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Abstract

Wine aging is a fundamental process that shapes the
sensory attributes, chemical composition, and overall quality
of the final product. Conventional aging methods, including
barrel and tank maturation, are inherently time-consuming
and often yield inconsistent results due to variations in storage
conditions and environmental factors. Recent advances in
food process engineering have introduced non-thermal
process intensification techniques, among which Pulsed
Electric Field (PEF) technology has emerged as a highly
promising approach for accelerated wine maturation. PEF
treatment involves the application of high-voltage pulses to
wine, causing electroporation of cellular membranes, which
facilitates enhanced extraction of phenolic compounds,
tannins, and aroma precursors from grape solids and lees.
Experimental studies have demonstrated that PEF can
shorten aging time by 30-70% while effectively preserving
bioactive compounds, colour stability, and the delicate aroma
profile. This review provides a detailed examination of the
underlying mechanisms, critical process parameters, sensory
and physicochemical effects, and industrial applications of
PEF in wine aging, emphasizing its potential to modernize
traditional winemaking into a more efficient, sustainable, and
quality-driven process.
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1. Introduction

Wine aging is a complex and critical process that
governs its aroma, flavor, mouthfeel, colour stability, and
bioactive composition. Traditionally, aging is carried out
through prolonged storage in wooden barrels or stainless-steel
tanks, during which intricate chemical and enzymatic
transformations  such as  phenolic  polymerization,
esterification, oxidation, and Maillard reactions gradually
develop the characteristic sensory and functional properties of
wine (Echave et al., 2021). These reactions also contribute to
the modulation of antioxidant activity and the stabilization of
colour, particularly in red wines. Despite its effectiveness,
conventional aging is inherently time-consuming, resource-
intensive, and prone to variability, as environmental factors
such as temperature, oxygen exposure, and vessel type can
significantly influence the rate and extent of these reactions (Li
& Duan, 2019).

The increasing demand for wines with consistent
quality, coupled with economic and logistical constraints, has
motivated research into accelerated aging strategies. Non-
thermal process intensification technologies provide a
beneficial solution which boosts reaction rates without
subjecting wines to extreme temperatures thus maintaining
their fragile volatile components and delicate aroma
compounds and active phenolic substances. PEF stands out
among these methods because it enables electroporation of
cell membranes which improves mass transfer and allows for
the extraction of phenolics and anthocyanins and aroma
precursors from grape solids and wine lees. PEF treatment has
been reported to influence key physicochemical parameters,
including total phenolic content, colour density, tannin
structure, and antioxidant activity, while reducing the time
required for maturation.
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Fig. 1: Schematic Representation of Pulsed Electric
Field (PEF) Assisted Wine Aging

2. Wine Aging: Traditional vs. Accelerated Approaches
2.1 Traditional Wine Aging

The process of traditional wine aging depends on
chemical and biochemical reactions. These reactions work
together to develop sensory and functional characteristics.
The process of phenolic polymerization creates phenolic
compounds which lead to colour stability, mouthfeel
development, and antioxidant capacity. The esterification
reactions create essential aroma components. These
components include ethyl esters and acetate esters. The esters
produce fruity and complex aromas (Mercanti et al., 2024).
The Maillard reactions create complex flavor profiles which
develop into sophisticated barrel-aged wine. The process of
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tannin softening decreases astringency while making wine
easier to drink throughout the aging process.

Traditional wine aging is limited by its prolonged
maturation time, often requiring several months to years,
which increases storage and operational costs. Additionally,
extended aging raises the risk of microbial spoilage, potentially
affecting product safety and quality. The process is also highly
dependent on environmental conditions, leading to
inconsistencies in wine quality due to variations in
temperature, humidity, and oxygen exposure.

2.2 Accelerated Aging Techniques

The section describes two aging methods. The first
method uses thermal techniques which include micro-
oxygenation combined with mild heating to accelerate
chemical reactions. The method provides thermal degradation
risk which affects heat-sensitive aroma and bioactive
compounds. The second method uses non-thermal techniques
which include Ultrasound and High-Pressure Processing HPP
and Cold Plasma and Pulsed Electric Field PEF(Comuzzo et
al., 2020) . The techniques enable aging reactions to proceed

3.2 Comparison of Non-Thermal Technologies

while they protect against heat-related damage to product
quality. PEF emerges as the foremost non-thermal method
since it enables electroporation to occur in both grape solids
and wine lees which leads to better phenolic and tannin and
aroma precursor extraction. PEF enables chemical and
enzymatic processes to proceed faster while maintaining
volatile compounds and it allows wineries to manage their
processing through specific operational settings which makes
it suitable for modern wine production that demands high
standards and efficiency (Feng et al., 2022).

3. Non-Thermal Process Intensification in Food and
Beverage Aging
3.1 Concept of Process Intensification

Process intensification encompasses methods which
boost reaction speed and mass transfer efficiency and product
quality while decreasing processing duration and energy
requirements and system operation difficulties. The
engineering technologies in wine aging enable faster extraction
of flavor and colour compounds through their accelerated
chemical reactions which they facilitate (Peri¢ et al., 2024).

Technology Mechanism Application to Wine | Typical Parameters Effects / Outcomes
Aging
Pulsed Electric | Electroporation | Accelerated extraction | Field strength: 1-50 | Phenolics: T 20—-40%
Field (PEF) of grape cells; | of phenolics, tannins, | kV/cmPulse duration: | Anthocyanins: 1 15-35%
enhanced mass | aromatic  precursors; | 1-100 psNumber of | Aroma compounds: T 25—
transfer faster aging pulses: 10-100 50%
Time reduction: 30—70%
Ultrasound Cavitation; Enhances diffusion of | Frequency: 20-40 | Phenolics: T 10-25% Aroma:
(US) mechanical flavor compounds; | kHzPower:  200-500 | moderate  increase  Time
disruption of | promotes faster ester | W/LTime: 5-30 min reduction: 10—40%
grape cell walls formation
High-Pressure | Hydrostatic Microbial  stabilization; | Pressure: 400-600 | Microbial load: | 4-5 log
Processing pressure; protein | limited — effect  on | MPaTime: 3-10 | CFU/mL
(HPP) unfolding; phenolics and aroma minTemperature: 20— | Phenolics & aroma: minimal
microbial 25°C change
inactivation
Cold Plasma | Ionized gas | Surface modification; | Gas type: Oz, Na, or Microbial load: | 24 log
(CP) interacts with | microbial inactivation; | airVoltage: 20-80 | CFU/mL.
surfaces; limited penetration into | kVExposure: 1-5 min | Surface ~ phenolics: ~ minor
generates reactive | wine changes
species
4. Pulsed Electric Field (PEF) Technology 4.1 Mechanism of Action
PEF technology functions as a non-thermal process The PEF treatment process creates electrical

intensification technique which enables rapid wine aging
through its ability to maintain essential sensory elements and
bioactive components. The application of short high-voltage
electrical pulses to grape cells creates electroporation through
PEF which improves both mass transfer and chemical
reaction speed during wine maturation (Comuzzo et al., 2020).

potential differences which pass through the grape solids and
wine residues to establish a direct electric current. The cell
membranes start to form temporary openings through
electroporation when the applied voltage reaches a specific
level, which enables the intracellular substances to exit the cell
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into the liquid surrounding it (Lytras et al., 2024). The process
leads to:

1. Enhanced diffusion of phenolics and tannins:
The formation of pores in the cell walls allows faster
migration of polyphenolic compounds and tannins,
which are critical for colour development, astringency
balance, and mouthfeel enhancement.

2. Accelerated extraction of aroma precursors: PEF
promotes the release of aroma-related molecules such
as volatile esters, aldehydes, and terpenes, which are
key contributors to wine bouquet.

3. Acceleration of enzymatic and chemical
reactions: By increasing the availability of phenolics
and aroma precursors, PEF indirectly accelerates
esterification, polymerization of anthocyanins, and
other maturation reactions, reducing overall aging
time without compromising quality.

PEF maintains non-thermal operation which enables
the procedures to proceed without causing major heat-related
damage to volatile substances and antioxidant compounds and
polyphenolic materials.

4.2 Process Parameters

The efficiency of PEF treatment depends on several
controllable process parameters, which must be optimized for
each wine type:

e Field Strength: Typically ranges from 1 to 50
kV/cm, with higher strengths promoting greater
electroporation but requiring careful control to avoid
over-processing.

e Pulse Duration: Microseconds to milliseconds;
shorter pulses favor selective electroporation, while
longer pulses can enhance overall extraction.

e Number of Pulses: Adjusted based on wine variety
and desired maturation effect; excessive pulses may
lead to over-extraction or undesired flavor changes.

e Temperature Control: Maintained below 40°C to
preserve heat-sensitive compounds and prevent
thermal degradation of aroma and bioactive
molecules.

Optimization of these parameters allows precise
control over the extent of maturation, flavor development,
and phenolic extraction, ensuring reproducible and consistent
quality outcomes.

4.3 Effects on Wine Quality
PEF technology impacts multiple aspects of wine
quality, including sensory, chemical, and bioactive properties:

1. Flavor Enhancement: PEF accelerates the
formation of esters, aldehydes, and other aromatic
compounds, resulting in richer and more complex

aroma profiles in a fraction of the conventional
aging time.

2. Colour Stability: The enhanced extraction and
polymerization of anthocyanins improve colour
intensity and stability, particularly in red wines.

3. Retention of Bioactive Compounds: Non-thermal
processing preserves antioxidants and polyphenols,
maintaining the health-beneficial properties of
wine.

4. Reduction in Aging Time: Overall maturation time
can be reduced by 30-70%, depending on the wine
variety and PEF parameters, enabling faster time-to-
market without compromising quality.

Collectively, PEF  provides a  controlled,
reproducible, and energy-efficient approach to wine
maturation, combining the benefits of traditional aging with
modern process engineering.

5. Applications of PEF in Wine Aging

= PEF (Pulsed Electric Field) technology has shown
significant potential in accelerating wine maturation
while preserving or enhancing quality attributes. Its
applications include:

= Red wines: PEF treatment enhances extraction of
anthocyanins, tannins, and other phenolics,
improving colour intensity, mouthfeel, and overall
stability. Studies report faster development of aged
wine characteristics without prolonged barrel aging.

®*  White wines: Application of PEF preserves delicate
aromatic compounds, reduces oxidative reactions,
and maintains freshness. It also helps in retaining
varietal aromas that can be lost during conventional
aging.

= Rosé wines: PEF accelerates maturation while
preserving the delicate floral and fruity flavors,
maintaining clarity and brightness of colour.

= Sparkling wines: Farly studies indicate potential for
enhanced aroma precursor extraction from base
wines, aiding in more consistent secondary
fermentation and flavor development.

= Organic and natural wines: PEF can reduce the
need for chemical preservatives by improving stability
and microbial control, aligning with clean-label and
low-intervention wine production goals.

* Industrial relevance: PEF systems are scalable,
energy-efficient, and can be integrated into existing
wine production lines. They offer consistent quality
across batches, reduce reliance on prolonged barrel
storage, and allow precise control over extraction and
maturation kinetics.
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= Economic and sustainability benefits: By
shortening aging time, PEF reduces storage costs and
energy consumption, contributing to  more
sustainable wine production practices. It also
minimizes the use of oak barrels or additives while

achieving similar or superior sensory characteristics.
6. Advantages and Limitations
6.1 Advantages

PEF technology provides multiple advantages for
wine aging processes. The non-thermal design of the system
maintains sensitive aroma and flavor and bioactive compound
characteristics which conventional aging methods typically
destroy. The process enables wines to reach their final sensory
target within a much shorter time than traditional methods
require (Chen et al., 2022). The system enables precise control
of process parameters which enables operators to extract
specific qualities while maintaining consistent product quality
throughout production runs. PEF technology requires less
energy which decreases both resource consumption and
storage needs that come with extended barrel aging. Figure 2
shows how these benefits affect wine quality and production
efficiency.

Advantages of Pulsed Electric Field (PEF) in Wine Aging
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Fig. 2. Key advantages of Pulsed Electric Field (PEF)
technology in wine aging
6.2 Limitations

e  High capital cost of PEF equipment.

e Requires careful optimization for different wine
types.

e Limited adoption in small-scale wineries due to
infrastructure and technical requirements.

e Specialized training needed for operation and
maintenance.

e Current regulatory guidelines for novel processing
may limit rapid implementation in some regions.

7. Future Perspectives

The future of PEF in wine and beverage processing
is promising. Hybrid approaches, such as combining PEF with
ultrasound or enzymatic treatments, could further accelerate
aging and enhance flavor extraction. Modeling and simulation
of process kinetics can help predict colour, aroma, and
phenolic development, allowing more precise process control.
Beyond wine, PEF has potential applications in juices, spirits,
and other fermented beverages. From a sustainability
perspective, PEF reduces energy consumption and storage
requirements, making large-scale production more efficient
and environmentally friendly.

8. Conclusion

Pulsed Electric Field technology delivers a
revolutionary approach to wine aging through its non-thermal
method which accelerates the aging process. The process of
PEF provides an environmentally friendly solution which
efficiently scales to industrial operations while delivering
systematic advantages that enhance taste and preserve colour
and active components of the wine during its aging process.
Wineries can produce high-quality wines which mature quickly
because PEF technology allows them to control their wine
processing through its precise engineering capabilities that
work with various wine types. The integration of PEF into
industrial production can redefine traditional wine aging
practices and support innovation in the beverage industry.
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