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Abstract

Changes in consumer behavior have intensified the demand for alternative protein sources,
driving changes in food consumption patterns. At the same time, the increasing consumer
awareness considering the health and environmental impacts in food systems, has stim-
ulated interest in more functional and sustainable products. In this context, plant-based
beverages (PBBs) have gained attention as potential alternatives to milk. This study was
aimed at evaluating plant-based beverages as alternatives to cow’s milk, focusing on their
nutritional composition, environmental impact, and technological challenges. Although
cow’s milk has a high biological value and nutritional density, plant-based beverages
present variable compositions, generally with lower levels of protein and minerals. How-
ever, they stand out for the presence of bioactive compounds and have a nutritional quality
which can be improved through fortification strategies. From an environmental perspective,
their production is associated with a substantially lower carbon footprint compared to
dairy farming. Despite these advantages, the sector still faces technological challenges
related to physicochemical stability and sensory acceptance due to complex residual flavors.
This review highlights the need for improvements in terms of manufacturing processes
and regulatory frameworks to establish these beverages as safe, nutritious, and sustainable
options in the global market.
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products often present lower nutritional profiles compared to dairy milk, particularly in
terms of protein and mineral contents [5-8]. For example, Pointke et al. [8] evaluated
the micronutrient composition and sensory properties of almond-, oat-, and soy-based
beverages in comparison with cow’s milk and reported that plant-based beverages did
not show nutritional and sensory equivalence to cow’s milk. Nevertheless, when properly
fortified with essential nutrients, their nutritional quality can be significantly improved,
making them viable alternatives to animal-derived products [9]. For instance, to achieve
the same protein intake provided by 1 L of cow’s milk, approximately 13% more soy bever-
age must be consumed [10]. However, plant raw materials are naturally rich in bioactive
compounds, including dietary fiber, unsaturated fatty acids and antioxidants, which may
provide functional and health-related benefits, and this can help consumers’ acceptance of
PBBs [11].

The environmental footprint of food products is commonly expressed as carbon
dioxide equivalent (CO;-eq). Comparisons based on CO,-eq per functional unit indicate
that cow’s milk is generally associated with higher greenhouse gas emissions than plant-
based beverages, which, in some cases, are several times greater. These values may vary
depending on farm management, production systems, processing conditions, and other
input variables [12-14]. Furthermore, life cycle assessment (LCA) is widely recognized
as the main tool used to systematically quantify and compare the environmental impacts
related to the production of milk-derived beverages [15].

In this context, the present review aimed to analyze plant-based beverages (PBBs)
as alternatives to cow’s milk, addressing their classification and typology, as well as the
main processing technologies involved in their production. This review also discussed the
physicochemical, sensory and technological challenges associated with these products, and
evaluated their nutritional profile together with the fortification strategies used to improve
their nutritional equivalence compared to dairy beverages. In addition, aspects related
to sustainability and environmental impacts were examined, along with current market
trends and the main commercial products available. Finally, the current limitations and
future perspectives for the development and consolidation of plant-based beverages were
highlighted, contributing to the scientific and technological progress in this expanding
research topic.

The literature selection was carried out applying the databases Scopus, Web of Science,
ScienceDirect, and PubMed. The search was performed using keywords (alone and in

v

combination) such as “plant-based beverages”, “plant-based milk”, “dairy alternatives”,

“fortification”, “processing technologies”, and “sustainability”, prioritizing recent studies,
while also considering relevant earlier references related to the scope of this review.

2. Dairy Beverages and the Shift to Plant-Based Beverages

The consumption of milk has been present throughout human existence. Historically,
the introduction of this beverage as a common component of the human diet dates back
to approximately 10,000 years ago [16], when early societies adopted animal husbandry
practices, started the domestication of animals capable of producing milk, and began
incorporating it as a beverage or in the form of different dairy products.

Firstly, milk is defined as a raw material of animal origin obtained from the mammary
glands of female mammals [17], with cow’s milk considered the default unless another
animal source is specified. Consequently, it can be sourced from a wide range of species,
including cows, sheep, goats, buffaloes, camels, and reindeer, among others. Each species
produces milk with distinct compositional and sensory characteristics, contributing to
differences in flavor [18] and other physicochemical and sensory functionalities [19]. Bovine
milk represents the most consumed milk type worldwide, significantly contributing to
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food security, supporting household incomes, and delivering essential nutrients. There are
more than 6 billion people worldwide consuming milk and dairy products derived from
different animal species [20], with annual per capita consumption reaching an estimated
87 L in 2023, representing an increase of 16% compared to 2013, according to the Food and
Agriculture Organization of the United Nations (FAO) database [21].

Beyond its sensory attributes, milk is recognized as a valuable dietary resource due to
its high nutritional value, becoming a fundamental component of everyday meals, either
through direct consumption as a beverage or through its transformation into a variety of
products. It is consolidated as an excellent source of protein, with values varying around
32% per liter and providing essential amino acids in addition to enhancing bioavailabil-
ity [22]. Milk also contains polyunsaturated fatty acids (PUFA), including linoleic acid,
a-linolenic acid, and conjugated linoleic acid, which have been associated with anticar-
cinogenic and antioxidant properties. Nevertheless, because milk fat is predominantly
composed of saturated fatty acids, milk is not generally regarded as a major dietary source
of PUFA [23]. In the United States, for instance, dairy products are considered a key dietary
source of vitamin D, a nutrient essential for efficient intestinal absorption of calcium [24].
However, bovine milk is generally a limited source of vitamin D [25], with its contribu-
tion to dietary intake largely dependent on fortification practices [26]. In addition, milk
naturally provides several essential nutrients, including vitamins A, By, Bs, Bg, and By,
highlighting its overall nutritional relevance [12].

Among the benefits associated with this nutrient-rich liquid food, several physiological
roles can be highlighted, including its contribution to bone formation [24], early-life gut
development [27], cardiometabolic health [28], and others. Furthermore, removing milk
from the diet can worsen existing nutrient deficiencies if it is not properly monitored and
supported with suitable replacements or supplements [15].

Although these effects are well known, dairy consumption has declined in recent years
due to consumer skepticism about its health effects, as highlighted by Herndndez et al. [29].
Because of all concerns about animal-derived products through the eyes of sustainabil-
ity, there is an emerging need for healthier and more sustainable alternatives. In this
perspective, a shift in consumer behavior has been observed and increasingly fortified.
This modification is characterized by a transition from animal-derived milk consumption,
which has been widely consumed, recommended and valued for thousands of years, to the
growing preference for plant-based alternatives [30]. That shift is closely associated with
the adoption of sustainable practices, since plant-based proteins are expected to become
essential when animal-derived proteins collapse in their role of feeding the demands of a
growing world population, especially considering that animal production systems have
limitations to be expanded (detailed in Section Drivers and Limitations Associated with
Plant-Based Beverages (PBBs)) [31,32].

Drawing on and adapting the conceptual approaches of Sharma et al. [33], while in-
corporating complementary and concise aspects, the drivers of this consumption transition
can be systematically classified into four main groups and are represented in Figure 1. They
are: (I) sustainability and the offer of new nutrient sources; (II) veganism and vegetarianism
adoption; (III) the rise of food intolerances and allergen concerns; and (IV) changes in
consumer behavior and market tendencies.
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Key reasons for switching from dairy
beverages to plant-based alternatives
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Figure 1. Key reasons considering the switch from dairy beverages to plant-based alternatives.

Drivers and Limitations Associated with Plant-Based Beverages (PBBs)

As outlined in Section 2, the adoption of plant-based beverages is linked with several
benefits for individual health and environmental sustainability. In this review, the main
reasons driving this behavior are organized into four major groups (Figure 1), each with its
own advantages and limitations.

(I) Considering environmental sustainability, the production and processing of plant-
based alternatives tend to generate a smaller environmental impact [34]. This may occur
because greater consumption and production possibilities are associated with an increased
contribution to sustainable practices. These pathways have the power to decrease the
focus on the traditional culture of milk consumption, which requires (a) large areas for
grazing and for feed crop growing [35]; (b) higher water consumption for the animals, feed
cultivation and processing [36]; and (c) constant greenhouse gas emission, mainly from the
significant amount of methane generation from cows’ digestive systems [37] in comparison
to plant cultivation. For these reasons, it is important and advantageous to expand the
exploration of terrestrial resources, shifting beverage production from animal-based to
plant-based raw materials.

Being the plant sources most frequently used for plant-based beverages, cereals,
legumes, nuts, and seeds have been widely explored in recent years [38]. In comparison to
conventional milk, these raw materials may not provide a complete nutritional profile [39],
such as the lower levels of total essential amino acids in almond, coconut, and rice beverages
compared to cow’s milk (up to 40%), as well as the low protein content of almond and rice
beverages and the high saturated fat content of coconut beverages [40], but they can offer
other benefits and this must be considered for the specific plant source considered.

In this sense, each seed, cereal, nut, or legume used as a raw material for plant-based
beverages presents a distinct nutritional profile. For instance, while oats are a notable source
of beta-glucans, a class of soluble dietary fibers with high water-holding capacity, which
are associated with cholesterol-lowering effects and reduction in markers of cardiovascular
disease [41], almonds also contribute to cardiovascular health due to their content of
unsaturated fatty acids and the significant levels of vitamin E with antioxidant activity [42],
and a broad range of essential minerals.

(II) A significant driver of the growing consumption of plant-based alternatives is
the increasing adoption of vegan and vegetarian diets. The motivations behind these
practices are diverse but are predominantly associated with animal welfare concerns [43] or
also allergies [44] and religious concepts [45]. Individuals following such dietary patterns
rely on a wide range of food products from plant-based resources—including snacks,
ready-to-eat meals and beverages.
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As plant-based beverages do not provide the same nutritional profile as milk [46],
vegan consumers—who avoid all animal-derived products—need to carefully select alter-
native raw materials to achieve a similar nutritional balance. Despite these limitations, the
expansion of plant-based products has opened new opportunities for diversified nutrient
intake, distinct nutritional profiles, and innovation in sensory and gastronomic experiences,
with beverages playing a key role in broadening the diversity and functionality of the
modern food landscape. Studies identifying early drivers of liking/disliking should be
prioritized [47], with sensory quality alone being insufficient, as acceptance also depends
on factors like price, familiarity, and perceived benefits.

(III) Looking at the possibilities for individuals with milk intolerance and the growing
wave of dairy food allergens, plant-based beverages play a crucial role in providing
suitable alternatives for these affected individuals [48]. Options such as oat, coconut,
almonds, and soy-based drinks contribute to the dietary inclusion of people with dairy
restrictions. While awareness of food-related allergic reactions was limited in the past, they
are now recognized as a public health concern. The growing awareness of food allergies,
together with the availability of non-allergenic plant-based beverages, contributes to their
increasing acceptance and consumption [49]. The rise in allergic reactions and intolerances
in recent years, whether related to milk protein or lactose [50], has driven the development
of technologies for producing plant-based beverages. This trend may be linked to shifts
in dietary patterns, physiological adaptation, or reduced lactose consumption driven by
skepticism and unnecessary avoidance [51]. In this context, the Sustainable Development
Goals (SDGs) [52] emphasize the importance of food safety and food security, ensuring
access to safe and adequate nutrition for all individuals.

Despite their increasing popularity, plant-based beverages may raise concerns related
to allergenicity and food intolerance depending on their botanical source and formulation.
Soy-based beverages are among the most relevant cases, as soy proteins are recognized
as major food allergens in many countries. Similarly, beverages derived from tree nuts,
such as almond or hazelnut, may trigger allergic reactions in sensitized individuals, while
legume-based products can also present risks of cross-reactivity. In addition, certain plant-
based beverages may contain fermentable carbohydrates, gluten traces, or food additives
capable of inducing intolerance-related gastrointestinal symptoms in susceptible consumers.
Therefore, although these products are frequently perceived as healthy alternatives to dairy
milk, their safety and suitability should be evaluated according to individual nutritional
and clinical conditions [53-55].

(IV) Lastly, changes in consumer behavior, together with evolving new market dy-
namics, support the rationale for the growing adoption of plant-based products [56]. This
trend is associated with both advantages and limitations, placing on one side the perceived
health benefits, the environmental sustainability, and the product diversification, and on
the other hand, challenges related to nutritional adequacy, sensory acceptance, and food
neophobia related to the hesitation to ingest new foods or drinks [57].

Two notable examples were provided by the Innova Market Insights 2026 survey,
which annually identifies the top 10 food trends, with the keyword “Beverages with
Purpose” ranked in fourth position, highlighting beverages as drivers of wellness and inno-
vation, and “Authentic Plant-Based” ranked in fifth position, emphasizing the increasing
consumer preference for natural plant-based proteins and their associated benefits [58].
This transition to plant-based is driven by dietary trends, benchmarking, and health in-
fluences shaping consumer choices, with the sustained adoption of plant-based products
still presenting several challenges. Understanding the characteristics, innovations and
limitations of PBBs based on recent studies is extremely necessary.
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3. Classification and Typology of Plant-Based Beverages

Plant-based beverages (PBBs) include a wide range of products obtained from different
plant sources. These beverages are commonly grouped according to the main raw material
used. The most widely used classification is based on botanical species [59-62], including
legumes, nuts, cereals, seeds, tubers, and coconut. The main types of plant-based raw
material applied for beverage production are shown in Figure 2.

( Plant-based raw material for bevarages )
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Figure 2. Classification of plant-based raw materials used for plant-based beverages. Based on
previous studies [59-62].

Due to the wide diversity of plant sources explored for the development of plant-based
beverages and related products, different raw materials have been investigated as bases for
plant-based milk systems. Representative examples reported in the recent literature are
summarized in Table 1. In addition to beverages obtained from a single plant source, the
literature also reports formulations prepared using mixtures of different plant materials.
The selection of one or more ingredients directly influences the nutritional composition
and functional characteristics of the final product [7].

Table 1. Plant-based sources used in the literature for the development of plant-based beverages and

beverage-derived products (2020-2026).

Raw Material Objective Reference
Evaluation of the fermentation potential of lactic acid bacteria isolates

Almond, cashew and . )

. from herbs, fruits, and vegetables as starter cultures for nut-based dairy [63]

macadamia .

alternatives
. Development and characterization — the color, proximate composition,
Brazil nut and . : . . . Lo .
. microbiological and sensorial quality to determine its shelf life were [64]

macadamia
evaluated

Cashew, hazelnut, Production of nut-based milks and kefir beverages and their

peanut, walnut, and .. . : [65]
characterization through selected physicochemical analyses

almond

Chickpea Development and characterization of a fermented beverage obtained [66]

P through co-fermentation with strains of lactic acid bacteria and yeast

Combination of different concentrations of chickpea and coconut extracts.

Chickpea and coconut ~ Chemical composition analyzed: calcium, potassium and sodium content, [67]
total soluble solids, pH, titratable acidity, color, physical stability
Assessment of the impact of processing on the nutritional properties of

Chickpea and lupin plant-based beverages, aiming to optimize protein and mineral [68]

digestibility and bioavailability
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Table 1. Cont.

Raw Material

Objective

Reference

Chickpea and oat

Evaluation of the effects of oat and chickpea extract concentrations on the
physicochemical, bioactive, and sensory properties of a plant-based
beverage during 28 days of refrigerated storage

[69]

Coconut

Evaluation of the physicochemical, proximate, vitamin and mineral
composition of fortified drinks produced from coconut milk, cocoa
powder, and sugar

[70]

Coconut, cashew and
soya

Evaluation of the sensory properties and acceptability of conventional and
plant-based ice cream and frozen dessert, as well as the impact of the
ingredient list on consumer perception and the acceptability of these
products were analyzed

[71]

Corn

Evaluation of the nutritional profile of corn milk yogurt with different
starter cultures, focusing on macronutrients and changes in
micronutrients and bioactive compounds during fermentation

[72]

Corn

Physicochemical, antioxidant, microstructure, textural, and organoleptic
characteristics of this soft corn drink-supplemented cheese at different
concentrations of up to 40% were analyzed

[73]

Corn

Evaluation of the effects of boiling and steaming on the physicochemical,
functional, microbiological properties, sensory acceptance, and shelf life of
purple corn milk, including the impact of sucrose during 12 days of
storage at 4 °C

[74]

Hazelnut

Investigation of the effects of high-pressure homogenized hazelnut milk
enrichment on the rheological, textural, physical, functional, and sensory
properties of ice cream

[75]

Hazelnut

Evaluation of the effects of hazelnut type, hydrocolloid concentration, and
ultrasound treatment on the physicochemical and sensory properties,
aiming to identify the optimal formulation for producing a stable hazelnut
beverage

[76]

Macadamia

Evaluation of the effect of xanthan gum and soy lecithin on the
physicochemical stability, fatty acid profile, and antioxidant capacity with
and without thermal treatment, and physicochemical changes during
storage and sensorial acceptability

[77]

Oat

Evaluation of the effects of different treatments (hot water, acid, alkali,
x-amylase and germination, isolated or combined) of oat paste on the
nutritional, functional and sensory properties of oat milk

[78]

Pea, bean and
sunflower seeds

Development of a beverage based on pea, bean, and sunflower seeds with
natural bioactive stabilizers (guar gum, pectin, and locust bean gum)

[79]

Pea, chickpea and lupin

Development of legume-based beverages by identifying optimal
processing methods to achieve high protein content and a mild legume
flavor, while minimizing residues and enhancing sensory quality and
beverage stability

[32]

Peanut, oat, and
chickpea

Optimization of a blended plant-based beverage, with evaluation of its
nutritional, functional, microbiological, and sensory properties

(80]

Pistachio

Development of a pistachio-based plant beverage with high protein,
unsaturated fatty acids, and phenolic content, evaluating flavor, sensory
properties, antioxidant activity, and the fate of phenolic compounds after
in vitro digestion

(81]

Pistachio

Development and characterization of a fermented beverage produced via
colloidal milling using selected lactic acid bacteria

(82]
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Table 1. Cont.

Raw Material

Objective

Reference

Pistachio

Models were used to assess the fermentative behavior of the bacteria in
the beverage, while an electronic nose (E-nose) was employed to
differentiate the fermented samples based on their aroma profiles

(83]

Pistachio, lupin and
almond

Development of a clean-label plant-based milk suitable for future
fermented products, utilizing by-products for sustainable production

(84]

Quinoa

Evaluation of the potential of quinoa for producing gluten-free beverages
for the development of a beverage addressing nutritional composition,
sugar content, glycemic index, technological properties, and sensory
acceptance, in comparison with a commercial quinoa-based beverage

(85]

Quinoa

Evaluation of the effects of different bioprocessing methods (soaking,
germination, malting, and dehulling) on nutritional, functional, and
sensory properties of a saponin-free quinoa-based beverage

(86]

Quinoa

Quinoa was fermented using individual strains and combinations of lactic
acid bacteria to assess the effects of fermentation on nutritional
composition, functional components, and digestibility. Fermented quinoa
milk was then produced with the selected strains, and its physicochemical
properties and flavor profile were evaluated

(87]

Rice

Development of a ready-to-serve, value-added rice milk product using
two rice varieties (Oryza sativa), incorporating locally available spices:
clove (Syzygium aromaticumy), ginger (Zingiber officinale) and garlic (Allium
sativum)

[88]

Rice

Characterization of the composition and nutritional value, evaluation of
physicochemical parameters (measurement of soluble solids, pH,
osmolality, foaming properties and color parameters) and sensory
parameters, and evaluation of the total polyphenol content and
antioxidant properties of 10 selected rice beverages available on the EU
market

[89]

Sesame

Evaluation of the chemical, physical, microbiological, and sensory
properties of a novel kefir beverage prepared with two types of sesame
milk: permeate and water-based beverages

[90]

Sesame

Evaluation of different pre-treatments of sesame seeds (soaking in water,
boiling, pressure cooking, steaming, and combinations of these methods)
and thermal treatments of sesame milk (pasteurization and sterilization)
with the aim of improving the yield, dispersion stability, and sensory
acceptance of the product

[91]

Sesame and pumpkin

Development of a plant-based beverage from sesame and pumpkin seeds,
with evaluation of sensory and nutritional properties through hedonic
testing and proximate analysis, alongside a cost assessment of the
beverage was carried out

[92]

Soy

Physiological, antioxidant, isoflavone, rheological, and organoleptic
properties were evaluated

[93]

Soy

Physicochemical and nutritional evaluation of soymilk and a comparative
study of their effect on blood gluco-lipid profile in both animal models
and Type 2 diabetic patient volunteers

[94]

Soy, rice and oat

Chemical and biological safety were investigated

[95]

Sunflower

Develop a novel co-culture fermentation process using Propionibacterium
freudenreichii and Bacillus amyloliquefaciens for sunflower seed-based
beverages, with the aim of enhancing vitamin By, production

[96]
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Table 1. Cont.

Raw Material

Objective Reference

Tigernut

Development of ice cream from tigernut-based beverages and
comprehensive characterization of the samples, and chemical and physical
composition, total phenolic and antioxidant content, cytotoxic activity,
sensory attributes, and microstructure were performed and analyzed

[97]

Tigernut

Characterization of commercial tigernut ““milks” and analysis between
products with and without Protected Designation of Origin (PDO),
focusing on volatile compound profiles, descriptive sensory attributes,
and consumer satisfaction were performed

[98]

Tigernut

The effects of replacing cow’s milk with tigernut “milk” on the
physicochemical, rheological, and sensory properties of ice cream were [99]
evaluated

4. Processing Technologies and Regulatory Aspects of
Plant-Based Beverages

4.1. Conventional Processing vs. Emerging Technologies

As a relatively recent sector, the plant-based beverages market requires improvements
in production processes to ensure its continued growth and development [100]. Despite
the continued expansion of this market and the increasing consumption of these products
relative to traditional dairy, several technical challenges remain to be addressed in terms of
processing, safety and quality, especially those in which one does not use intensive thermal
treatments and those that are more eco-friendly.

Although Ultra High Temperature (UHT) treatment is a widely used conservation
tool and essential for ensuring food safety by eliminating harmful microorganisms in any
liquid or predominantly liquid food matrix, protein denaturation is a well-known side
effect of that. Denaturation may alter protein functionality, particularly their capacity for
coagulation, thickening, and emulsification [101]. The key challenge lies in minimizing the
negative impact of denaturation, particularly in products that rely heavily on the functional
properties of proteins [102]. Even in UHT processing conditions, plant-based beverages
are still susceptible to some microbiological contamination such as from Bacillus cereus and
other pathogens, with some other risks amplified by insufficient processing and handling
conditions [103].

Emerging technologies have the potential to provide effective solutions to these chal-
lenges. Several thermal methods such as ohmic heating (OH), microwave, dielectric, and
radio frequency heating, and non-thermal approaches such as high-pressure processing
(HPP), ultrasound (US), moderate electric field (MEF) and pulsed electric field (PEF) are
being employed for the preservation of plant-based beverages [104], fruit juices [105], and
fermented drinks [106].

To cite some examples, in the scenario of OH, MEF, and PEF, they use electrical energy
for short periods (ns—-min) on food disposed between electrodes. The key difference is
the temperature: while OH is a thermal process where food heats rapidly as an electrical
resistor, MEF and PEF are non-thermal methods [106]. These last two technologies may
potentially enhance the phytochemical content of plant-based ingredients to develop clean-
label minimally processed beverages with health benefits, even with the need for more in-
depth study in order to understand underlying mechanisms and the processing parameters
for different raw materials [104]. In research by Sampedro et al. [107], for instance, PEF
treatment achieved the same degree of microbial and enzyme inactivation as the thermal
treatment in an orange juice-milk-based beverage.
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High-pressure processing (HPP), in turn, is one of the innovative technologies and
brings strong positive benefits, utilizing pressure rather than heat to ensure microbial safety
and helping in the preservation of protein functionality and the improvement of sensory
characteristics of plant-based milk-like products [102]. HPP application in plant-based
beverages enables effective microbial inactivation and shelf-life extension while maintaining
better preservation of color and overall quality compared to thermal treatments [108]. For
example, a treatment at 450 MPa for 5 min was sufficient to inactivate the main target
microorganisms over nine weeks of storage, with performance comparable to thermal
treatment [109]. At the same time, HPP also preserves foods’ natural flavors and nutritional
integrity, reinforcing its role as a promising non-thermal processing technology [110].

On the other hand, ultrasound technology (US) is an extraction technique that often
yields positive outcomes, such as enhancing the bioavailability of certain compounds,
producing bubbles that undergo collisions [111], improving the efficiency of subsequent
treatments. It is a way to disrupt the cellular structure of matrices, bringing considerable
effects on the physical, biochemical, and mechanical properties of food products [112]. A
combination of ultrasound-assisted extraction (US-AE) with thermosonication, for example,
plays a crucial role in plant-based beverages by not only improving the recovery of bioactive
compounds from complex plant matrices but also helping to preserve their quality, stability,
and biological functionality throughout processing [113]. Two other relevant examples
in this context are reported by Salve et al. [114], who verified lower pH values, color
changes, microbial reduction, and improved rheological behavior in treated samples,
characterized by smaller particle size and better results of sedimentation in peanut “milk”;
and Maghsoudlou et al. [115], who also reported color changes, reduced particle size, and
improved particle stability, along with complete microbial inhibition in almond “milk”.

4.2. Highlights of Regulatory Framework

Given the urgency of developing novel milk alternatives, it is also essential to establish
regulatory frameworks that ensure safety and quality in the production of these products
and also in their correct nomenclature. It is evident that regulations for plant-based, non-
dairy beverages vary worldwide. One example of a failure in this regulatory context is the
lack of specific guidance for the nutritional profile or labeling of plant-based beverages by
the Codex Alimentarius Commission [116].

In the United States of America (USA), the FDA (Food and Drug Administration)
requires compliance with federal, state, and local rules regarding production, labeling,
packaging, and distribution. Allergen declarations are mandatory, shelf-life limits are
defined (six months for ambient temperature products, and three months for refrigerated
ones), and the Food Safety and Inspection Service (FSIS) can carry out tests to ensure
microbiological and analytical safety [117]. Products labeled as ‘milk” are required to meet
specific standards, including a nutritional profile comparable to conventional milk. Since
non-dairy beverages do not fulfill these criteria, plant-based milk alternatives (PBMAs)
cannot be marketed or sold as ‘milk” under the United States Food, Drug, and Cosmetic
(FD&C) Act [118]. In January 2025, the FDA released a ‘Guidance for Industry’ related to the
labeling of plant-based alternatives to animal-derived products’. However, the guidance
does not specifically address the naming and labeling of PBMAs, leaving important gaps
for standardization and regulatory interpretation [119]. It is a more flexible body focused
on providing information to consumers, not on restricting names.

Related to Europe, Regulation (EU) 1308/2013 defines ‘milk products” as those de-
rived exclusively from milk (mammalian gland secretions)—as mentioned before—and
reserves dairy terms such as milk, butter, and yogurt exclusively for these products, thereby
establishing clear legal boundaries within the European market [120]. In other words, dairy
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alternative products cannot be referred to with dairy-associated names, such as “oat milk”,
“cashew milk”, “sesame milk”, with some exceptions, for example, “peanut butter” and
“coconut milk”. Inside Europe, some definitions within countries were delimited by a
Commission Decision 2010/791/EU, such as the use of the expression “lait d’amande”
in French, whereas the same expression in English, “almond milk,” is not indicated by
regulations [121]. It is certain that food labeling plays a key role in shaping consumers’
perceptions of the nutritional benefits of products. Therefore, the use of nutrition and health
claims is also subject to specific regulations. Nutrition and health claims are regulated
under Regulation (EC) No 1924 /2006, and voluntary vitamin/mineral fortification is gov-
erned by Regulation (EC) No 1925/2006—Dboth directly relevant when consumers compare
fortified plant-based milk and dairy alternatives (PBMDAs) with dairy products [122-124].

In terms of regulation from Brazil, the country does not yet have specific regulations
exclusively for plant-based products. However, these products are still subject to oversight
under existing general food regulations by national authorities, such as ANVISA (National
Health Surveillance Agency) and MAPA (Ministry of Agriculture, Livestock, and Supply).
While regulators argue that the current framework is sufficient, efforts are ongoing to iden-
tify regulatory gaps and challenges. In practice, plant-based products are understood as
processed foods of plant origin designed to mimic the sensory and functional characteristics
of animal-derived products [125]. There is only a specific section of RDC 726/2022 in effect
regarding the naming and marketing of products derived from edible fruits, vegetables,
or mushrooms, which stipulates that such products cannot be marketed or sold under the
designation “soy milk” [126]. These plant-based products are still subject to oversight under
existing general food regulations by national authorities, including MAPA (Ministry of
Agriculture, Livestock, and Supply) in addition to ANVISA itself. Concerning the market,
the prevalence of incorrect product designations highlights a clear need for regulatory en-
forcement in Brazil, as demonstrated by Pereira et al. [127], who also identified that, among
148 dairy analogs in Brazilian supermarkets, 33 products contained the term “milk” in their
denomination, including “soy milk” (0.7%), “plant-based milk” (2.0%), and “coconut milk”
(19.6%). In practical terms, while regulators argue that the current framework is sufficient,
efforts are ongoing to identify regulatory gaps and challenges.

The regulatory framework for plant-based beverages remains fragmented worldwide,
with no specific nutrient labeling guidelines from major authorities such as the FDA, EFSA
(European Food Safety Authority), or even the prestigious international standards of Codex
Alimentarius. Similar gaps are observed in Africa [128] and in countries in Asia and
Oceania, where regulations are still developing or rely on general food laws. Strengthening
and harmonizing regulatory approaches is essential to improve transparency, support
innovation, and ensure consumer trust, as is also evident in the case of plant proteins [129].
Ultimately, more comprehensive regulations will benefit society by promoting informed
choices and more sustainable food systems.

5. Nutritional Profile and Fortification Strategies

The increasing consumption of PBBs has intensified the discussion regarding their
nutritional adequacy, particularly when these products are used as substitutes for cow’s
milk, which is one of the most widely consumed types of milk worldwide [130,131]. In
contrast to cow’s milk, which naturally provides a balanced composition of proteins, lipids,
vitamins, and minerals, plant-based beverages are complex formulations whose nutritional
value depends on the plant raw material, processing conditions, and formulation strate-
gies [30,60,132,133]. In many cases, these PBBs present lower protein contents, differences
in amino acid profiles, and reduced levels of bioavailable micronutrients when compared
to cow’s milk [59,131]. Consequently, fortification with vitamins, minerals, and other func-
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tional ingredients has a technological approach to improve the nutritional quality of these
products and to ensure their nutritional adequacy [134].

The nutritional composition of plant-based beverages varies considerably according
to the botanical source and formulation. Legume-based beverages, such as soy, generally
present higher protein contents, whereas cereal-based beverages, including oat and rice,
tend to contain higher carbohydrate levels and lower protein concentration [7,135,136].
Coconut-based beverages usually contain low protein levels and variable lipid content
depending on processing and dilution conditions [137,138].

Values reported for commercially available products confirm the wide differences
in nutritional composition among plant-based beverages. The nutritional compositions
of cow’s milk and selected commercial plant-based beverages reported in recent studies
(2020-2026) are presented in Table 2. Overall, soy-based beverages generally present a
nutritional composition closer to that of cow’s milk, particularly regarding protein content,
whereas oat-, rice-, almond-, and coconut-based beverages tend to show lower protein
levels and greater variability in carbohydrate and fat composition. In addition, rice-based
beverages generally exhibit higher carbohydrate contents, while coconut-based beverages
tend to contain more fat.

Table 2. Average nutritional composition values of commercial cow’s milk and plant-based beverages
reported in recent studies (2020-2026).

Category Geographic Market Energy Protein Fat Carbohydrate Reference
Cow’s milk UK 50 kcal /100 mL 3.5g/100 mL 1.8 g/100 mL 4.8 g/100 mL [13]
Cow’s milk Melbourne/Sydney ~33 kcal /100 mL ~3.6 g/100 mL 1.4 g/100 mL - [139]
Soy China 46.1 kcal /100 mL 3 g/100 mL 1.8 g/100 mL 4.2 g/100 mL [135]
Soy Ukraine 46.2 kcal /100 mL 5.2 g/100 mL 1.8 /100 mL 2.53 g/100 mL [140]
Oat Ttaly 61 kcal /100 mL <0.5 g/100 mL 2 g/100 mL 10 g/100 mL [141]
QOat Copenhagen/Denmark 36 kcal /100 mL 1g/100 mL 0.5 g/100 mL 6.5 g/100 mL [142]
Almond Italy 38 kcal /100 mL 0.8 g/100 mL 2.3 g/100 mL 3 g/100 mL [143]
Almond China 38.24 kcal /100 mL 1g/100 mL 2.1g/100 mL 4.9 /100 mL [135]
Rice Spanish 55.5 kcal /100 mL 0.36 g/100 mL 1 g/100 mL 11.2 g/100 mL [7]
Rice EU 47 kcal /100 mL 0.1 g/100 mL 1g/100 mL 9.5g/100 mL [89]
Coconut UK 33.67 kcal /100 mL 0.28 g/100 mL 1.88 g/100 mL 3.70 g/100 mL [144]
Coconut Melbourne and Sydney ~33 kcal /100 mL ~0.2 g/100 mL 2.2 g/100 mL - [139]
Pea China 32.74 kcal /100 mL 1g/100 mL 1.6 /100 mL 3.5g/100 mL [135]
Pea UK 25 kcal /100 mL 2 g/100 mL 1.96 g/100 mL 0.42 g/100 mL [13]

Plant-based beverages (PBBs) may contain bioactive compounds naturally present in
the plant raw materials used for their production, which can affect both their nutritional
value and functional properties [33,46,144,145]. Oat-based products are commonly char-
acterized by the presence of (3-glucans, whereas soy beverages provide isoflavones and
phytosterols. Tocopherols are typically associated with almond beverages, while rice-based
formulations may contain phytosterols such as 3-sitosterol and y-oryzanol [33]. On the
other hand, the presence of antinutritional compounds should also be considered in plant-
based beverages; for example, oat- and sesame-based beverages may contain phytates and
oxalates [46].

Due to variability in composition and their natural low concentrations, to compen-
sate nutritional limitations, plant-based beverages are often supplemented with selected
vitamins, minerals, and protein ingredients during the formulation step [46,146]. The
replacement of cow’s milk with plant-based, particularly cereal-based, beverages may
increase the risk of nutritional inadequacy, especially when these products are not properly
fortified [6]. Commonly involving the addition of vitamins (e.g., A, B-complex, D, and E),
minerals such as calcium, other functional ingredients, and compounds such as omega-3
fatty acids may also be incorporated to enhance the nutritional profile of the final prod-
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uct [146,147]. A qualitative comparison of cow’s milk and representative PBBs as vitamin
sources is illustrated in Figure 3.
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Figure 3. Schematic comparison of cow’s milk and plant-based beverages as sources of vitamins.

Developed by the authors based on information reported in [26].

The contents of vitamin B, and vitamin B, vary considerably among plant-based
beverages depending on raw material and fortification practices. The reported levels of
these vitamins in cow’s milk and selected plant-based beverages are summarized in Table 3.

Table 3. Examples of vitamins B, and By, contents in cow’s milk and plant-based beverages.

Vitamin

B, (mg/100 mL)
B, (mg/100 mL)
Biz (ng/100 mL)
Bi2 (1g/100 mL)

Cow’s Milk  Coconut Grains Legumes  Nuts/Seed Mixed Reference
0 0.001 0.04 0.0024 0.007 [139]
0.50 0.21 0.21 0.21 0.21 [144]
0 0 0 0 0.4 [139]
0.39 0.38 0.44 0.38 0.38 [144]

Fortification strategies in PBBs must consider issues related to physical stability and
micronutrient bioavailability, which are influenced by the plant matrix and the presence of
added compounds [33,148,149]. Interactions among proteins, lipids, minerals, and antin-
utritional compounds may affect colloidal stability and nutrient dispersion, making the
assessment of gastrointestinal bioavailability an important aspect in the development of
fortified plant-based beverages [60,147,150,151]. For example, Zhou et al. [151] investigated
a formulation strategy based on the simultaneous fortification of almond “’milk” with
vitamin D and calcium using controlled delivery systems. Vitamin D was incorporated
through an oil-in-water nanoemulsion designed to enhance dispersion and stability of this
lipophilic micronutrient, while calcium was added in different chemical forms (CaCl, or
CaCO;3) and at different concentrations to evaluate their effects on physicochemical proper-
ties and nutrient bioaccessibility. The results showed that the type and levels of calcium
strongly influenced colloidal stability and nutrient availability, since high concentrations of
calcium ions promoted particle aggregation and reduced vitamin D bioaccessibility due to
the formation of insoluble calcium soaps during digestion.

6. Physicochemical, Technological and Sensory Challenges

Plant-based beverages (PBBs) present physicochemical, technological and sensory
challenges in comparison to cow’s milk and complicate the development of stable and
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acceptable products [6,46,47,152,153]. Dairy milk is a naturally stable colloidal system
composed of fat globules, casein micelles, and soluble protein [134], while PBBs are typically
complex dispersions obtained from plant tissues containing insoluble particles, protein,
starch, lipids and dietary fiber [50,133,134]. Consequently, PBBs systems may exhibit
physical instability, phase separation, undesirable texture, and flavor defects [33,46,154].

One of the main technological limitations of PBBs is the susceptibility to physical
instability during storage, which is related to the complex colloidal nature of these systems.
Plant-based beverages are typically suspensions or emulsions composed of particles with
different sizes, densities, and compositions, including proteins, lipids, carbohydrates, and
fragments of plant tissues [6,155-157]. Due to this structural complexity, these products
are prone to sedimentation, creaming, and phase separation over time [6,155]. Insoluble
components such as starch granules and protein aggregates tend to settle under gravity,
leading to the formation of sediment and a non-uniform appearance [6,46,158-160].

In addition, the sensory quality of these beverages is largely influenced by their
colloidal stability and by their physicochemical and rheological properties, particularly
viscosity and the interactions between proteins, polysaccharides, and lipids [161,162].
Variations in these parameters affect texture, mouthfeel, and visual appearance, which are
critical attributes for consumer acceptance [161-163].

To overcome these limitations, formulation strategies are commonly applied to im-
prove dispersion stability. Thickening agents and stabilizing additives, especially hydro-
colloids such as carrageenan, xanthan gum, guar gum, pectin, alginates, and modified
starch, are frequently incorporated to increase viscosity, reduce gravitational separation
phenomena such as the creaming of oil bodies or fat droplets, and the sedimentation of pro-
teins or insoluble plant particles [134,164]. For example, Sen and Okur [76] evaluated the
effect of hydrocolloid concentration and ultrasound processing on hazelnut-based ““milk”
and reported that both formulation and processing conditions strongly influenced particle
size distribution, physicochemical properties, and sensory characteristics, highlighting
that dispersion stability is one of the main challenges in the production of plant-based
beverages. Gama et al. [161] evaluated the effect of different hydrocolloid combinations
on the rheological and stability properties of a peanut-based beverage and observed that
formulations containing xanthan gum exhibited higher viscosity and more pronounced
shear-thinning behavior, which contributed to improved suspension stability.

Even though the inclusion of these hydrocolloids is important to prevent phase sepa-
ration and promote homogenization in PBBs, they may frighten label-conscious consumers
due to longer ingredient lists, which are often perceived negatively and associated with
“E-numbers”—the term for food additives in Europe according to Regulation EU 1333/2008
with amendments [165].

This reflects the clean-label trend, which is related to consumers’ perception of individ-
ual ingredients on food labels, focusing on the quantity and quality of the products [166]. A
clean-label product is defined by the Institute of Food Technologists as one made with a min-
imal number of ingredients that consumers can understand and perceive as healthy [167].
Although not required by food regulations, clean-label foods reflect a growing emphasis
on health consciousness and environmental responsibility. Due to such challenges, the
scientific research has been driven towards innovation in the development of clean-label
alternatives, focusing on the replacement of synthetic additives with natural ingredients, as
exemplified by the use of algae for this purpose. Algae, for instance, not only contribute
with biochemical properties but also enhance food rheology, as their macronutrient com-
position influences microstructure and gel formation, reducing the need for additional
thickeners and stabilizers [168].
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In addition to physical instability, PBBs often present sensory limitations that may
reduce consumer acceptance. Many plant raw materials contain compounds responsible for
characteristic off-flavors, such as the beany taste commonly associated with soy beverages
or the earthy and bitter notes found in pea and cereal-based products [169,170]. These
undesirable flavors may originate from lipid oxidation, enzymatic activity, or the presence
of phenolic compounds and other secondary metabolites [169]. For example, lipoxygenase
activity can promote the formation of volatile aldehydes responsible for undesirable aro-
mas [171]. In addition, soy beverages are also susceptible to off-flavor formation through
Maillard reactions, since their naturally high content of free amino acids and reducing
sugars favor the development of bitter, burnt, or overly intense flavors when processing
conditions are not properly controlled [172].

Different technological approaches have been proposed to reduce these sensory de-
fects, including thermal processing, enzymatic treatments, fermentation, and flavor mask-
ing, but these strategies may also alter the nutritional and functional properties of the
beverages [46,100,154,173]. For instance, the use of selected microbial cultures has been
investigated as a way to improve the organoleptic quality of fermented soy milk, promoting
changes in volatile compounds and reducing the perception of undesirable flavors [161].

7. Sustainability and Environmental Assessment

Food production, especially of animal origin, represents one of the major contributors
to global climate change, accounting for approximately 20-30% of overall environmental
impacts [174]. The livestock sector is a key driver of greenhouse gas emissions (account-
ing for approximately 14.5%), and is also associated with intensive water consumption,
biodiversity loss, and extensive use of agricultural land [175]. As a result, replacing animal-
based foods with plant-based alternatives has been proposed as a strategy to mitigate these
environmental impacts.

According to FAO [176], the global greenhouse gas (GHG) emission intensity in 2020
was approximately 1 kg CO,-eq per kg cow’s milk. Among cereal crops, rice exhibited
a comparable emission intensity, also around 1 kg CO;-eq per kg of product, whereas
other cereals—considering barley, maize, millet, oat, rye, sorghum, and wheat—showed
substantially lower emission intensities, with 0.2 kg CO,-eq per kg.

Life cycle assessment (LCA) is a recognized methodological framework, standardized
by ISO norms, widely applied to assess the environmental impacts of livestock production
systems throughout their entire life cycle. This method enables the quantification of
various impact categories, including greenhouse gas (GHG) emissions, water and land use,
biodiversity impacts, eutrophication, and toxicity, among others [177].

Considering the entire production chain, cow’s milk is associated with higher en-
vironmental impacts than plant-based beverages (PBBs). The production of one liter of
cow’s milk results in approximately twice the impact of a soy-based beverage, whereas
comparisons with other plant-based beverages show differences of approximately three- to
five-fold lower impacts as demonstrated in Table 4.

Table 4. Comparison of cradle-to-gate LCA studies for cow’s milk and plant-based beverages.

Product kg COz-eq/L Reference
Cow milk 0.99-1.08 [10]
Soy-based beverage 0.51-0.52

Oat-based beverage 0.38

Almond-based beverage 0.26 [178]
Coconut-based beverage 0.29

Ripple pea-based beverage 0.29
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The production chain of soy-based beverages is relatively simpler than that of cow’s
milk, as soybeans are transported directly from harvest to industrial processing. A study by
Coluccia et al. [10] reported that in soy-based beverage manufacturing, most greenhouse
gas emissions occur during the industrial stage, particularly in processing and packaging
operations, which account for approximately 79.2% of the total carbon footprint. The
same study also demonstrated that, for cow’s milk, more than 80% of total emissions are
associated with upstream stages, particularly livestock farming, which alone accounts
for over 60% of the total carbon footprint. Additionally, Costa et al. [179] evaluated the
replacement of cow’s milk with soy-based beverages using a consequential life cycle
assessment approach and concluded that this substitution alone does not significantly
reduce GHG emissions unless it is accompanied by a reduction in beef consumption.
Nevertheless, land sparing associated with this substitution may contribute to emission
mitigation when combined with reforestation strategies.

Overall, the available literature indicates that dairy beverages are generally associated
with higher environmental impacts than plant-based beverages. However, when impact
categories are evaluated individually, plant-based beverages do not constantly show lower
values than cow’s milk. For example, the environmental impacts of major plant-based
beverages, including oat-, soy-, and almond-based beverages, were analyzed and compared
with those of conventional and organic cow’s milk using LCAs across 12 impact categories,
showed that oat- and soy-based beverages generally exhibited the lowest environmental
impacts [175]. By contrast, in the freshwater exotoxicity category, soy-based beverages
exhibited higher values (4.45 x 1073 kg 1.4-DCB—dichlorbenzene-equivalent) compared
to conventional milk (2.11 x 1073 kg 1.4-DCB). A similar trend was observed for ecosystem
damage potential, with values of 3.48 points for soy-based beverages and 1.76 points for
conventional milk [175].

The LCA has increasingly incorporated environmental impacts and nutritional value
by adopting nutritional functional units (nFUs) based on nutrient density indices. In this
context, Kovanen et al. [180] developed a nutritional index to be used as an nFU, applying
LCA data to compare the environmental impacts of milk and plant-based beverages. Their
findings demonstrated that the selection of the functional unit significantly affects LCA
results and the comparative interpretation of products, particularly when conventional
volume-based functional units are employed.

8. Market Trends and Commercial Products

Summarily, the consumption of plant-based beverages has increased in recent years,
driven by environmental concerns, animal welfare considerations, and health-related
factors. These products are commonly associated with lower environmental impacts and
are considered suitable alternatives for individuals with lactose intolerance or cow’s milk
allergy. Furthermore, plant-based beverages are often perceived by consumers as more
sustainable and easier to digest. However, aspects such as price and sensory attributes
remain important determinants of consumer acceptance in the market [174].

Consumer preferences for plant-based milk and dairy alternatives (PBMDAs) are also
influenced by sociodemographic factors, with greater adoption observed among younger
consumers, women, and individuals with higher educational levels. Sensory attributes,
including flavor, texture, and mouthfeel, play a crucial role in consumer acceptance and
repurchase intention, particularly when these products mimic the characteristics of dairy
counterparts [122]. A study conducted in China in 2021 [181] investigated consumer
preferences (n = 819) and willingness to pay (WTP) for plant-based products. The results
indicated that product attributes such as appearance, taste, nutritional value, and perceived
environmental benefits positively influence consumers” WTP. Moreover, WTP varies across
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demographic segments, being higher among women, younger consumers, individuals with
higher income and education levels, urban residents, and those with greater environmental
awareness. Specific groups, such as lactose-intolerant individuals, vegetarians, and those
with particular dietary requirements, tended to demonstrate a higher WTP.

According to Future Market Insights, the market for plant-based milk alternatives
is expected to grow significantly, reaching USD 23.8 billion by 2026 and expanding at a
compound annual growth rate (CAGR) of 9.2% through 2036, with projections indicating
a market value of USD 57.2 billion by the end of the period. The Asia-Pacific region
dominates the PBB market in terms of volume, largely driven by traditional plant-based
dietary habits and the high prevalence of lactose intolerance. Countries such as India and
China are projected to experience the highest growth rates, with a CAGR of 12.1% and
11.8%, respectively, between 2026 and 2036. North America is characterized by strong
innovation and the development of functional beverages, whereas European markets,
including Germany (7.4%) and the United Kingdom (7.1%), are expected to show more
moderate growth. In the United States, the projected CAGR is 8.2% [182].

Data provided by Fortune Business Insights indicates even more promising prospects
for the global plant-based milk alternatives market. According to these estimates, the sector
was valued at USD 36.76 billion in 2025 and is projected to reach USD 41.75 billion in 2026,
with further growth expected to attain USD 117.64 billion by 2034, corresponding to a
CAGR of 13.83% over the period. The regional distribution of the global plant-based milk
alternatives market, highlighting 2025 values, market share percentages, and projections
for 2026, is shown in Table 5. These data underscore the strong concentration of the market
in the Asia-Pacific region, as well as consistent growth in regions such as North America
and Europe [183].

Table 5. Regional distribution of the global plant-based milk alternatives market, including market
value (USD billions), market share (%), and projections for 2026. Based on information reported in [183].

Region 2025 (USD Billions) Share (%) 2026 (USD Billions)
Asia-Pacific 19.42 52.83 22.14
North America 9.08 24.70 10.26
Europe 6.83 18.58 7.74
Latin America 1.38 3.74 1.55
Middle East and Africa 0.06 0.15 0.06

A consumer study carried out in 2021 [184], involving 7590 individuals aged over
18 across 10 European countries, showed that 37% of respondents identified themselves
as flexitarians, vegetarians, or vegans. Regarding PBB consumption, 12% of participants
reported consuming these products 1-3 times per month, 11% 1-3 times per week, 7%
4-6 times per week, and 10% 1-2 times per day. A similar trend was observed in data
reported by Statista [185], showing that in 2023, among flexitarian consumers in selected
European countries, 16% consumed PBBs 1-3 times per month, 15% 1-3 times per week,
9% 4-6 times per week, and 12% 1-2 times per day.

In recent years, companies in the food sector have expanded their product portfolios
by investing in PBBs as a diversification strategy. Among them, Oatly has emerged as a
key player in the PBB market, particularly with oat-based products, including barista-style,
light, and protein-enriched formulations. These products have shown strong acceptance, es-
pecially in coffee applications, due to their favorable flavor and textural properties. Danone,
through brands such as Alpro and Silk, has developed a diversified portfolio of PBBs,
encompassing oat-, soy-, and almond-based products, including fortified formulations
(e.g., calcium and vitamins) and reduced-sugar options, thereby strengthening its global
market presence. Furthermore, Blue Diamond, with its Almond Breeze line, focused on
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almond-based beverages, offers a range of products such as original, unsweetened, and
barista-style formulations, and is widely recognized as a leading brand in this segment;
and Califia Farms has focused on innovation in PBBs, offering almond-, oat-, and blended
formulations, including products with higher protein content and a premium positioning,
emphasizing quality and differentiated formulations. In Asia, Vitasoy has established a
strong presence with soy-based and other PBBs, prioritizing nutritional value and tailoring
products to local market preferences. Finally, small brands such as Elmhurst 1925, along
with emerging startups, have increasingly focused on developing simpler and more natural
formulations, often characterized by minimal ingredient lists, higher protein content, and
innovative product concepts, targeting specific market niches [34].

9. Challenges and Future Perspectives

The development of PBBs is associated with multiple challenges, including physico-
chemical instability, the need for nutritional fortification, undesirable sensory attributes,
and technological limitations related to processing. Furthermore, despite increasing market
demand, consumer acceptance is still constrained by factors such as the relatively high cost
of these products [15]. In this context, sensory attributes, particularly texture and flavor
are key determinants of consumer acceptance and purchasing decisions. The presence of
compounds such as phenolics and flavonoids may contribute to bitterness in PBBs, while
prolonged storage can negatively affect sensory quality due to lipid degradation and the
formation of undesirable compounds [34].

Food manufacturers face the challenge of balancing sensory quality and nutritional
value in PBBs. Products with improved palatability often contain higher levels of sugars and
additives, which may reduce their attractiveness to health-conscious consumers, whereas
nutritionally optimized formulations tend to present less favorable sensory characteristics.
Therefore, achieving an appropriate balance between these attributes is critical for the
development of competitive products [7].

According to the study by Clegg et al. [144], a major limitation when comparing dairy
products with plant-based alternatives is the difference in their nutritional composition,
particularly regarding protein, vitamin Bjy, calcium, and iodine content. The study also
reported that these differences may pose potential health risks for vulnerable populations,
including children, older adults, and pregnant women. Furthermore, the wide variability
in composition and fortification levels among products available on the market makes
it difficult for consumers to make informed choices, while the relatively higher cost of
plant-based alternatives may limit their accessibility.

Life cycle assessment, although an essential tool for providing insights into more
sustainable food systems, presents significant challenges related to the lack of standardized
guidelines, the complexity of cross-sector interactions, and the reliance on multiple model-
ing assumptions, particularly in consequential LCA approaches. These limitations may lead
to considerable variability in results, requiring careful interpretation and a comprehensive
understanding of the economic and biophysical interconnections across agri-food supply
chains [179].

In summary, nutritional fortification of plant-based alternatives is essential to reduce
disparities relative to dairy products and to improve their nutritional quality. Increasing
consumer awareness and education is critical to avoid the misconception that these prod-
ucts are inherently healthier, thereby supporting more informed and appropriate dietary
choices. The development of more comprehensive LCA frameworks is needed to enable
more balanced and meaningful comparisons between products. Finally, the plant-based
sector presents significant potential for innovation, including the development of more
nutritionally balanced formulations and the expansion of research integrating health and
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sustainability, contributing to more accessible and efficient food systems and to more in-
formed public policy decisions. The current limitations of PBBs and the main directions for
future development are summarized in Figure 4.

Perspectives for PBB
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Figure 4. Main challenges and future perspectives for plant-based beverages (PBBs).

10. Conclusions

Plant-based beverages represent a rapidly expanding and highly promising category
within food systems, but they cannot yet be considered fully nutritionally and techno-
logically equivalent alternatives to cow’s milk. Strategies related to formulation and/or
incorporation, particularly nutritional fortification and process optimization, can partially
compensate for limitations related to protein quality, micronutrient content, and physic-
ochemical stability. In this context, PBBs may serve as viable alternatives when properly
formulated and consumed within balanced diets. On the other hand, significant challenges
remain, including variability in composition, sensory limitations, and constraints in current
environmental assessment methodologies. The transition towards PBBs as effective dairy al-
ternatives will depend on achieving a balance between nutritional adequacy, technological
performance, consumer acceptance, and environmental sustainability.
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