93 54.30
Cc4 11 9 536.82 34.58 184.42 43.89
C5 11 12 612.52 12.53 274.31 24.62
D1 4 0 236.05 61.66 49.57 66.76
D2 4 3 242.56 49.80 0.24 38.96
D3 4 6 70.97 26.77 17.41 26.99
D4 4 9 581.43 17.08 156.48 22.41
D5 4 12 662.82 0.41 457.28 1.91

Data availability

Data will be made available on request.
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