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Background: Plant-based beverages have gained increasing prominence as alternatives
to animal milk, particularly for individuals with lactose intolerance, milk protein
allergies, or those adhering to vegetarian and vegan diets. The widespread adoption of
these products requires a comprehensive evaluation of their multiple properties, as they
possess a range of nutritional, technological, economic, and environmental benefits and

drawbacks.

Aims: This narrative review provides a multidimensional synthesis of the advantages
and limitations associated with plant-based beverages as viable alternatives to animal

milk.

Methods: A systematic literature search was conducted across the Google Scholar,
Scopus, ScienceDirect and PubMed databases for articles published between 2010 and
2024. A set of defined keywords yielded 183 articles, from which 68 were selected for

inclusion based on their methodological rigor and thematic relevance.

Results: The findings indicate that plant-based beverages are naturally free of lactose
and cholesterol and often contain beneficial dietary fiber and bioactive compounds.
They are also appreciated for their sensory diversity and adaptability to specific dietary
preferences. However, they are generally lower in protein and essential micronutrients
compared to animal milk. Furthermore, their composition exhibits significant
variability, which is influenced by the raw materials (e.g., cereals, legumes, dried fruit,
etc.) and the technological processing methods employed. Environmentally, these
beverages generally exhibit a lower carbon footprint, yet their retail cost remains a key
disadvantage for consumers.

Conclusions: In conclusion, this review highlights the critical need for further research
focused on enhancing the formulation of plant-based beverages to more effectively meet
consumers expectations regarding nutritional value, sensory quality, and affordability.

Keywords:  Plant-based  beverages, Animal Limitations,

milk, Advantages,

Manufacturing process, Nutritional properties.
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1 INTRODUCTION

Traditionally, animal milk has been considered a
fundamental component of the human diet, primarily due to
its rich concentration of protein, fat, vitamins and minerals
(Mesfine et al., 2015). However, in recent decades, plant-

based-beverages — commonly referred to as “vegetable milks”
— have attracted growing interest as alternatives to animal
milk. These beverages are sought after for their visual and
functional resemblance to animal milk and are typically
produced by extracting plant matter in water, followed by
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fileration to collect a liquid with a milky texture (Mikinen ez
al., 2016).

The market for plant-based beverages is dominated by
common examples such as soy, almond, oat, rice, and coconut
milk, with more recent additions including beverages derived
from pea, hemp or quinoa (Zandona ez 4/, 2021). Their
popularity is notably attributed to factors such as lactose
intolerance, cow's milk protein allergies, and the growing
adoption of vegetarian or vegan diets (Mikinen ez al., 2016).
These products are also appreciated for their content of
bioactive compounds, such as phenols, unsaturated fatty
acids, and antioxidants. Nevertheless, their nutritional profile
is often considered inferior to that of cow's milk, particularly
in terms of protein and calcium content (Haas ez 2/, 2019).

The shift towards plant-based alternatives is further
encouraged by a number of factors. First, the consumption of
animal milk has been associated with certain health concerns,
as the quantity and quality of its fats are assumed responsible
for raising blood cholesterol levels, its proteins can be
allergenic, and its lactose content can cause intolerance
symptoms (Zandona ez al., 2021). Second, dairy production
generates environmental challenges, as it requires significant
water and land resources and generates higher greenhouse gas
emissions compared to the production of plant-based
beverages (Ramsing ez a/., 2023). Finally, from an economic
standpoint, dairy farming is a labor-intensive sector, and in
several developing countries, local production is insufficient
to meet demand, leading to heavy reliance on imports (Srairi
etal., 2013).

Consequently, despite the well-established nutritional
quality of animal milks, these limitations have encouraged the
production and consumption of plant-based beverages. These
alternatives are valued for their sensory characteristics,
sustainability, and plant-derived proteins, fatty acids and
minerals, making them a suitable option for individuals with
lactose intolerant, allergies, or specific dietary choices
(Zandona et al., 2021). These beverages consist in complex
colloidal systems, primarily functioning as oil-in-water
emulsion. They are generally derived from oilseeds, cereals,
and legumes, with soybean beverages, holding a significant
market share. Other popular sources include almonds,
cashew, rice, oats, and wheat. The increasing interest in these
beverages are interesting and increasingly popular due to their
sustainability potential and trend (Nawaz ez 4., 2023).

The primary objectives of this review are to conduct a
thorough analysis of the advantages and limitations of plant-
based beverages across various dimensions, including
nutritional value, economic viability, environmental impact,
and sensory properties. This synthesis aims to provide a clear
understanding of their potential as substitutes for animal
milk, to highlight opportunities for valorizing various seeds

Nor. Afr. J. Food Nutr. Res. ® Volume 9 © Issue 20 © 2025

and nuts, and to support local economic development,
particularly in developing countries. Ultimately, this work is
intended to inform consumers and assist them in making
decisions that align with their specific needs and preferences.

2 METHODOLOGY

This review is based on an exhaustive literature search
conducted across multiple scientific databases, including
Google Scholar, ScienceDirect, PubMed and Scopus. The
search sought to identify peer-reviewed articles, journals and
book chapters published predominantly between 2010 and
2024. A combination of keywords such as “plant-based
beverages”, “plant milk”, ‘milk’, “animal product-free milk”,

“ o » « . . >
nutritional value”, processing technologies”,
“environmental impact”, “economic aspects” and “sensory
evaluation” were employed to ensure a broad and inclusive

search.

The initial search yielded a total of 183 articles. A
subsequent screening process, based on an analysis of titles and
abstracts, led to the exclusion of 45 articles that were deemed
irrelevant to the review's core themes or failed to meet
predefined quality criteria, such as lack of peer review or
insufficient methodological detail. The selection process was
conducted by the principal investigator, with consultation of
a second expert to ensure consistency and minimize selection
bias. Ultimately, 138 articles were selected for their scientific
relevance, methodological rigor and direct contribution to at
least one of the main dimensions addressed in this article:
nutrition, processing, economics, environment, and sensory
characteristics. Only articles in English and French that
presented original data or a critical synthesis were included. A
narrative review approach was selected to provide an in-depth,
multidisciplinary qualitative synthesis, thereby offering a
holistic perspective of the benefits and limitations of plant-

based beverages.

3 ADVANTAGES

3.1 Nutritional Benefits

For several years, cow's milk was considered as a
fundamental part of the human diet, essentially due to its
rich composition of essential nutrient profile (Gaucheron,
2011). However, the recent proliferation of plant-based
beverages has challenged this traditional perception.

Plant based beverages have gained significant popularity
owing to their absence of casein, cholesterol, and lactose, , as
well as the presence of unsaturated fatty acids from their
plant sources. These attributes have been associated with
various positive health benefits, such as protecting against
cardiovascular disease (Pistollato e /., 2018).

ey
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Moreover, plant-based beverages often contain other
beneficial bioactive compounds. They are characterized by a
richness in vegetable proteins, healthy carbohydrates with a
reduced glycemic index and a favorable fatty acid profile.
Their content in dietary fiber, vitamins (B, E) and
antioxidants (polyphenols, phytosterols) is also notable. They
are also rich in minerals (potassium and calcium) and low in
sodium, which assists in regulating the calcium to
phosphorus ratio and maintaining electrolyte balance
(Marafon et al., 2025).

A key advantage is the absence of lactose and caseins,
which addresses two common dietary issues. Lactose
intolerance, caused by a deficiency of the enzyme lactase,
leads to insufficient lactose digestion and can manifest as
symptoms such as flatulence, abdominal pain, bloating,
nausea, vomiting, constipation, watery diarrhea with acidic
stools, anus irritation, dehydration, and metabolic acidosis
(Fassio er al., 2018). Similarly, a cow's milk protein allergy is
an immunological response, often IgE-mediated, triggered
by specific milk proteins. For these reasons, individuals with
such conditions are advised to avoid lactose- and casein-
containing products and opt for alternatives, such as plant-
based beverages (Silva ez al., 2020).

3.2 Availability and Variety of Sources

Plant-based beverages are derived from a diverse range of
sources, including cereals, nuts, seeds and legumes (Penha ez
al., 2021) as displayed in Table 1. The nutritional
composition of different plant-based beverages varies
depending on the source material. For instance, cereal-based
beverages typically contain higher sugar (starch) levels than
those derived from nuts and legumes. Conversely, legume-
based beverages are richer in protein while nut-based
beverages are generally higher in lipids, though they also
provide a good source of protein (Qamar ez al., 2020).

Cereal-based beverage

Cereals are a staple food globally, with common
examples including maize, wheat, rice, barley, sorghum,
millet, teff, oats, and triticale (Basinskiene & Cizeikiene,
2020). Cereal-based beverages have attracted considerable
attention because they supply essential nutrients, including
dietary fibers, available carbohydrates, proteins, lipids,
vitamins, and antioxidants. Their popularity is also growing
due to their potential as a source of prebiotics and probiotic.

Rice and oat beverages constitute two of the most widely
consumed cereal-based alternatives. Rice, which is typically
composed of approximately 90% carbohydrates and 6%-8%
proteins, is the primary ingredient in most rice beverages (Ali
et al., 2023). The natural sweetness of these products is often
a result of an enzymatic process that breaks down
carbohydrates into sugars, particularly glucose. Some

AfAc

varieties are also sweetened with sugarcane syrup or other
sweeteners (Basinskiene & Cizeikiene, 2020). Beverages
made from red or black rice possess notable nutritional value
due to their high concentration of phenolic compounds as
well as their antioxidant properties (da Silva ez al., 2023).
Oat beverages, which are also commercially available in a
variety of flavors (e.g., sweet, unsweetened, vanilla,
chocolate), are characterized by their naturally creamy
texture and distinctive flavor. They are often recommended
for individuals with irritable bowel syndrome and
inflammatory bowel disease (Ramsing ez /., 2023).

Beyond these mainstream industrial products, numerous
traditional cereal-based beverages exist worldwide. Examples
include Sikhye, a South Korean beverage made from cooked
rice, malt extract, sugar, and Kunu (Kunun zaki), a Nigerian
beverage prepared from sprouted millet, sorghum, or maize
(Basinskiene & Cizeikiene, 2020).

Furthermore, the pseudo-cereal quinoa constitutes
another promising source for beverage production. Quinoa is
very highly valued for its nutritional quality, particularly its
protein profile and digestibility. The high-quality protein is
attributed to its complete essential amino acid composition,
including high levels of methionine, cysteine, and lysine,
which are often deficient in most cereals. Quinoa is
categorized as "sweet" or "bitter" based on its saponin
content, and beverages derived from it have a substantially
higher viscosity than other plant-based liquids (Silva ez al.,
2020)

Legumes

In recent years, several legumes have been studied as
potential sources for beverages, such as soy, chickpea, lentil,
pea, lupin, bean, pigeon pea and cowpea. Soy beverages are
the most widely consumed globally, as soy is considered the
leading plant-based source of complete protein, containing
all essential amino acids. Soy is also a rich source of
carbohydrates, lipids, proteins, vitamins (B6 and K) and
bioactive compounds such as polyphenols and isoflavones.
These beverages are recognized for their numerous health
benefits, especially in the prevention and treatment of several
chronic diseases, such as cardiovascular disease and cancer
(Vagadia et al., 2017). Chickpea beverage is another valuable
source of both protein and carbohydrates, and it is also rich
in unsaturated fatty acids, such as linoleic and oleic acids.

Oleaginous seeds, nuts and fruits

Non-dairy beverages are also derived from oleaginous
seeds, nuts or fruits including almonds, cashew, coconut,
walnuts, sesame, and hazelnuts. The market success of this
plant-based beverages is attributed to their appealing flavor
profile and nutritional values (Craig & Fresdn, 2021). For
instance, almonds provide a notable source of
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macronutrients, with protein content ranging from 35% to
52%, as well as vitamin E, essential minerals such as calcium,
magnesium, selenium, potassium, zinc, phosphorus, and
copper,
emulsifying power of several nut-based beverages often

and various antioxidants. However, the low

requires the addition of an emulsifying agent to achieve a

product stability (Kundu ez 2/, 2018). In addition to lipids,
essential amino acids, antioxidant compounds, vitamins B6,
B9, and E, iron, and magnesium, these beverages are notably
rich in calcium. Moreover, their typically low or absent
galactoside content, compared to legume-based drinks, helps
mitigate the likelihood of flatulence (Silva ez al., 2020).

Table 1. Examples of Some Sources of Plant-Based Beverages: Recipe, Composition, and Extraction

Composition Extraction of beverage

Composition of beverage

- DM  Proteins Fats Carb. Ash Pre- Extraction Packasin DM Proteins Fats Carb. Ash
§ ® o %) %) (%) Treatment Eng %) %) %) %) (%)
Soaking in Blending 200 g of
water for 2 rice with 400 ml
hours of water
g 47 0 0.1 7.74 0.082  Draining S - 12.85:0.18  1.78£0.20  0.32:0.06  10.27¢0.69 0.48+0.03
2 (Zhou ez Cooking Sle\fmg twice to (Atwaa et
al, 2002)  (1:3) for 30 achieve a desirable al., 2019)
. texture
min
Soaking 100 Homogenization
grams of oat  using a high-
flakes speed mixer Storage in a
overnight (12 grinder for sterile glass
hours) in approximately 2 container
o S 11.6£035  7.23:022 - 3855064 00 ines o 1.8740.01  0.14:0.05 - 0.4240.09
o (Zerlasht er . - . . (Cui et al,
1., 2023) covering the Straining through refrigeration 02
ks oats with a a fine sieve or conditions 3)
cloth during muslin cloth into
the process a bowl.
g DM  Proteins Fats Carb. Ash Pre- Extraction Packasin DM Proteins Fats Carb. Ash
N ORI () %) %) (%) Treatment ene %) %) %) %) (%)
Mixing for 10 min
in a blender with
L water ratio of 1:5
Soaking in
(water/volume) to
water for achieve a milk
8 4.23+0.02 N
%:, © 1365022 720402 38s0 (2RO 12 h produce with a - - 0.78:0.20  7.50:0.10  0.42:0.13  (Gocer &
S al., 2008) Pecling total solid content Kopragel,
of 10 g per 100 g 2023)
Filtration using a
cloth bag
Homogenization
for 2 minutes by a
Grinding labora[or}f
homogenizer.
unroasted o
Filtration through
hazelnut
] two folded cloth 0.54+0.07
E 13.33 40 40 - kernels - 11.63£0.25  2.34£0.0¢  7.48+0.10 oD
3 filter (Ermis et
K Soaking in oo
:3 . Homogenization al., 2018)
distilled
by an ultrasound
‘water .
homogenizer at
100 W and 20 kH
for 10 minutes
ﬁ.. DM Proteins Fats Carb. Ash Pre- Extraction Packacin DM Proteins Fats Carb. Ash
g (%) (%) (%) (%) (%) Treatment ERE (%) (%) (%) (%) (%)
Grating
coconut meat
Filtration using
cloth filter to
separate the Extraction of milk
2 - 6.03+0.04  4.27+0.12 - 8.55+0.55 liquid coconut  using a slow juice - - 3.81£0.00  36.84+0.57 3.4740.63 1.07+0.04
g (Zhang et milk from the  extractor (Sanjana et
al., 2022)  solid al., 2022)
Adding water
with a weight
ratio of 1:1
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Soaking in
distilled

(sil water for 12
ilva et

Grinding with
water in a blender
in optimized ratio
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- 17.86 50 243 0, hours for 2 min - 1.38040.040  8.257+0.048 3.020£0.049
g B Draining Straining through (Kundu ez
= and a two-layer muslin al., 2018)
dehulling cloth
Adding water in
Soaking in tlhz proportion of
water overnigh .’ ) )
. Extraction using a
g 14.29 43.86 35.71 (15‘1;8 2"6) Blanching at 8 ble‘;de‘ N 4 - 5.65:0.08  4.24:0.22  3.44:1.67  0.76:0.15
‘E al., oC for 3-4 min ?10 crate spee (Sanjana er
5 or 3-5 min al, 2022)
Filtration through
muslin
] DM  Proteins Fats Carb. Ash Pre- Extraction Packasin DM Proteins Fats Carb. Ash
A O] %) %) (%) Treatment ehe %) %) %) %) %)
Roasting seeds
in an oven at
145 °C (0 and
20 min) o
Soaking in tap Grinding in an
water adeque}te quantity
containing 0, ?f distilled watér 0.243-0.319
or about 20 min .
0.5 and 2.4-2.6 7.05-8.02 (Tt varies
1g/100 mL Keeping the slurry (Tt varies (I; Variés depending on
NaHCO3 for : remained at room  Pasteurizatio depending depending on roasting T°,
(Silva et least 16 h at temperature (25 nat85°Cfor Tortalsolids  on roasting roasting T" soaking
g - 10 36.67 46.67 al, 2020)  Toom °C) forabout 1h 30 min % 10.19- T, soaking soaking ’ - condition and
b v temperature before filtering Storage at 4 11.16 condition condition and Blanching
L@ (25 °C). through a double-  °C and Blanchin time)
Integration wit layered coarse Blanching i) 8 (Ahmadian-
water (water: cloth time) Kouchaksarae
sesame, 2:1) Homogenization Leral,2014)
Submersion in ;¢ 55 °C and
steam pressure of 6 MPa
jacketed kettle
Blanching at
95 °C for 0, 15
and 30 min
Grinding in a
semi-industrial
blender at
medium speed for
6 min
Adding heat-
stable bacterial
alpha — amylase
Termamyl 120L
for liquefaction of
starch in the
Cleaning mixture L
100 g of On the Bot»tl{mg in
quinoa proportion of 3 stlenlll':edl
Adding ml/kg of starch 8% POrTes
water in the and applied at 90 Pas[eurluza‘uo
proportion °C for 120 min nac 65 C
. o for 30 min
(Silva ez 1:7 (quinoa:  Application of in a water (Pineli ez
é - 2.86 1.79 20 al,, 2020) water) Amyloglucosidase bath - 1.7£0.01 0.2+0.1 14.7 al,, 2015)
g ’ Autoclaving AMG 300L aca Cooling to 4 ’
ac112°C for ~ dose of 2ml/kg °C on ice
30 min for of starch to and water
cooking and produce glucose, bath
gelatinization 3[‘60 °C for 60 (Pineli et al.,
min
ofsuarch Boiling for 15 2015
min for enzymatic
inactivation
Cooling to 40 °C
Filtration with a
cloth
Adding sunflower
oil (1% of the
initial mass of
quinoa) with a
mixer at medium
speed for 6 min

N
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o DM  Proteins Fats Carb. Ash Pre- Extraction Packacin DM Proteins Fats Carb. Ash
RN CORND) (%) (%) (%) Treatment B8 (%) (%) (%) (%) (%)
&
=]
Soaking in
distilled Mixing with hot
waFer ata water of 85 °C at
ratio of 1:3 the mixing ratio
(whw)and  of 1.8 (whw)
(Silva er for six hours Blending at 1600
- 36.67 33.33 3667 OV Dehulling  rpm for 4 min 248:012  145:006  192:004 0222004
B al., 2020) Filerai . (Matabura &
2 Blanching itration uslng a
ns food erade frui Rweyemamu,
for 8 min in ood grade fruit
L. lon fil 2022)
boiling water ~ Juice nylon filter
with 1% of cloth of 200
sodium mesh

bicarbonate

Processing methods such as roasting and blanching are
known to significantly affect the sensory quality of these
Maillard
reactions and caramelization, which enhance flavor by

beverages. Roasting, in particular, promotes
producing desirable roasted and nutty notes while reducing
bitterness and undesirable volatile compounds (Gao ez 4.,
2019). Blanching aids in deactivating enzymatic activity and
eliminating certain off-flavors, thereby resulting in a
smoother and cleaner taste profile. Although these processing
methods are crucial for enhancing the overall palatability of
plant-based milk alternatives, they can also compromise
product stability due to protein denaturation (Grasso ez al.,

2020).

Given the increasing consumer demand, researchers are
exploring novel sources, such as seeds from the Aleppo pine
(Pinus halepensis). These seeds contain 19.8-36.7% oil,
14.25-26.62% protein, and lipid (37%), along with various
minerals, and have been demonstrated to be suitable for
producing vegetable-based drinks (Abbou ez al, 2022).
Overall, the vast availability of sources for plant-based
beverages represents a significant advantage, enabling a wide
variety of sustainable, healthy and accessible options for
consumers.

3.3 Manufacturing Process

The fundamental principle underlying the production of
a plant-based beverage is a straightforward two-step process:
raw plant material is mixed with water, followed by filtration
to remove solid residues. This process is generally considered
to be rapid and uncomplicated due to the simplicity of the
ingredients (McClements, 2020)

For the initial extraction, raw plant material is typically
mixed with water and ground during a wet milling process.
The quality of the final product is highly dependent on
several parameters, including the water-to-raw-material ratio,
milling temperature, pH, milling type, and feed rate (Gao ez
al., 2020). For example, a higher water ratio directly reduces
the concentration of dry matter, resulting in a thinner
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consistency and potentially lower nutritional density (Li ez
al., 2023). Conversely, a lower water ratio increases nutrient
concentration but can negatively affect viscosity, mouthfeel,
and processing efficiency. Similarly, the milling temperature
and type influence the extent of particle size reduction and
the release of intracellular compounds, which in turn affect
both the final texture and the efficiency of nutrient
extraction (Abbou ez al., 2022).

Following extraction, filtration serves to separate the
solid residue (cake) from the liquid beverage. (Mat er al.,
2022). Several filtering materials are employed, including
double-layered cheesecloth, muslin cloth (25 m), and filter
paper of different grades (e.g., 150-mesh sieve, 180 pm sieve,
4 pm-pore-size filters, and 100 m filter) (Nawaz ez al., 2023).
Advanced techniques such as ultrafiltration was employed in
the production of hazelnut, sesame, and corn milk
substitutes (Naziri ¢t al., 2017). Centrifugation may also be
utilized to further clarify the beverage (Abbou ez al., 2022).

3.4 Economic Aspect

In recent years, the global popularity and demand for
plant-based beverages have seen a substantial increase, and as
a reflection of this demand, the global market for these
products has also grown. Figure 1 illustrates the global
market value of plant-based beverage in 2019 by type. That
year, the global soy milk market was valued at approximately
$7.4 billion, holding the largest market share worldwide
(Sharma er al, 2024). Almond milk followed closely in
second place with a market value of $5.4 billion. By 2022,
the total global plant-based beverage market generated
revenue of approximately $21 billion (Raneri, 2022),
representing an increase of over $6 billion since 2013.
According to projections from Statista, market revenue is
expected to continue its upward trajectory, surpassing $37
billion by 2026 (Sharma et al., 2024).
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Figure 2 also represents data of the worldwide
consumption and the average unit price of milk substitutes
from 2013 to 2026. Total consumption reached a new peak
of approximately 7 billion kg in 2022, marking an increase
of more than 3 billion kg since 2013. Statista estimates that
the global consumption of milk substitutes will reach 11.7
billion kg by 2026.
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Figure 2. Total Consumption and the Average Unit Price of
Milk Substitutes Alternatives Worldwide from 2013-2026

(Global: Milk Substitute Price per Unit, 2013)

Available economic data highlights the robust potential of
plant-based beverages as a growth driver within the agri-food
sector. The sustained increase in global consumption
stimulates new business creation, fosters processing
innovation, and encourages the development of diverse
product lines that address a wide range of nutritional and
ethical consumer demands. This dynamic contributes to job

creation across agriculture, processing, distribution, and
marketing. Furthermore, integrating local raw materials into
beverage production enhances the value of regional
agricultural = resources, supports rural economies and
strengthens food sovereignty. The strategic market position of
plant-based beverages as sustainable and eco-responsible
products market also confers a brand image advantage,
opening up promising export opportunities. Thus, the
development of this sector actively contributes to the growth

of a green, innovative and forward-looking economy.

3.5 Industrial Biotechnology

Plant based beverages, which share physicochemical and
sensory similarities with their mammalian counterparts, serve
as the foundation for a variety of other dairy analogs, such as
cheese, yoghurt, ice creams, and whipped creams
(McClements & Grossmann, 2022). These products are
typically developed through fermentation processes that
enhance the biological activity and organoleptic quality of
vegetable materials (Eun ez al, 2021). The quality of
fermented plant-based products is directly associated with
microbial metabolism. During fermentation, microorganisms
perform various enzymatic hydrolysis reactions on substances
such as proteins, cellulose, and starch, producing amino acids,
reducing sugars, and other molecules that affect the final
product's quality and flavor (Adebo & Gabriela Medina-
Meza, 2020; Xing ez al., 2023). The capacity of the initiating
microorganism to grow in these vegetable matrices varies
significantly depending on the microbial strain, making the
control of microbial communities a crucial strategy for
regulating fermentation (Erdogan & Ertekin Filiz, 2023).
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Most fermented products documented in the literature
have been developed using probiotic bacteria such as
Lactobacillus, Bifidobacteria, and Streptococcus. Common raw
materials include peas, lupin, potatoes, nuts, corn, almonds,
soybeans, coconuts, and rice (Karasakal, 2020; Mértensson ez
al., 2000; Sha & Xiong, 2020). Pulses and cereal beverages are
considered excellent fermentation substrates for various

The industrial process for developing fermented plant-
based products follows a standard sequence: obtaining the
plant-based beverage, conditioning it to the ideal growth
temperature for the ferments, carrying out the fermentation,
and finally, cooling the product to 4 °C. However, this
procedure can be modified depending on the raw material,
the specific microorganisms employed (including lactic acid

Table 2. Selection of Some Derivatives and Fermented Products of Plant-Based Beverages

Raw material

Vegan product (Prebiotic) Probiotic bacteria used/ coagulant
Streptococcus thermophilus, Lactobacillus
bulgaricus, Lactobacillus acidophilus,

Y P

oghure s Lactobacillus plantarum and
Bifidobacterium lactis.
Almonds, Streptococcus thermophilus and
Yoghurt oat and Lactobacillus bulgaricus and
coconuts Bifidobacterium
Lactobacillus  bulgaricus,  Lactobacillus
bifidus, Lactobacillus lactis, Lactobacillus
Broad Bean casei, Lactobacillus acidophilus,
Yoghurt . . . .
(Faba Bean) Lactobacillus cremoris, Lactobacillus lactis,
Streptococcus thermophilus, or
Bifidobacterium bifidus

Cheese (for

cheesecake or Soybeans Bacillus butyrate

pizza)

Goat cheese Beneficial bacterial, beneficial fungi and

Coconuts )
plant rennet from Cynara species
Streptococcus thermophilus, Streptococcus

Camembert Soybeans lactis, Lactobacillus casei and
Penicilium candidum

Fermented

walnut milk Walnuts kefir grains

beverage

Preparation

After being hydrated, pea protein precipitate was combined with anionic
polysaccharide, and by incubating, a protein-polysaccharide electrostatic
complex was produced. The incubated product was mixed with sugar,
then the product was sterilized (70-121°C/ 0.3-2 hours), and active
bacteria were added for fermentation (37-45°C/3-5 hours).

Refrigeration was achieved after ripening for 8-12 hours at 0-5°C.

The ingredients (Water, almond, butter, pea protein, glucose, soluble oat
fiber and salt) were well mixed, sterilized, homogenized and inoculated
with beneficial bacteria (0.02%)

After fermentation of liquefied broad bean flour, desired oils, vitamins,
stabilizers, sequestrants and flavors were incorporated.

One gram (1 g) of Bacillus butyricum powder was added to one liter of
soy milk, which was then fermented for 24 hours at 38 °C. One liter of
water was added to the resulting curd. The mixture was heated, and
maintained at 95°C for five minutes before the solid and liquid
components were separated using gauze. Salt and pepper were added to
the solid component, which was then dehydrated under a 2 kg load to
form a solid block weighing 200 g. Finally, the block was aged in a
refrigerator for three months.

Coconut milk was first heated to 70 °C then cooled to 37 °C. Calcium
chloride (CaCl,), a defined bacterial culture, and a fungal culture were
added, followed by plant-derived rennet. After 24 hours, the milk had
fully coagulated. The resulting curds were drained from the whey over a
period of 12 hours.

Separately, soy milk was pasteurized and cooled to 4042 °C. A lactic
acid bacterial culture (0.5-2% inoculum) was added for acidification,
followed by a coagulant. The curd, with a final moisture content of 60—
80%, was dehydrated. This product was then aged for 10 days at 10—
14°C and 70-90% relative humidity, followed by 7 days of maturation
in packaging at 5-8°C.

a walnut milk beverage was prepared using kefir grains as an inoculum.
The fermentation was carried out at 30 °C for 12 hours with an inoculum
size of 3 g (wet weight) of kefir grains per 100 mL and a sucrose
concentration of 8% (w/v).

References

(Liya et al., 2018)

(Margolis et al., 2019)

(L’Hocine et al., 2020)

(Du et al., 2023)

(Iruthayathasan &
Lahousse, 2018)

(Kueppers, 1988)

(Cui ez al., 2013)

bacterial strains due to the presence of components with
prebiotic properties, such as starch and fiber materials, that
also enhance the physical stability of the fermented plant-
2009; Sindhu &
Manickavasagan, 2020). For instance, due its high protein

based beverage (Bosnea er al,
and fat content, marama bean flour has been employed to
create a marama beverage, which can also be fermented into a
yogurt-like product (Jackson ez al, 2010). Numerous
examples involve culturing plant-based beverage with the
addition of bacteria to produce cheese, yogurt, or ice cream,
with a detailed list summarized in Table 2.
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bacteria, bacilli, and yeasts), and the desired characteristics of
the final product (Bintsis, 2018). While monocultures
remain widely used, recent approaches incorporate mixed
cultures of bacteria and yeasts to enhance both nutritional
value and flavor (Ferreira ez al., 2022). If yeast growth is not
desired, it can be controlled through pasteurization,
adherence to appropriate manufacturing practices, the
utilization of competitive bacterial cultures that rapidly
acidify the medium rapidly, and cold storage (Milani &
Silva, 2022). An acidifying ingredient such as citric acid,
may also be added to reduce or eliminate residual off-flavor
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and accelerate the fermentation (Gugger ez al, 2016).
Furthermore, following the fermentation, vitamins, desired
oils, stabilizers, viscosity —modifiers, gelling agents,
sequestrants, oils, and flavors may be incorporated into the
final product (L'Hocine ez al., 2020).

3.6 Okara as Co-product

Okara is a by-product of food processing, specifically from
the manufacturing of plant-based beverages such as soymilk
and almond beverages or from tofu production (De Angelis ez
al., 2023). In addition to minerals and phytochemicals, okara
contains a wealth of nutrients, including approximately 50%
dietary fiber, 20-30% proteins, and 10-20% lipids. Due to
its valuable composition and health-promoting properties, it
serves as a low-cost material for human consumption and an
excellent substrate for the food industry, with potential
benefits in preventing diabetes, obesity and cardiovascular
diseases (Perussello ez al., 2014).

Several studies focused on using okara in the food industry
as a substitute for white or soy flour to increase proteins and
fiber in food products or as an ingredient for biscuits
preparation without negatively interfering with organoleptic
properties. Furthermore, the use of okara in animal feed as a
fermentation substrate and environmentally friendly resource
has also been documented (De Angelis ez al, 2023). For
example, a study by Wickramarathna & Arampath, (2003)
found that substituting 10% of white flour with okara powder
resulted in a bread with nearly identical sensory and
physicochemical properties to a control bread, while having a
higher energy value (15.9 kJ/g versus 14.4 kJ/g). Another
study demonstrated that enzymatically hydrolyzed okara is
useful in the bioremediation of chlorpyrifos-contaminated
soils as a biofertilizer (Orts ez al., 2017).

Okara is produced in massive quantities globally, with an
estimated 14 million tonnes annually (Choi er 4l, 2015),
primarily in the United States, Brazil, Argentina and China,
which collectively account for more than 86 % of global
production (Guimaraes ez al, 2018). Every year, China
produces approximately 2,800,000 tons of okara from the
tofu industry (Li et al, 2012). The substantial volumes
produced each year pose a significant waste management
challenge. Although extensive research has been conducted on
the potential use of okara (Perussello ez 4/, 2014), its high
moisture content (70-80%) makes fresh okara highly
susceptible to spoilage, leading to frequent disposal (Vong &
Liu, 2016). To overcome these constraints, fresh okara must
be dried as soon as possible to facilitate handling and
transportation (Li ez al., 2012).

3.7 Environmental Impact

The food system has a profound environmental impact,
contributing to biodiversity loss, eutrophication, increased
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water and land use, and climate change (Aydar ez /., 2020).
Plant-based beverages are considered a sustainable alternative
that promotes animal welfare and helps reduce greenhouse
gas emissions and global warming potential due to their low
carbon footprint. Their production does not involve animal
farming, which is often associated with practices that
compromise animal well-being, such as intensive
confinement and repeated milking. Moreover, plant-based
beverages such as soy, oat, or almond drinks emits
significantly fewer greenhouse gases compared to dairy milk,
thereby lowering the overall environmental burden (Clune ez
al., 2017). Overall, plant-based beverages exhibit a lower
environmental impact than cow's milk (Silva & Smetana,
2022).

Functional Properties and Health Benefits

Plant-based functional beverages have gained increasing
popularity due to their health benefits beyond basic nutrition
(Sharma et al., 2024). These beverages are rich in bioactive
compounds such as polyphenols, flavonoids, and
polysaccharides, ~which  possess  antioxidants, anti-
inflammatory, and metabolic regulatory properties (Wu et
al., 2023). Their composition makes them attractive in the
prevention of chronic diseases related to oxidative stress,
including coronary heart disease, stroke, and various cancers,
as demonstrated by the phenolic content in peanut-based
beverages (Sethi et al., 2016).

In addition to their health-promoting effects, plant-based
beverages offer valuable technological functionalities. For
instance, soy milk is widely used not only as a beverage but
also as a functional ingredient in processed foods such as
mayonnaise, where it acts as an emulsifier to improve texture
and product stability (Rahmati er 4/, 2014). Moreover,
beverages are considered particularly suitable vehicles for
delivering nutrients and bioactive compounds due to their
convenience, palatability, and versatility (Corbo, 2014). The
functional beverage market is expanding rapidly, with
growing interest in fortified products and ingredients with
enhanced bioavailability (Gupta et al., 2023). These features
highlight the potential of plant-based beverages to serve both
nutritional and functional purposes, making them essential
players in the modern food and health industry landscape.

3.8 Sensory Properties

Although plant-based beverages are intended to mimic
the uniform, creamy-white appearance of cow’s milk, their
appearance inevitably differs due to their plant-based origins
(Sethi et al., 2016). However, the diverse textures and hues
of these plant-based beverages—such as light brownish,
greenish, or grayish—are generally well-accepted by
consumers. The acceptability of plant-based beverages is is
also heavily influenced by the processing of raw materials.
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Studies have demonstrated that roasting, steaming, and
pressure-cooking can improve their flavor (Tangyu ez al.,
2019). Another study demonstrated that blanching
significantly enhanced the aroma and taste acceptance of
peanut-based beverage (Jain ez al., 2013).

4 LIMITATIONS

4.1 Nutritional Profile and Allergens

While plant-based beverages derived from cereals and
pseudocereals display a low saturated fat content, their
proteins are frequently of a lower nutritional quality
compared to animal-based proteins. This is primarily due to
their low protein content, a limited supply of the essential
amino acid lysine and poor digestibility. Moreover, these
beverages are typically deficient in calcium than their
competitors. The use of unfortified plant-based beverages,
such as rice beverage has been associated with cases of
kwashiorkor in some regions (Anema, 2019). Furthermore,
plant-based beverages in general, especially rice and oats
beverages, do not provide sufficient level of calcium (Sethi ez
al., 2016). Therefore, plant-based beverages are usually
fortified (Friedman, 1996).

Another significant limitation is the potential for allergic
reactions. Depending on the raw material, plant-based
beverages can trigger allergic responses in consumers. As noted
by Reyes-Jurado ez al, (2021), common allergens such as
wheat, peanuts, tree nuts, and soybeans are frequently used in
these products. Soy milk, as well as nut and almond beverage,
pose a particular concern due to their potential to cause severe
anaphylactic reactions, with nuts being a leading cause of such
events (Reyes-Jurado er 4/, 2021). It is imperative to note
that these substitutes may contain proteins that cause allergies
even though they do not contain cow's milk proteins (Rial &
Sastre, 2018).

Additionally, while some parents favor plant-based
alternatives over cow's milk to avoid allergies and digestive
issues in infants, these formulas may not provide the entire
spectrum of nutrients required for healthy growth and
development (Bodnar ez 2/, 2021; Guilbert, 2004).

The nutritional formulation of plant-based beverages
depends on their composition. Firstly, most of these food
products do not contain sufficient protein and calcium
amounts compared with animal milk, so these two nutrients
are most frequently incorporated. Vitamins and minerals can
also be supplemented for consumers who use plant-based milk
as alternatives to cow's milk (McClements, 2020). To
improve the taste of this product, cane sugar, sea salt and
flavorings like vanilla or chocolate are also frequently added
(Fructuoso et al., 2021). For instance, Manzoor ez al. (2017)
employed sugar syrup to sweeten almond and cashew
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beverages substitutes and also used vanillin following
pasteurization. Sunflower oil was mixed with quinoa milk
substitute to increase the velvety look (Lima et a/., 2022) and
olive oil is included in the ingredient list of plant-based milk
substitutes of the fomilk brand (Carrefio & Dolle, 2018).
Increasing the amount of seed used is required to retain as
high protein content as is feasible. Several raw ingredients are
blended during manufacture to raise the overall protein
quantity and ameliorate the product's sensory and nutritional
characteristics (Tangyu ez al., 2019). Additional option for
increasing the protein level of the plant-based milk substitute
is to employ a high-protein raw material such as lentils, which
possess sensory qualities comparable to those of soy milk
(Aydar ez al., 2023). Calcium, vitamins A, B2, B1, B12, D2
and E are also incorporated to increase the vitamin and
mineral content and use calcium trinitrate to raise the amount
of calcium in the final product (Walther ez /., 2022).

4.2 Anti-Nutritional Factors

Although oilseeds, legumes, and cereals constitute
excellent sources of nutrients, their consumption and use are
limited by the presence of anti-nutritional factors. These
factors, which include phytates, oxalates, saponins, enzymes
inhibitors; tannins and alkaloids are naturally synthesized by
plants to protect against pests (Samtiya et al., 2020). These
substances are detrimental to health and limit the
bioavailability of essential nutrients such as proteins, vitamins,
and minerals. The development of optimization processes to
reduce these antinutrients, tailored to the specific raw
material, remains a key challenge for the future (Arbab
Sakandar et al., 2021).

To mitigate their content, various mechanical, physical,
and biological techniques can be employed. Pre-processing
steps, such as the mechanical removal of natural shells, can
eliminate a high concentration of anti-nutrients (Abbou ez 4/,
2023). Thermal processing methods such as cooking,
blanching, or roasting can degrade temperature-sensitive
molecules, including enzyme inhibitors (Pal ez al, 2017).
However, for molecules more resistant to heat, biological
processes such as fermentation or sprouting, or physical
processes like soaking, are more effective (Samtiya er 4/,
2020). In beverage production, soaking is frequently preferred
over biological processes, which can significantly alter the
sensory properties of the raw material. The efficacy of soaking
depends on key parameters such as time, temperature, and pH
(Gupta et al., 2015; Ravoninjatovo et al., 2022; Rawat &
Saini, 2022).

4.3 Stabilization of Plant-Based Beverages

Plant-based beverages are complex colloidal systems,
typically consisting of an oil-in-water emulsion with
dispersed  particles, their production process design
constitutes a real challenge. Another issue is to guarantee the
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microbiological stability and maintenance of the physical
integrity of the beverage. Without proper stabilization,
beverages are prone to undesirable phenomena such as
creaming and sedimentation, which are caused by physical
destabilization during thermal processing and are often
rejected by consumers (Anema, 2019; Poliseli-Scopel et al.,
2013).

The ultimate issue is to obtain a product satisfying the
taste of consumers without any green off-notes. The
manufacturing scheme from the source to the final product,
includes three essential unitary operations: pre-extraction
(pre-treatment), extraction (milling and clarification) and
post-extraction (physical and microbiological stabilization)
(Figure 3). This scheme may significantly vary as a function
of the seed and its particular transformation challenges.

Formulation

To overcome the inherent limitations of unprocessed
plant-based beverages, which may lack essential nutrients or
exhibit undesirable sensory and physical characteristics, food
additives are frequently incorporated. These additives are
crucial for improving the final product's nutritional
composition, sensory attributes (taste, texture, appearance),
and stability during processing and storage (Jeske er al.,
2018). Stabilizers (e.g., gellan gum, xanthan gum),
emulsifiers (e.g., lecithin), plant oils (e.g., sunflower oil), and
various micronutrient fortifiers (e.g., calcium, vitamins A,
D2, E) are frequently employed (Munekata ez al., 2020b).

Emulsifiers and Stabilizers

Plant-based beverages are colloidal systems primarily
composed of water, lipids, and proteins, which make their
physical stabilization a significant challenge. Without
appropriate formulation, these beverages are prone to
particle sedimentation and phase separation, which are
caused by the flocculation of fats and proteins. To
counteract these issues and produce stable emulsions with
desirable sensory characteristics, the use of specific
emulsifiers and stabilizers is essential.

Lecithin, a natural phospholipid emulsifier, reduces the
surface tension between the oil and water phases, thereby
enhancing the colloidal stability of these beverages. When
combined with stabilizers such as xanthan gum, it has been
observed to improve both the physical stability and
rheological properties of emulsions, as demonstrated in
peanut-based beverages (Gama ez al., 2019).

Xanthan gum is widely utilized for its ability to create
high viscosity at low concentrations which aids prevent
creaming and provides a smooth texture. The synergistic
interaction between xanthan gum and locust bean gum
further enhances viscosity and reduces phase separation, as
observed in whey protein-stabilized emulsions (Khouryieh ez
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al., 2015). Similarly, guar gum has demonstrated excellent
stabilizing effects at concentrations as low as 0.5%,
improving both the physical stability and color attributes of
plant-based beverages formulated with peas, beans, and
sunflower seeds (Kulczyk er al., 2023). Additionally, citrus
pectin can enhance mouthfeel and contribute to the
stabilization of emulsions through its gelling properties.

These stabilizers and emulsifiers are commonly used in
plant-based milk alternatives derived from various sources
such as nuts, seeds, and legumes, either through oil body
extraction or direct emulsion formation (McClements ez 4/,
2019). Together, they play a crucial role in maintaining the
homogeneity, texture, and shelf-life of plant-based milk
alternatives.

For instance, the incorporation of 0.05 g/100 mL of
xanthan gum prior to heat treatment has been shown to
enhance the viscosity and colloidal stability of hazelnut milk
substitute (Dhankhar & Kundu, 2021). Similarly, xanthan
gum at a concentration of 0.33% w/w has been effectively
employed in rice milk substitutes to prevent particle
precipitation (Aydar ez 4., 2020).

It is imperative to note that the addition of stabilizers is
not limited to the post-grinding process (Madsen ez al.,
2021). Indeed, the addition of 0.05% of the amylase enzyme
aids in the dissolution of starch granules, which helps to
prevent gelatinization during the heat treatment. (Codina-
Torrella ez al., 2018).

After filtering, some authors suggest incorporating
antioxidants such as ascorbic acid and antimicrobial agents
to the soymilk alternative (Chaowattanapanit ez al., 2017).

4.4 Packaging
Sterilization

Heat treatment is a critical method employed to extend
shelf life and preserve the quality of plant-based beverages.
Typical  thermal  processes include  pasteurization,
conventional sterilization, and ultra-high temperature
(UHT) sterilization (Silva ez al, 2020). Among these,
sterilization is usually preferred as it enables ambient-
temperature  storage by pathogenic
microorganisms ~ and  thermoresistant  spores.  The

inactivating

recommended sterilization temperature for these products is
typically 121 °C for 15 to 20 minutes (Soni et a/., 2021).

Homogenization

Homogenization serves to improve the physical stability
of the finished product by modifying its rheology through
the reduction of particle size (Jeske ez al, 2019). The
literature documents the utilization of low, high, and ultra-
high pressure for this purpose. The stability, clarity, and
whiteness index of milk substitutes have been reported to
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increase with rising homogenization pressure (D’Incecco et
al., 2018; Valsasina ez al., 2017).

Aseptic Packaging and Cold Storage

Following processing, plant-based milk alternatives are
aseptically packed for distribution and storage, and usually
packed in multilayer carton systems (e.g., Tetra Pak®) or
plastic bottles. Additionally, Spray-drying or drum-drying
techniques can be utilized to produce a stable powder that is
later reconstituted (Reyes-Jurado et al., 2021). However, to
achieve a stable product, the plant-based beverages must first
be stabilized prior the drying process (Dhankhar & Kundu,
2021). For products requiring a long shelf-life and high
stability, aseptic packing in conjunction with cold storage is
essential (Aydar ez al., 2020).

Novel Technologies Plant-Based Beverage Production

The food industry faces the challenge of adopting
innovative processes that enhance the physical stability of
plant-based beverages while minimizing the reliance on
chemical additives such as hydrocolloids and emulsifiers (Sen
& Okur, 2023). A range of novel technologies, including
ultrasound pulsed electric field, high-intensity ultrasound
irradiation, ohmic heating, and  ultra-high-pressure
homogenization, are being applied to plant-based beverages
(Li et al., 2018). These methods are employed to inactivate
microbes and enzymes, reduce particle size and decrease
viscosity (Manzoor et al, 2021). Some researchers have
explored a combination of thermal innovative technologies,
such as ohmic heating with ultra-high- and high-pressure
homogenization, to improve the final product's quality (Paul
et al., 2020).

For instance, studies on almond beverages have
demonstrated that ultrasound treatment reduces particle size,
when high-pressure homogenization (50-200 MPa) and
ultra-high-pressure homogenization (above 200 MPa), can
display the opposite effect on particle size (Maghsoudlou ez
al., 2016; Vanga et al, 2020). Findings from the same
authors indicate that a five-minute increase in ultrasound
time resulted in a five-fold reduction in particle size,
suggesting that ultrasonication is a superior, non-thermal
alternative for achieving higher physical stability. Soy milk
alternatives have been subjected to ohmic heating and pulsed
electric fields (Cho & Kang, 2022). Research has indicated a
negligible increase in protein aggregation following ohmic
heating, which can occur as a result of protein denaturation
(Bernat et al, 2015; Li et al, 2018). While a direct
comparison of ohmic heating and pulsed electric field is
difficule due to a lack of numerical data on particle size
reduction or microbial or enzymatic inactivation (Makroo ez
al., 2020), pulsed electric fields are generally favored due to
their non-thermal nature.
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A significant research gap remains in conducting
comprehensive comparative  studies of these diverse
applications. Such comparisons are necessary to identify the
optimal technology for industrial applications. However,
non-thermal methods are generally considered to possess
more beneficial effects on the final product than thermal
technologies, as they better preserve nutritional and sensory
qualities.

elimination of antinutritional factors
elimination of off flavors

soften the raw material

improve taste

Pretreatment
(soaking, roasting, cooking,
blanching...)

Extraction (milling and * obtain the essential components on
clarification) the homogeneous beverage

Formulation (incorporation * physical stabilization
additives: texturizer, vitamins, * increase life shift
antioxidant, sugar, aromas)  improve taste

Sterilization (pasteurization,
sterilization, ultra-high * increase life shift
sterilization...)

* increase life shift
Homogenization * reduction of particle size and
improve stability

Packaging (aseptic packaging o increase life shift
and cold storage) e attract and inform consumers

Figure 3. Standard manufacturing diagram of plant-based beverages

4.5 Sensory Attributes

Sensory concerns represent a significant limitation for
plant-based beverages, as they can have particle aggregates
large enough to impart a gritty or grainy texture, which
ultimately reduces consumer acceptance (McClements,
2020). This contrasts sharply with animal milk, being a
naturally stable emulsion containing dispersed fat globules
and casein micelles. This composition contributes to its
smooth and uniform texture, thereby reducing the risk of
sedimentation or grittiness (Dickinson, 1997)

Moreover, enzymatic oxidation of polyunsaturated fatty
acids by lipoxygenase can lead to the development of
undesirable "beany" and "painty" off-flavors in soy milk, a
sensory limitation not typically found in animal milk.
(Qamar et al, 2020). The familiar and widely accepted
flavor profile of cow's milk provides a distinct sensory
advantage. While plant-based products frequently fail to
meet consumer expectations regarding appearance, aroma,
taste, and mouthfeel, animal milk typically satisfies these
expectations due to its long-standing cultural integration and
consistent sensory profile. Consequently, plant-based
alternatives must overcome significant formulation and
perception challenges to achieve a comparable level of
consumer satisfaction (Aschemann-Witzel & Peschel, 2019).
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4.6 Economic Aspects

Despite their rapid market growth, plant-based beverages
are subject to several economic limitations. Their production
costs are generally higher than those of animal milk,
primarily due to the elevated price of raw materials (such as
almonds or nuts) and the specialized technological processes
required for their transformation (Charrier ez /., 2013). This
disadvantage is further compounded by the absence of public
subsidies that have historically supported the dairy sector,
which hinders the large-scale industrial development of
plant-based beverages (Perrot ez al., 2018).

Additionally, the supply chains for plant-based raw
materials are often susceptible to significant price
fluctuations, which are influenced by seasonality, climatic
hazards or competition from other uses (animal or human
food). On the market, this translates into higher retail prices
for plant-based beverages compared to cow's milk, which
limits their accessibility to certain consumer segments.
Therefore, while ethical, environmental, and health
considerations drive the growth of plant-based consumption,
these economic challenges remain a major barrier to their
widespread adoption (Espinosa, 2019).

4.7 Environmental Aspect

The environmental impact of plant-based beverages
varies considerably depending on the specific raw materials
utilized. For example, the production of almond-based
beverages is characterized by a high-water footprint,
attributable to the substantial water consumption required
for cultivating almond trees (Carlsson Kanyama ez a/., 2021).
Conversely, rice-based beverages, despite requiring a
moderate water footprint, necessitate a greater energy input
for their production, notably because of the processing
requirements.

These variations underscore why some plant-based
beverages, despite with a lower overall impact than cow's
milk, may have higher water or energy consumption of
specific  resources.  Consequently, a  comprehensive
environmental assessment of these products must be
conducted on a case-by-case basis, taking into consideration
the agronomic and industrial particularities of each base
ingredient (Silva & Smetana, 2022).

5 RESULTS AND DISCUSSION

A review of the selected scientific literature reveals that
plant-based beverages are emerging as increasingly popular
alternatives to animal milk, driven primarily by ethical,
environmental and health considerations. The nutritional
profiles of these beverages, present distinct advantages, such
as the absence of lactose, cholesterol and animal proteins,
which makes them appropriate for individuals with lactose
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intolerant, milk protein allergies, or those following
vegetarian or vegan diets. Furthermore, these beverages are
often fortified with fiber and bioactive compounds such as

polyphenols, offering additional health benefits.

However, these drinks are also subject to notable
limitations. Their protein content is generally lower
compared to animal milk, and the protein quality varies
according to the raw materials employed. Certain essential
vitamins and minerals are sometimes insufficient or absent,
which can be problematic, particularly for infants or
vulnerable  populations.  Moreover, the nutritional
composition is highly heterogeneous across products,
complicating consumer choice and highlighting the need for
standardization of formulations.

From a technological standpoint, plant-based beverages
frequently incorporate additives such as emulsifiers,
stabilizers or vegetable oils designed to improve texture,
stability and taste. While these ingredients result in more
palatable products, their use can also lead to nutritional
imbalances or undesirable sensory effects. The challenges of
physical stability (e.g., phase separation, sedimentation) and
the presence of unpleasant aromas necessitate innovative
processing and formulation improvements. Economically,
these products remain generally more expensive than animal
milk in various regions, which limits their accessibility to a
large part of the population. However, their lower
environmental footprint, notably in terms of greenhouse gas
emissions, water use, and land consumption, is a strong
argument in favor of their development, especially within the

context of transition to sustainable food systems.

Finally, the sensory aspect plays a crucial role in the
acceptability of plant-based beverages. Consumer preferences
vary widely with respect to taste, texture and aroma,
underlining the need for a diversified range of products to
meet these expectations. Enrichment with functional
compounds (e.g., antioxidants, fiber) also serves as a lever for
boosting their health appeal. In summary, while plant-based
beverages offer a promising alternative to animal milk, they
still require major efforts in nutritional, technological and
economic optimization to fully meet consumer needs and
expectations. The harmonization of quality criteria and
enhanced communication regarding their properties would
also be advantageous.

6 CONCLUSION

The market for plant-based beverages continues to
expand rapidly, driven by increasing consumer interest in
health, sustainability and ethical considerations. These
beverages offer several advantages, including the absence of
lactose, cholesterol, and animal proteins, which makes them
suitable for vegetarians, vegans and individuals with allergies

Nor. Afr. J. Food Nutr. Res. ® Volume 9 © Issue 20 © 2025



A. Abbou et al.

Plant-Based Milk Alternatives: A Multidimensional Review

or intolerances. However, their nutritional composition is
highly variable, particularly with regard of protein quality
and micronutrient content, which are frequently inferior to
those of animal milk. This variability stems from differences
in raw materials and processing techniques. Unlike animal
milk, plant-based beverages offer scope for innovation in
formulation and processing, enabling their nutritional profile
to be tailored, beneficial compounds to be increased, and
anti-nutritional factors to be reduced. Consequently,
continuous research is therefore essential to optimize these
products to better align with diverse consumer dietary needs
and expectations. Ultimately, the selection of a plant-based
beverage should be guided by nutritional objectives, sensory
preferences, and possible allergenic restrictions, recognizing
that no single product currently meets all requirements
perfectly.
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	1 Introduction
	Traditionally, animal milk has been considered a fundamental component of the human diet, primarily due to its rich concentration of protein, fat, vitamins and minerals (Mesfine et al., 2015). However, in recent decades, plant-based-beverages — commonly referred to as “vegetable milks” — have attracted growing interest as alternatives to animal milk. These beverages are sought after for their visual and functional resemblance to animal milk and are typically produced by extracting plant matter in water, followed by filtration to collect a liquid with a milky texture (Mäkinen et al., 2016). 
	The market for plant-based beverages is dominated by common examples such as soy, almond, oat, rice, and coconut milk, with more recent additions including beverages derived from pea, hemp or quinoa (Zandona et al., 2021). Their popularity is notably attributed to factors such as lactose intolerance, cow's milk protein allergies, and the growing adoption of vegetarian or vegan diets (Mäkinen et al., 2016). These products are also appreciated for their content of bioactive compounds, such as phenols, unsaturated fatty acids, and antioxidants. Nevertheless, their nutritional profile is often considered inferior to that of cow's milk, particularly in terms of protein and calcium content (Haas et al., 2019). 
	The shift towards plant-based alternatives is further encouraged by a number of factors. First, the consumption of animal milk has been associated with certain health concerns, as the quantity and quality of its fats are assumed responsible for raising blood cholesterol levels, its proteins can be allergenic, and its lactose content can cause intolerance symptoms (Zandona et al., 2021). Second, dairy production generates environmental challenges, as it requires significant water and land resources and generates higher greenhouse gas emissions compared to the production of plant-based beverages (Ramsing et al., 2023). Finally, from an economic standpoint, dairy farming is a labor-intensive sector, and in several developing countries, local production is insufficient to meet demand, leading to heavy reliance on imports (Sraïri et al., 2013). 
	Consequently, despite the well-established nutritional quality of animal milks, these limitations have encouraged the production and consumption of plant-based beverages. These alternatives are valued for their sensory characteristics, sustainability, and plant-derived proteins, fatty acids and minerals, making them a suitable option for individuals with lactose intolerant, allergies, or specific dietary choices (Zandona et al., 2021). These beverages consist in complex colloidal systems, primarily functioning as oil-in-water emulsion. They are generally derived from oilseeds, cereals, and legumes, with soybean beverages, holding a significant market share. Other popular sources include almonds, cashew, rice, oats, and wheat. The increasing interest in these beverages are interesting and increasingly popular due to their sustainability potential and trend (Nawaz et al., 2023). 
	The primary objectives of this review are to conduct a thorough analysis of the advantages and limitations of plant-based beverages across various dimensions, including nutritional value, economic viability, environmental impact, and sensory properties. This synthesis aims to provide a clear understanding of their potential as substitutes for animal milk, to highlight opportunities for valorizing various seeds and nuts, and to support local economic development, particularly in developing countries. Ultimately, this work is intended to inform consumers and assist them in making decisions that align with their specific needs and preferences. 
	2 Methodology 
	This review is based on an exhaustive literature search conducted across multiple scientific databases, including Google Scholar, ScienceDirect, PubMed and Scopus. The search sought to identify peer-reviewed articles, journals and book chapters published predominantly between 2010 and 2024. A combination of keywords such as “plant-based beverages”, “plant milk”, ‘milk’, “animal product-free milk”, “nutritional value”, “processing technologies”, “environmental impact”, “economic aspects” and “sensory evaluation” were employed to ensure a broad and inclusive search. 
	The initial search yielded a total of 183 articles. A subsequent screening process, based on an analysis of titles and abstracts, led to the exclusion of 45 articles that were deemed irrelevant to the review's core themes or failed to meet predefined quality criteria, such as lack of peer review or insufficient methodological detail. The selection process was conducted by the principal investigator, with consultation of a second expert to ensure consistency and minimize selection bias. Ultimately, 138 articles were selected for their scientific relevance, methodological rigor and direct contribution to at least one of the main dimensions addressed in this article: nutrition, processing, economics, environment, and sensory characteristics. Only articles in English and French that presented original data or a critical synthesis were included. A narrative review approach was selected to provide an in-depth, multidisciplinary qualitative synthesis, thereby offering a holistic perspective of the benefits and limitations of plant-based beverages.
	3 Advantages
	3.1 Nutritional Benefits
	For several years, cow's milk was considered as a fundamental part of the human diet, essentially due to its rich composition of essential nutrient profile (Gaucheron, 2011). However, the recent proliferation of plant-based beverages has challenged this traditional perception. 
	Plant based beverages have gained significant popularity owing to their absence of casein, cholesterol, and lactose, , as well as the presence of unsaturated fatty acids from their plant sources. These attributes have been associated with various positive health benefits, such as protecting against cardiovascular disease (Pistollato et al., 2018). 
	Moreover, plant-based beverages often contain other beneficial bioactive compounds. They are characterized by a richness in vegetable proteins, healthy carbohydrates with a reduced glycemic index and a favorable fatty acid profile. Their content in dietary fiber, vitamins (B, E) and antioxidants (polyphenols, phytosterols) is also notable. They are also rich in minerals (potassium and calcium) and low in sodium, which assists in regulating the calcium to phosphorus ratio and maintaining electrolyte balance (Marafon et al., 2025). 
	A key advantage is the absence of lactose and caseins, which addresses two common dietary issues. Lactose intolerance, caused by a deficiency of the enzyme lactase, leads to insufficient lactose digestion and can manifest as symptoms such as flatulence, abdominal pain, bloating, nausea, vomiting, constipation, watery diarrhea with acidic stools, anus irritation, dehydration, and metabolic acidosis (Fassio et al., 2018). Similarly, a cow's milk protein allergy is an immunological response, often IgE-mediated, triggered by specific milk proteins. For these reasons, individuals with such conditions are advised to avoid lactose- and casein-containing products and opt for alternatives, such as plant-based beverages (Silva et al., 2020).
	3.2 Availability and Variety of Sources
	Plant-based beverages are derived from a diverse range of sources, including cereals, nuts, seeds and legumes (Penha et al., 2021) as displayed in Table 1. The nutritional composition of different plant-based beverages varies depending on the source material. For instance, cereal-based beverages typically contain higher sugar (starch) levels than those derived from nuts and legumes. Conversely, legume-based beverages are richer in protein while nut-based beverages are generally higher in lipids, though they also provide a good source of protein (Qamar et al., 2020).
	Cereal-based beverage
	Cereals are a staple food globally, with common examples including maize, wheat, rice, barley, sorghum, millet, teff, oats, and triticale (Basinskiene & Cizeikiene, 2020). Cereal-based beverages have attracted considerable attention because they supply essential nutrients, including dietary fibers, available carbohydrates, proteins, lipids, vitamins, and antioxidants. Their popularity is also growing due to their potential as a source of prebiotics and probiotic.
	Rice and oat beverages constitute two of the most widely consumed cereal-based alternatives. Rice, which is typically composed of approximately 90% carbohydrates and 6%–8% proteins, is the primary ingredient in most rice beverages (Ali et al., 2023). The natural sweetness of these products is often a result of an enzymatic process that breaks down carbohydrates into sugars, particularly glucose. Some varieties are also sweetened with sugarcane syrup or other sweeteners (Basinskiene & Cizeikiene, 2020). Beverages made from red or black rice possess notable nutritional value due to their high concentration of phenolic compounds as well as their antioxidant properties (da Silva et al., 2023). Oat beverages, which are also commercially available in a variety of flavors (e.g., sweet, unsweetened, vanilla, chocolate), are characterized by their naturally creamy texture and distinctive flavor. They are often recommended for individuals with irritable bowel syndrome and inflammatory bowel disease (Ramsing et al., 2023).
	Beyond these mainstream industrial products, numerous traditional cereal-based beverages exist worldwide. Examples include Sikhye, a South Korean beverage made from cooked rice, malt extract, sugar, and Kunu (Kunun zaki), a Nigerian beverage prepared from sprouted millet, sorghum, or maize (Basinskiene & Cizeikiene, 2020). 
	Furthermore, the pseudo-cereal quinoa constitutes another promising source for beverage production. Quinoa is very highly valued for its nutritional quality, particularly its protein profile and digestibility. The high-quality protein is attributed to its complete essential amino acid composition, including high levels of methionine, cysteine, and lysine, which are often deficient in most cereals. Quinoa is categorized as "sweet" or "bitter" based on its saponin content, and beverages derived from it have a substantially higher viscosity than other plant-based liquids (Silva et al., 2020)
	Legumes 
	In recent years, several legumes have been studied as potential sources for beverages, such as soy, chickpea, lentil, pea, lupin, bean, pigeon pea and cowpea. Soy beverages are the most widely consumed globally, as soy is considered the leading plant-based source of complete protein, containing all essential amino acids. Soy is also a rich source of carbohydrates, lipids, proteins, vitamins (B6 and K) and bioactive compounds such as polyphenols and isoflavones. These beverages are recognized for their numerous health benefits, especially in the prevention and treatment of several chronic diseases, such as cardiovascular disease and cancer (Vagadia et al., 2017). Chickpea beverage is another valuable source of both protein and carbohydrates, and it is also rich in unsaturated fatty acids, such as linoleic and oleic acids. 
	Oleaginous seeds, nuts and fruits
	Non-dairy beverages are also derived from oleaginous seeds, nuts or fruits including almonds, cashew, coconut, walnuts, sesame, and hazelnuts. The market success of this plant-based beverages is attributed to their appealing flavor profile and nutritional values (Craig & Fresán, 2021). For instance, almonds provide a notable source of macronutrients, with protein content ranging from 35% to 52%, as well as vitamin E, essential minerals such as calcium, magnesium, selenium, potassium, zinc, phosphorus, and copper, and various antioxidants. However, the low emulsifying power of several nut-based beverages often requires the addition of an emulsifying agent to achieve a product stability (Kundu et al., 2018). In addition to lipids, essential amino acids, antioxidant compounds, vitamins B6, B9, and E, iron, and magnesium, these beverages are notably rich in calcium. Moreover, their typically low or absent galactoside content, compared to legume-based drinks, helps mitigate the likelihood of flatulence (Silva et al., 2020).  
	Table 1. Examples of Some Sources of Plant-Based Beverages: Recipe, Composition, and Extraction 
	Processing methods such as roasting and blanching are known to significantly affect the sensory quality of these beverages. Roasting, in particular, promotes Maillard reactions and caramelization, which enhance flavor by producing desirable roasted and nutty notes while reducing bitterness and undesirable volatile compounds (Gao et al., 2019). Blanching aids in deactivating enzymatic activity and eliminating certain off-flavors, thereby resulting in a smoother and cleaner taste profile. Although these processing methods are crucial for enhancing the overall palatability of plant-based milk alternatives, they can also compromise product stability due to protein denaturation (Grasso et al., 2020).  
	Given the increasing consumer demand, researchers are exploring novel sources, such as seeds from the Aleppo pine (Pinus halepensis). These seeds contain 19.8–36.7% oil, 14.25–26.62% protein, and lipid (37%), along with various minerals, and have been demonstrated to be suitable for producing vegetable-based drinks (Abbou et al., 2022). Overall, the vast availability of sources for plant-based beverages represents a significant advantage, enabling a wide variety of sustainable, healthy and accessible options for consumers. 
	3.3 Manufacturing Process
	The fundamental principle underlying the production of a plant-based beverage is a straightforward two-step process:  raw plant material is mixed with water, followed by filtration to remove solid residues. This process is generally considered to be rapid and uncomplicated due to the simplicity of the ingredients (McClements, 2020)
	For the initial extraction, raw plant material is typically mixed with water and ground during a wet milling process. The quality of the final product is highly dependent on several parameters, including the water-to-raw-material ratio, milling temperature, pH, milling type, and feed rate (Gao et al., 2020). For example, a higher water ratio directly reduces the concentration of dry matter, resulting in a thinner consistency and potentially lower nutritional density (Li et al., 2023). Conversely, a lower water ratio increases nutrient concentration but can negatively affect viscosity, mouthfeel, and processing efficiency. Similarly, the milling temperature and type influence the extent of particle size reduction and the release of intracellular compounds, which in turn affect both the final texture and the efficiency of nutrient extraction (Abbou et al., 2022).
	Following extraction, filtration serves to separate the solid residue (cake) from the liquid beverage. (Mat et al., 2022). Several filtering materials are employed, including double-layered cheesecloth, muslin cloth (25 m), and filter paper of different grades (e.g., 150-mesh sieve, 180 µm sieve, 4 µm-pore-size filters, and 100 m filter) (Nawaz et al., 2023). Advanced techniques such as ultrafiltration was employed in the production of hazelnut, sesame, and corn milk substitutes (Naziri et al., 2017). Centrifugation may also be utilized to further clarify the beverage (Abbou et al., 2022).
	3.4 Economic Aspect 
	In recent years, the global popularity and demand for plant-based beverages have seen a substantial increase, and as a reflection of this demand, the global market for these products has also grown. Figure 1 illustrates the global market value of plant-based beverage in 2019 by type. That year, the global soy milk market was valued at approximately $7.4 billion, holding the largest market share worldwide (Sharma et al., 2024). Almond milk followed closely in second place with a market value of $5.4 billion. By 2022, the total global plant-based beverage market generated revenue of approximately $21 billion (Raneri, 2022), representing an increase of over $6 billion since 2013. According to projections from Statista, market revenue is expected to continue its upward trajectory, surpassing $37 billion by 2026 (Sharma et al., 2024).
	Figure 2 also represents data of the worldwide consumption and the average unit price of milk substitutes from 2013 to 2026. Total consumption reached a new peak of approximately 7 billion kg in 2022, marking an increase of more than 3 billion kg since 2013. Statista estimates that the global consumption of milk substitutes will reach 11.7 billion kg by 2026.
	Available economic data highlights the robust potential of plant-based beverages as a growth driver within the agri-food sector. The sustained increase in global consumption stimulates new business creation, fosters processing innovation, and encourages the development of diverse product lines that address a wide range of nutritional and ethical consumer demands. This dynamic contributes to job creation across agriculture, processing, distribution, and marketing. Furthermore, integrating local raw materials into beverage production enhances the value of regional agricultural resources, supports rural economies and strengthens food sovereignty. The strategic market position of plant-based beverages as sustainable and eco-responsible products market also confers a brand image advantage, opening up promising export opportunities. Thus, the development of this sector actively contributes to the growth of a green, innovative and forward-looking economy.
	3.5 Industrial Biotechnology
	Plant based beverages, which share physicochemical and sensory similarities with their mammalian counterparts, serve as the foundation for a variety of other dairy analogs, such as cheese, yoghurt, ice creams, and whipped creams (McClements & Grossmann, 2022). These products are typically developed through fermentation processes that enhance the biological activity and organoleptic quality of vegetable materials (Eun et al., 2021). The quality of fermented plant-based products is directly associated with microbial metabolism. During fermentation, microorganisms perform various enzymatic hydrolysis reactions on substances such as proteins, cellulose, and starch, producing amino acids, reducing sugars, and other molecules that affect the final product's quality and flavor (Adebo & Gabriela Medina-Meza, 2020; Xing et al., 2023). The capacity of the initiating microorganism to grow in these vegetable matrices varies significantly depending on the microbial strain, making the control of microbial communities a crucial strategy for regulating fermentation (Erdoğan & Ertekin Filiz, 2023). 
	Most fermented products documented in the literature have been developed using probiotic bacteria such as Lactobacillus, Biﬁdobacteria, and Streptococcus. Common raw materials include peas, lupin, potatoes, nuts, corn, almonds, soybeans, coconuts, and rice (Karasakal, 2020; Mårtensson et al., 2000; Sha & Xiong, 2020). Pulses and cereal beverages are considered excellent fermentation substrates for various bacterial strains due to the presence of components with prebiotic properties, such as starch and fiber materials, that also enhance the physical stability of the fermented plant-based beverage (Bosnea et al., 2009; Sindhu & Manickavasagan, 2020). For instance, due its high protein and fat content, marama bean flour has been employed to create a marama beverage, which can also be fermented into a yogurt-like product (Jackson et al., 2010). Numerous examples involve culturing plant-based beverage with the addition of bacteria to produce cheese, yogurt, or ice cream, with a detailed list summarized in Table 2. 
	The industrial process for developing fermented plant-based products follows a standard sequence: obtaining the plant-based beverage, conditioning it to the ideal growth temperature for the ferments, carrying out the fermentation, and finally, cooling the product to 4 ºC. However, this procedure can be modified depending on the raw material, the specific microorganisms employed (including lactic acid bacteria, bacilli, and yeasts), and the desired characteristics of the final product (Bintsis, 2018). While monocultures remain widely used, recent approaches incorporate mixed cultures of bacteria and yeasts to enhance both nutritional value and flavor (Ferreira et al., 2022). If yeast growth is not desired, it can be controlled through pasteurization, adherence to appropriate manufacturing practices, the utilization of competitive bacterial cultures that rapidly acidify the medium rapidly, and cold storage (Milani & Silva, 2022). An acidifying ingredient such as citric acid, may also be added to reduce or eliminate residual off-flavor and accelerate the fermentation (Gugger et al., 2016). Furthermore, following the fermentation, vitamins, desired oils, stabilizers, viscosity modifiers, gelling agents, sequestrants, oils, and flavors may be incorporated into the final product (L’Hocine et al., 2020).
	3.6 Okara as Co-product
	Okara is a by-product of food processing, specifically from the manufacturing of plant-based beverages such as soymilk and almond beverages or from tofu production (De Angelis et al., 2023). In addition to minerals and phytochemicals, okara contains a wealth of nutrients, including approximately 50% dietary fiber, 20–30% proteins, and 10–20% lipids. Due to its valuable composition and health-promoting properties, it serves as a low-cost material for human consumption and an excellent substrate for the food industry, with potential benefits in preventing diabetes, obesity and cardiovascular diseases (Perussello et al., 2014). 
	Several studies focused on using okara in the food industry as a substitute for white or soy flour to increase proteins and fiber in food products or as an ingredient for biscuits preparation without negatively interfering with organoleptic properties. Furthermore, the use of okara in animal feed as a fermentation substrate and environmentally friendly resource has also been documented (De Angelis et al., 2023). For example, a study by Wickramarathna & Arampath, (2003) found that substituting 10% of white flour with okara powder resulted in a bread with nearly identical sensory and physicochemical properties to a control bread, while having a higher energy value (15.9 kJ/g versus 14.4 kJ/g). Another study demonstrated that enzymatically hydrolyzed okara is useful in the bioremediation of chlorpyrifos-contaminated soils as a biofertilizer (Orts et al., 2017).
	Okara is produced in massive quantities globally, with an estimated 14 million tonnes annually (Choi et al., 2015), primarily in the United States, Brazil, Argentina and China, which collectively account for more than 86 % of global production (Guimarães et al., 2018). Every year, China produces approximately 2,800,000 tons of okara from the tofu industry (Li et al., 2012). The substantial volumes produced each year pose a significant waste management challenge. Although extensive research has been conducted on the potential use of okara (Perussello et al., 2014), its high moisture content (70–80%) makes fresh okara highly susceptible to spoilage, leading to frequent disposal (Vong & Liu, 2016). To overcome these constraints, fresh okara must be dried as soon as possible to facilitate handling and transportation (Li et al., 2012).
	3.7 Environmental Impact 
	The food system has a profound environmental impact, contributing to biodiversity loss, eutrophication, increased water and land use, and climate change (Aydar et al., 2020). Plant-based beverages are considered a sustainable alternative that promotes animal welfare and helps reduce greenhouse gas emissions and global warming potential due to their low carbon footprint. Their production does not involve animal farming, which is often associated with practices that compromise animal well-being, such as intensive confinement and repeated milking. Moreover, plant-based beverages such as soy, oat, or almond drinks emits significantly fewer greenhouse gases compared to dairy milk, thereby lowering the overall environmental burden (Clune et al., 2017). Overall, plant-based beverages exhibit a lower environmental impact than cow's milk (Silva & Smetana, 2022).  
	Functional Properties and Health Benefits 
	Plant-based functional beverages have gained increasing popularity due to their health benefits beyond basic nutrition (Sharma et al., 2024). These beverages are rich in bioactive compounds such as polyphenols, flavonoids, and polysaccharides, which possess antioxidants, anti-inflammatory, and metabolic regulatory properties (Wu et al., 2023). Their composition makes them attractive in the prevention of chronic diseases related to oxidative stress, including coronary heart disease, stroke, and various cancers, as demonstrated by the phenolic content in peanut-based beverages (Sethi et al., 2016).
	In addition to their health-promoting effects, plant-based beverages offer valuable technological functionalities. For instance, soy milk is widely used not only as a beverage but also as a functional ingredient in processed foods such as mayonnaise, where it acts as an emulsifier to improve texture and product stability (Rahmati et al., 2014). Moreover, beverages are considered particularly suitable vehicles for delivering nutrients and bioactive compounds due to their convenience, palatability, and versatility (Corbo, 2014). The functional beverage market is expanding rapidly, with growing interest in fortified products and ingredients with enhanced bioavailability (Gupta et al., 2023). These features highlight the potential of plant-based beverages to serve both nutritional and functional purposes, making them essential players in the modern food and health industry landscape.
	3.8 Sensory Properties 
	Although plant-based beverages are intended to mimic the uniform, creamy-white appearance of cow’s milk, their appearance inevitably differs due to their plant-based origins (Sethi et al., 2016). However, the diverse textures and hues of these plant-based beverages—such as light brownish, greenish, or grayish—are generally well-accepted by consumers. The acceptability of plant-based beverages is is also heavily influenced by the processing of raw materials. Studies have demonstrated that roasting, steaming, and pressure-cooking can improve their flavor (Tangyu et al., 2019). Another study demonstrated that blanching significantly enhanced the aroma and taste acceptance of peanut-based beverage (Jain et al., 2013).
	4 Limitations 
	4.1 Nutritional Profile and Allergens 
	While plant-based beverages derived from cereals and pseudocereals display a low saturated fat content, their proteins are frequently of a lower nutritional quality compared to animal-based proteins. This is primarily due to their low protein content, a limited supply of the essential amino acid lysine and poor digestibility. Moreover, these beverages are typically deficient in calcium than their competitors. The use of unfortified plant-based beverages, such as rice beverage has been associated with cases of kwashiorkor in some regions (Anema, 2019). Furthermore, plant-based beverages in general, especially rice and oats beverages, do not provide sufficient level of calcium (Sethi et al., 2016). Therefore, plant-based beverages are usually fortified (Friedman, 1996).
	Another significant limitation is the potential for allergic reactions. Depending on the raw material, plant-based beverages can trigger allergic responses in consumers. As noted by Reyes-Jurado et al., (2021), common allergens such as wheat, peanuts, tree nuts, and soybeans are frequently used in these products. Soy milk, as well as nut and almond beverage, pose a particular concern due to their potential to cause severe anaphylactic reactions, with nuts being a leading cause of such events (Reyes-Jurado et al., 2021).  It is imperative to note that these substitutes may contain proteins that cause allergies even though they do not contain cow's milk proteins (Rial & Sastre, 2018).
	Additionally, while some parents favor plant-based alternatives over cow's milk to avoid allergies and digestive issues in infants, these formulas may not provide the entire spectrum of nutrients required for healthy growth and development (Bodnar et al., 2021; Guilbert, 2004). 
	The nutritional formulation of plant-based beverages depends on their composition. Firstly, most of these food products do not contain sufficient protein and calcium amounts compared with animal milk, so these two nutrients are most frequently incorporated. Vitamins and minerals can also be supplemented for consumers who use plant-based milk as alternatives to cow's milk (McClements, 2020).  To improve the taste of this product, cane sugar, sea salt and flavorings like vanilla or chocolate are also frequently added (Fructuoso et al., 2021). For instance, Manzoor et al. (2017) employed sugar syrup to sweeten almond and cashew beverages substitutes and also used vanillin following pasteurization. Sunflower oil was mixed with quinoa milk substitute to increase the velvety look (Lima et al., 2022) and olive oil is included in the ingredient list of plant-based milk substitutes of the fomilk brand (Carreño & Dolle, 2018). Increasing the amount of seed used is required to retain as high protein content as is feasible. Several raw ingredients are blended during manufacture to raise the overall protein quantity and ameliorate the product's sensory and nutritional characteristics (Tangyu et al., 2019). Additional option for increasing the protein level of the plant-based milk substitute is to employ a high-protein raw material such as lentils, which possess sensory qualities comparable to those of soy milk (Aydar et al., 2023). Calcium, vitamins A, B2, B1, B12, D2 and E are also incorporated to increase the vitamin and mineral content and use calcium trinitrate to raise the amount of calcium in the final product (Walther et al., 2022).
	4.2 Anti-Nutritional Factors
	Although oilseeds, legumes, and cereals constitute excellent sources of nutrients, their consumption and use are limited by the presence of anti-nutritional factors. These factors, which include phytates, oxalates, saponins, enzymes inhibitors; tannins and alkaloids are naturally synthesized by plants to protect against pests (Samtiya et al., 2020). These substances are detrimental to health and limit the bioavailability of essential nutrients such as proteins, vitamins, and minerals. The development of optimization processes to reduce these antinutrients, tailored to the specific raw material, remains a key challenge for the future (Arbab Sakandar et al., 2021).
	To mitigate their content, various mechanical, physical, and biological techniques can be employed. Pre-processing steps, such as the mechanical removal of natural shells, can eliminate a high concentration of anti-nutrients (Abbou et al., 2023). Thermal processing methods such as cooking, blanching, or roasting can degrade temperature-sensitive molecules, including enzyme inhibitors (Pal et al., 2017). However, for molecules more resistant to heat, biological processes such as fermentation or sprouting, or physical processes like soaking, are more effective (Samtiya et al., 2020). In beverage production, soaking is frequently preferred over biological processes, which can significantly alter the sensory properties of the raw material. The efficacy of soaking depends on key parameters such as time, temperature, and pH (Gupta et al., 2015; Ravoninjatovo et al., 2022; Rawat & Saini, 2022).
	4.3 Stabilization of Plant-Based Beverages 
	Plant-based beverages are complex colloidal systems, typically consisting of an oil-in-water emulsion with dispersed particles, their production process design constitutes a real challenge. Another issue is to guarantee the microbiological stability and maintenance of the physical integrity of the beverage. Without proper stabilization, beverages are prone to undesirable phenomena such as creaming and sedimentation, which are caused by physical destabilization during thermal processing and are often rejected by consumers (Anema, 2019; Poliseli-Scopel et al., 2013). 
	The ultimate issue is to obtain a product satisfying the taste of consumers without any green off-notes. The manufacturing scheme from the source to the final product, includes three essential unitary operations: pre-extraction (pre-treatment), extraction (milling and clarification) and post-extraction (physical and microbiological stabilization) (Figure 3). This scheme may significantly vary as a function of the seed and its particular transformation challenges.
	Formulation 
	To overcome the inherent limitations of unprocessed plant-based beverages, which may lack essential nutrients or exhibit undesirable sensory and physical characteristics, food additives are frequently incorporated. These additives are crucial for improving the final product's nutritional composition, sensory attributes (taste, texture, appearance), and stability during processing and storage (Jeske et al., 2018). Stabilizers (e.g., gellan gum, xanthan gum), emulsifiers (e.g., lecithin), plant oils (e.g., sunflower oil), and various micronutrient fortifiers (e.g., calcium, vitamins A, D2, E) are frequently employed (Munekata et al., 2020b).
	Emulsifiers and Stabilizers 
	Plant-based beverages are colloidal systems primarily composed of water, lipids, and proteins, which make their physical stabilization a significant challenge. Without appropriate formulation, these beverages are prone to particle sedimentation and phase separation, which are caused by the flocculation of fats and proteins. To counteract these issues and produce stable emulsions with desirable sensory characteristics, the use of specific emulsifiers and stabilizers is essential. 
	Lecithin, a natural phospholipid emulsifier, reduces the surface tension between the oil and water phases, thereby enhancing the colloidal stability of these beverages. When combined with stabilizers such as xanthan gum, it has been observed to improve both the physical stability and rheological properties of emulsions, as demonstrated in peanut-based beverages (Gama et al., 2019). 
	Xanthan gum is widely utilized for its ability to create high viscosity at low concentrations which aids prevent creaming and provides a smooth texture. The synergistic interaction between xanthan gum and locust bean gum further enhances viscosity and reduces phase separation, as observed in whey protein-stabilized emulsions (Khouryieh et al., 2015). Similarly, guar gum has demonstrated excellent stabilizing effects at concentrations as low as 0.5%, improving both the physical stability and color attributes of plant-based beverages formulated with peas, beans, and sunflower seeds (Kulczyk et al., 2023). Additionally, citrus pectin can enhance mouthfeel and contribute to the stabilization of emulsions through its gelling properties. 
	These stabilizers and emulsifiers are commonly used in plant-based milk alternatives derived from various sources such as nuts, seeds, and legumes, either through oil body extraction or direct emulsion formation (McClements et al., 2019). Together, they play a crucial role in maintaining the homogeneity, texture, and shelf-life of plant-based milk alternatives.
	For instance, the incorporation of 0.05 g/100 mL of xanthan gum prior to heat treatment has been shown to enhance the viscosity and colloidal stability of hazelnut milk substitute (Dhankhar & Kundu, 2021). Similarly, xanthan gum at a concentration of 0.33% w/w has been effectively employed in rice milk substitutes to prevent particle precipitation (Aydar et al., 2020). 
	It is imperative to note that the addition of stabilizers is not limited to the post-grinding process (Madsen et al., 2021). Indeed, the addition of 0.05% of the amylase enzyme aids in the dissolution of starch granules, which helps to prevent gelatinization during the heat treatment. (Codina-Torrella et al., 2018). 
	After filtering, some authors suggest incorporating antioxidants such as ascorbic acid and antimicrobial agents to the soymilk alternative (Chaowattanapanit et al., 2017).
	4.4 Packaging 
	Sterilization 
	Heat treatment is a critical method employed to extend shelf life and preserve the quality of plant-based beverages. Typical thermal processes include pasteurization, conventional sterilization, and ultra-high temperature (UHT) sterilization (Silva et al., 2020). Among these, sterilization is usually preferred as it enables ambient-temperature storage by inactivating pathogenic microorganisms and thermoresistant spores. The recommended sterilization temperature for these products is typically 121 °C for 15 to 20 minutes (Soni et al., 2021). 
	Homogenization
	Homogenization serves to improve the physical stability of the finished product by modifying its rheology through the reduction of particle size (Jeske et al., 2019). The literature documents the utilization of low, high, and ultra-high pressure for this purpose. The stability, clarity, and whiteness index of milk substitutes have been reported to increase with rising homogenization pressure (D’Incecco et al., 2018; Valsasina et al., 2017). 
	Aseptic Packaging and Cold Storage 
	Following processing, plant-based milk alternatives are aseptically packed for distribution and storage, and usually packed in multilayer carton systems (e.g., Tetra Pak®) or plastic bottles. Additionally, Spray-drying or drum-drying techniques can be utilized to produce a stable powder that is later reconstituted (Reyes-Jurado et al., 2021). However, to achieve a stable product, the plant-based beverages must first be stabilized prior the drying process (Dhankhar & Kundu, 2021). For products requiring a long shelf-life and high stability, aseptic packing in conjunction with cold storage is essential (Aydar et al., 2020).
	Novel Technologies Plant-Based Beverage Production
	The food industry faces the challenge of adopting innovative processes that enhance the physical stability of plant-based beverages while minimizing the reliance on chemical additives such as hydrocolloids and emulsifiers (Şen & Okur, 2023). A range of novel technologies, including ultrasound pulsed electric field, high-intensity ultrasound irradiation, ohmic heating, and ultra-high-pressure homogenization, are being applied to plant-based beverages (Li et al., 2018). These methods are employed to inactivate microbes and enzymes, reduce particle size and decrease viscosity (Manzoor et al., 2021). Some researchers have explored a combination of thermal innovative technologies, such as ohmic heating with ultra-high- and high-pressure homogenization, to improve the final product's quality (Paul et al., 2020). 
	For instance, studies on almond beverages have demonstrated that ultrasound treatment reduces particle size, when high-pressure homogenization (50-200 MPa) and ultra-high-pressure homogenization (above 200 MPa), can display the opposite effect on particle size (Maghsoudlou et al., 2016; Vanga et al., 2020). Findings from the same authors indicate that a five-minute increase in ultrasound time resulted in a five-fold reduction in particle size, suggesting that ultrasonication is a superior, non-thermal alternative for achieving higher physical stability. Soy milk alternatives have been subjected to ohmic heating and pulsed electric fields (Cho & Kang, 2022). Research has indicated a negligible increase in protein aggregation following ohmic heating, which can occur as a result of protein denaturation (Bernat et al., 2015; Li et al., 2018). While a direct comparison of ohmic heating and pulsed electric field is difficult due to a lack of numerical data on particle size reduction or microbial or enzymatic inactivation (Makroo et al., 2020), pulsed electric fields are generally favored due to their non-thermal nature. 
	A significant research gap remains in conducting comprehensive comparative studies of these diverse applications. Such comparisons are necessary to identify the optimal technology for industrial applications. However, non-thermal methods are generally considered to possess more beneficial effects on the final product than thermal technologies, as they better preserve nutritional and sensory qualities. 
	4.5 Sensory Attributes
	Sensory concerns represent a significant limitation for plant-based beverages, as they can have particle aggregates large enough to impart a gritty or grainy texture, which ultimately reduces consumer acceptance (McClements, 2020). This contrasts sharply with animal milk, being a naturally stable emulsion containing dispersed fat globules and casein micelles. This composition contributes to its smooth and uniform texture, thereby reducing the risk of sedimentation or grittiness (Dickinson, 1997)
	Moreover, enzymatic oxidation of polyunsaturated fatty acids by lipoxygenase can lead to the development of undesirable "beany" and "painty" off-flavors in soy milk, a sensory limitation not typically found in animal milk. (Qamar et al., 2020). The familiar and widely accepted flavor profile of cow's milk provides a distinct sensory advantage. While plant-based products frequently fail to meet consumer expectations regarding appearance, aroma, taste, and mouthfeel, animal milk typically satisfies these expectations due to its long-standing cultural integration and consistent sensory profile. Consequently, plant-based alternatives must overcome significant formulation and perception challenges to achieve a comparable level of consumer satisfaction (Aschemann-Witzel & Peschel, 2019).
	4.6 Economic Aspects
	Despite their rapid market growth, plant-based beverages are subject to several economic limitations. Their production costs are generally higher than those of animal milk, primarily due to the elevated price of raw materials (such as almonds or nuts) and the specialized technological processes required for their transformation (Charrier et al., 2013). This disadvantage is further compounded by the absence of public subsidies that have historically supported the dairy sector, which hinders the large-scale industrial development of plant-based beverages (Perrot et al., 2018). 
	Additionally, the supply chains for plant-based raw materials are often susceptible to significant price fluctuations, which are influenced by seasonality, climatic hazards or competition from other uses (animal or human food). On the market, this translates into higher retail prices for plant-based beverages compared to cow's milk, which limits their accessibility to certain consumer segments. Therefore, while ethical, environmental, and health considerations drive the growth of plant-based consumption, these economic challenges remain a major barrier to their widespread adoption (Espinosa, 2019). 
	4.7 Environmental Aspect 
	The environmental impact of plant-based beverages varies considerably depending on the specific raw materials utilized. For example, the production of almond-based beverages is characterized by a high-water footprint, attributable to the substantial water consumption required for cultivating almond trees (Carlsson Kanyama et al., 2021). Conversely, rice-based beverages, despite requiring a moderate water footprint, necessitate a greater energy input for their production, notably because of the processing requirements. 
	These variations underscore why some plant-based beverages, despite with a lower overall impact than cow's milk, may have higher water or energy consumption of specific resources. Consequently, a comprehensive environmental assessment of these products must be conducted on a case-by-case basis, taking into consideration the agronomic and industrial particularities of each base ingredient (Silva & Smetana, 2022).
	5 Results and Discussion 
	A review of the selected scientific literature reveals that plant-based beverages are emerging as increasingly popular alternatives to animal milk, driven primarily by ethical, environmental and health considerations. The nutritional profiles of these beverages, present distinct advantages, such as the absence of lactose, cholesterol and animal proteins, which makes them appropriate for individuals with lactose intolerant, milk protein allergies, or those following vegetarian or vegan diets. Furthermore, these beverages are often fortified with fiber and bioactive compounds such as polyphenols, offering additional health benefits. 
	However, these drinks are also subject to notable limitations. Their protein content is generally lower compared to animal milk, and the protein quality varies according to the raw materials employed. Certain essential vitamins and minerals are sometimes insufficient or absent, which can be problematic, particularly for infants or vulnerable populations. Moreover, the nutritional composition is highly heterogeneous across products, complicating consumer choice and highlighting the need for standardization of formulations.
	From a technological standpoint, plant-based beverages frequently incorporate additives such as emulsifiers, stabilizers or vegetable oils designed to improve texture, stability and taste. While these ingredients result in more palatable products, their use can also lead to nutritional imbalances or undesirable sensory effects. The challenges of physical stability (e.g., phase separation, sedimentation) and the presence of unpleasant aromas necessitate innovative processing and formulation improvements. Economically, these products remain generally more expensive than animal milk in various regions, which limits their accessibility to a large part of the population. However, their lower environmental footprint, notably in terms of greenhouse gas emissions, water use, and land consumption, is a strong argument in favor of their development, especially within the context of transition to sustainable food systems.
	Finally, the sensory aspect plays a crucial role in the acceptability of plant-based beverages. Consumer preferences vary widely with respect to taste, texture and aroma, underlining the need for a diversified range of products to meet these expectations. Enrichment with functional compounds (e.g., antioxidants, fiber) also serves as a lever for boosting their health appeal. In summary, while plant-based beverages offer a promising alternative to animal milk, they still require major efforts in nutritional, technological and economic optimization to fully meet consumer needs and expectations. The harmonization of quality criteria and enhanced communication regarding their properties would also be advantageous. 
	6 Conclusion 
	The market for plant-based beverages continues to expand rapidly, driven by increasing consumer interest in health, sustainability and ethical considerations. These beverages offer several advantages, including the absence of lactose, cholesterol, and animal proteins, which makes them suitable for vegetarians, vegans and individuals with allergies or intolerances. However, their nutritional composition is highly variable, particularly with regard of protein quality and micronutrient content, which are frequently inferior to those of animal milk. This variability stems from differences in raw materials and processing techniques. Unlike animal milk, plant-based beverages offer scope for innovation in formulation and processing, enabling their nutritional profile to be tailored, beneficial compounds to be increased, and anti-nutritional factors to be reduced. Consequently, continuous research is therefore essential to optimize these products to better align with diverse consumer dietary needs and expectations. Ultimately, the selection of a plant-based beverage should be guided by nutritional objectives, sensory preferences, and possible allergenic restrictions, recognizing that no single product currently meets all requirements perfectly. 
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		Background: Plant-based beverages have gained increasing prominence as alternatives to animal milk, particularly for individuals with lactose intolerance, milk protein allergies, or those adhering to vegetarian and vegan diets. The widespread adoption of these products requires a comprehensive evaluation of their multiple properties, as they possess a range of nutritional, technological, economic, and environmental benefits and drawbacks.

Aims: This narrative review provides a multidimensional synthesis of the advantages and limitations associated with plant-based beverages as viable alternatives to animal milk.

Methods: A systematic literature search was conducted across the Google Scholar, Scopus, ScienceDirect and PubMed databases for articles published between 2010 and 2024. A set of defined keywords yielded 183 articles, from which 68 were selected for inclusion based on their methodological rigor and thematic relevance. 

Results: The findings indicate that plant-based beverages are naturally free of lactose and cholesterol and often contain beneficial dietary fiber and bioactive compounds. They are also appreciated for their sensory diversity and adaptability to specific dietary preferences. However, they are generally lower in protein and essential micronutrients compared to animal milk. Furthermore, their composition exhibits significant variability, which is influenced by the raw materials (e.g., cereals, legumes, dried fruit, etc.) and the technological processing methods employed. Environmentally, these beverages generally exhibit a lower carbon footprint, yet their retail cost remains a key disadvantage for consumers.

Conclusions: In conclusion, this review highlights the critical need for further research focused on enhancing the formulation of plant-based beverages to more effectively meet consumers expectations regarding nutritional value, sensory quality, and affordability.

Keywords: Plant-based beverages, Animal milk, Advantages, Limitations, Manufacturing process, Nutritional properties.
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2 INTRODUCTION

Traditionally, animal milk has been considered a fundamental component of the human diet, primarily due to its rich concentration of protein, fat, vitamins and minerals (Mesfine et al., 2015). However, in recent decades, plant-based-beverages — commonly referred to as “vegetable milks” — have attracted growing interest as alternatives to animal milk. These beverages are sought after for their visual and functional resemblance to animal milk and are typically produced by extracting plant matter in water, followed by filtration to collect a liquid with a milky texture (Mäkinen et al., 2016). 

The market for plant-based beverages is dominated by common examples such as soy, almond, oat, rice, and coconut milk, with more recent additions including beverages derived from pea, hemp or quinoa (Zandona et al., 2021). Their popularity is notably attributed to factors such as lactose intolerance, cow's milk protein allergies, and the growing adoption of vegetarian or vegan diets (Mäkinen et al., 2016). These products are also appreciated for their content of bioactive compounds, such as phenols, unsaturated fatty acids, and antioxidants. Nevertheless, their nutritional profile is often considered inferior to that of cow's milk, particularly in terms of protein and calcium content (Haas et al., 2019). 

The shift towards plant-based alternatives is further encouraged by a number of factors. First, the consumption of animal milk has been associated with certain health concerns, as the quantity and quality of its fats are assumed responsible for raising blood cholesterol levels, its proteins can be allergenic, and its lactose content can cause intolerance symptoms (Zandona et al., 2021). Second, dairy production generates environmental challenges, as it requires significant water and land resources and generates higher greenhouse gas emissions compared to the production of plant-based beverages (Ramsing et al., 2023). Finally, from an economic standpoint, dairy farming is a labor-intensive sector, and in several developing countries, local production is insufficient to meet demand, leading to heavy reliance on imports (Sraïri et al., 2013). 

Consequently, despite the well-established nutritional quality of animal milks, these limitations have encouraged the production and consumption of plant-based beverages. These alternatives are valued for their sensory characteristics, sustainability, and plant-derived proteins, fatty acids and minerals, making them a suitable option for individuals with lactose intolerant, allergies, or specific dietary choices (Zandona et al., 2021). These beverages consist in complex colloidal systems, primarily functioning as oil-in-water emulsion. They are generally derived from oilseeds, cereals, and legumes, with soybean beverages, holding a significant market share. Other popular sources include almonds, cashew, rice, oats, and wheat. The increasing interest in these beverages are interesting and increasingly popular due to their sustainability potential and trend (Nawaz et al., 2023). 

The primary objectives of this review are to conduct a thorough analysis of the advantages and limitations of plant-based beverages across various dimensions, including nutritional value, economic viability, environmental impact, and sensory properties. This synthesis aims to provide a clear understanding of their potential as substitutes for animal milk, to highlight opportunities for valorizing various seeds and nuts, and to support local economic development, particularly in developing countries. Ultimately, this work is intended to inform consumers and assist them in making decisions that align with their specific needs and preferences. 

3 METHODOLOGY 

This review is based on an exhaustive literature search conducted across multiple scientific databases, including Google Scholar, ScienceDirect, PubMed and Scopus. The search sought to identify peer-reviewed articles, journals and book chapters published predominantly between 2010 and 2024. A combination of keywords such as “plant-based beverages”, “plant milk”, ‘milk’, “animal product-free milk”, “nutritional value”, “processing technologies”, “environmental impact”, “economic aspects” and “sensory evaluation” were employed to ensure a broad and inclusive search. 

The initial search yielded a total of 183 articles. A subsequent screening process, based on an analysis of titles and abstracts, led to the exclusion of 45 articles that were deemed irrelevant to the review's core themes or failed to meet predefined quality criteria, such as lack of peer review or insufficient methodological detail. The selection process was conducted by the principal investigator, with consultation of a second expert to ensure consistency and minimize selection bias. Ultimately, 138 articles were selected for their scientific relevance, methodological rigor and direct contribution to at least one of the main dimensions addressed in this article: nutrition, processing, economics, environment, and sensory characteristics. Only articles in English and French that presented original data or a critical synthesis were included. A narrative review approach was selected to provide an in-depth, multidisciplinary qualitative synthesis, thereby offering a holistic perspective of the benefits and limitations of plant-based beverages.

4 ADVANTAGES

4.1 Nutritional Benefits

For several years, cow's milk was considered as a fundamental part of the human diet, essentially due to its rich composition of essential nutrient profile (Gaucheron, 2011). However, the recent proliferation of plant-based beverages has challenged this traditional perception. 

Plant based beverages have gained significant popularity owing to their absence of casein, cholesterol, and lactose, , as well as the presence of unsaturated fatty acids from their plant sources. These attributes have been associated with various positive health benefits, such as protecting against cardiovascular disease (Pistollato et al., 2018). 

Moreover, plant-based beverages often contain other beneficial bioactive compounds. They are characterized by a richness in vegetable proteins, healthy carbohydrates with a reduced glycemic index and a favorable fatty acid profile. Their content in dietary fiber, vitamins (B, E) and antioxidants (polyphenols, phytosterols) is also notable. They are also rich in minerals (potassium and calcium) and low in sodium, which assists in regulating the calcium to phosphorus ratio and maintaining electrolyte balance (Marafon et al., 2025). 

A key advantage is the absence of lactose and caseins, which addresses two common dietary issues. Lactose intolerance, caused by a deficiency of the enzyme lactase, leads to insufficient lactose digestion and can manifest as symptoms such as flatulence, abdominal pain, bloating, nausea, vomiting, constipation, watery diarrhea with acidic stools, anus irritation, dehydration, and metabolic acidosis (Fassio et al., 2018). Similarly, a cow's milk protein allergy is an immunological response, often IgE-mediated, triggered by specific milk proteins. For these reasons, individuals with such conditions are advised to avoid lactose- and casein-containing products and opt for alternatives, such as plant-based beverages (Silva et al., 2020).

4.2 Availability and Variety of Sources

Plant-based beverages are derived from a diverse range of sources, including cereals, nuts, seeds and legumes (Penha et al., 2021) as displayed in Table 1. The nutritional composition of different plant-based beverages varies depending on the source material. For instance, cereal-based beverages typically contain higher sugar (starch) levels than those derived from nuts and legumes. Conversely, legume-based beverages are richer in protein while nut-based beverages are generally higher in lipids, though they also provide a good source of protein (Qamar et al., 2020).

Cereal-based beverage

Cereals are a staple food globally, with common examples including maize, wheat, rice, barley, sorghum, millet, teff, oats, and triticale (Basinskiene & Cizeikiene, 2020). Cereal-based beverages have attracted considerable attention because they supply essential nutrients, including dietary fibers, available carbohydrates, proteins, lipids, vitamins, and antioxidants. Their popularity is also growing due to their potential as a source of prebiotics and probiotic.

Rice and oat beverages constitute two of the most widely consumed cereal-based alternatives. Rice, which is typically composed of approximately 90% carbohydrates and 6%–8% proteins, is the primary ingredient in most rice beverages (Ali et al., 2023). The natural sweetness of these products is often a result of an enzymatic process that breaks down carbohydrates into sugars, particularly glucose. Some varieties are also sweetened with sugarcane syrup or other sweeteners (Basinskiene & Cizeikiene, 2020). Beverages made from red or black rice possess notable nutritional value due to their high concentration of phenolic compounds as well as their antioxidant properties (da Silva et al., 2023). Oat beverages, which are also commercially available in a variety of flavors (e.g., sweet, unsweetened, vanilla, chocolate), are characterized by their naturally creamy texture and distinctive flavor. They are often recommended for individuals with irritable bowel syndrome and inflammatory bowel disease (Ramsing et al., 2023).

Beyond these mainstream industrial products, numerous traditional cereal-based beverages exist worldwide. Examples include Sikhye, a South Korean beverage made from cooked rice, malt extract, sugar, and Kunu (Kunun zaki), a Nigerian beverage prepared from sprouted millet, sorghum, or maize (Basinskiene & Cizeikiene, 2020). 

Furthermore, the pseudo-cereal quinoa constitutes another promising source for beverage production. Quinoa is very highly valued for its nutritional quality, particularly its protein profile and digestibility. The high-quality protein is attributed to its complete essential amino acid composition, including high levels of methionine, cysteine, and lysine, which are often deficient in most cereals. Quinoa is categorized as "sweet" or "bitter" based on its saponin content, and beverages derived from it have a substantially higher viscosity than other plant-based liquids (Silva et al., 2020)

Legumes 

In recent years, several legumes have been studied as potential sources for beverages, such as soy, chickpea, lentil, pea, lupin, bean, pigeon pea and cowpea. Soy beverages are the most widely consumed globally, as soy is considered the leading plant-based source of complete protein, containing all essential amino acids. Soy is also a rich source of carbohydrates, lipids, proteins, vitamins (B6 and K) and bioactive compounds such as polyphenols and isoflavones. These beverages are recognized for their numerous health benefits, especially in the prevention and treatment of several chronic diseases, such as cardiovascular disease and cancer (Vagadia et al., 2017). Chickpea beverage is another valuable source of both protein and carbohydrates, and it is also rich in unsaturated fatty acids, such as linoleic and oleic acids. 

Oleaginous seeds, nuts and fruits

Non-dairy beverages are also derived from oleaginous seeds, nuts or fruits including almonds, cashew, coconut, walnuts, sesame, and hazelnuts. The market success of this plant-based beverages is attributed to their appealing flavor profile and nutritional values (Craig & Fresán, 2021). For instance, almonds provide a notable source of macronutrients, with protein content ranging from 35% to 52%, as well as vitamin E, essential minerals such as calcium, magnesium, selenium, potassium, zinc, phosphorus, and copper, and various antioxidants. However, the low emulsifying power of several nut-based beverages often requires the addition of an emulsifying agent to achieve a product stability (Kundu et al., 2018). In addition to lipids, essential amino acids, antioxidant compounds, vitamins B6, B9, and E, iron, and magnesium, these beverages are notably rich in calcium. Moreover, their typically low or absent galactoside content, compared to legume-based drinks, helps mitigate the likelihood of flatulence (Silva et al., 2020).  





[bookmark: Table1]Table 1. Examples of Some Sources of Plant-Based Beverages: Recipe, Composition, and Extraction 

		Source

		Composition

		Extraction of beverage

		Composition of beverage



		   Cereals

		DM (%)

		Proteins (%)

		Fats

(%)

		Carb.

(%)

		Ash

(%)

		Pre-Treatment

		Extraction

		Packaging

		DM

(%)

		Proteins (%)

		Fats

(%)

		Carb.

(%)

		Ash

(%)



		Rice

		4.27

		0.94

		0.1

		7.74

		0.082 (Zhou et al., 2002)





		Soaking in water for 2 hours

Draining

Cooking (1:3) for 30 min 

		Blending 200 g of rice with 400 ml 

of water

Sieving twice to achieve a desirable texture 

		-

		12.85±0.18

		1.78±0.20

		0.32±0.0 6

		10.27±0.69

		0.48±0.03

(Atwaa et al., 2019)









		Oat

		-

		11.6±0.35

		7.23±0.22 

		-

		3.85±0.64

(Zerlasht et al., 2023)





 

		Soaking 100 grams of oat flakes overnight (12 hours) in water and covering the oats with a cloth during the process

		Homogenization using a high-speed mixer grinder for approximately 2 minutes

Straining through a fine sieve or muslin cloth into a bowl.

		Storage in a sterile glass container under refrigeration conditions

		 

		1.87±0.01

		0.14±0.05

		-

		0.42+0.09 

(Cui et al., 2023) 





 



		   Nuts

		DM (%)

		Proteins (%)

		Fats

(%)

		Carb.

(%)

		Ash

(%)

		Pre-Treatment

		Extraction

		Packaging

		DM

(%)

		Proteins (%)

		Fats

(%)

		Carb.

(%)

		Ash

(%)



		Walnuts

		-

		     15.65±0.22

		72.14±0.27

		3.88±0.10

		4.23±0.02

(Pereira et al., 2008)













		Soaking in water for 12 h 

Peeling

 

		Mixing for 10 min in a blender with water ratio of 1:5 (water/volume) to achieve a milk product with a total solid content of 10 g per 100 g

Filtration using a cloth bag

		-

		-

		  0.78±0.20

		7.50±0.10

		0.42±0.13

		(Gocer & Koptagel, 2023)











		Hazelnuts

		 

		13.33

		40

		40

		-

		Grinding unroasted hazelnut kernels 

Soaking in distilled water

		Homogenization for 2 minutes by a laboratory homogenizer.

Filtration through two folded cloth filter

Homogenization by an ultrasound homogenizer at 100 W and 20 kHz for 10 minutes

		-

		   11.63±0.25

		    2.34±0.09

		      7.48±0.10

		

		0.54±0.07

(Ermis et al., 2018)

 

 



 



		   Drupes

		DM (%)

		Proteins (%)

		Fats

(%)

		Carb.

(%)

		Ash

(%)

		Pre-Treatment

		Extraction

		Packaging

		DM

(%)

		Proteins (%)

		Fats

(%)

		Carb.

(%)

		Ash

(%)



		Coconut

		-

		  6.03±0.04

		   4.27±0.12

		-

		8.55±0.55

(Zhang et 

al., 2022)

 







		Grating 

coconut meat 

Filtration using a cloth filter to separate the liquid coconut milk from the solid 

Adding water with a weight ratio of 1:1 

		Extraction of milk using a slow juice extractor

		-

		-

		3.81±0.00

		36.84±0.57

		3.47±0.63

		1.07±0.04 (Sanjana et al., 2022)











		Almonds

		-

		17.86

		50

		21.43

		 (Silva et al., 2020)

		Soaking in distilled water for 12 hours 

Draining and dehulling 

		Grinding with water in a blender in optimized ratio for 2 min

Straining through a two-layer muslin cloth

		 

		-

		1.380±0.040

		8.257±0.048

		 

		3.020±0.049

(Kundu et al., 2018)







		Cashew nut

		-

		14.29

		43.86

		35.71

		 (Silva et al., 2020)

		Soaking in water overnight 

 

Blanching at 80 ⁰C for 3-4 min. 

 

 

		Adding water in the proportion of 1:4 

Extraction using a blender at moderate speed for 3-5 min

 

Filtration through muslin

		 

		-

		5.65±0.08

		4.24±0.22

		3.44±1.67

		0.76±0.15

(Sanjana et al., 2022)











		      Seed

		DM (%)

		Proteins (%)

		Fats

(%)

		Carb.

(%)

		Ash

(%)

		Pre-Treatment

		Extraction

		Packaging

		DM

(%)

		Proteins (%)

		Fats

(%)

		Carb.

(%)

		Ash

(%)



		Sesame

		-

		10

		36.67

		46.67

		(Silva et al., 2020)

		Roasting seeds in an oven at 145 °C (0 and 20 min)

Soaking in tap water containing 0, 0.5 and 

1 g/100 mL NaHCO3 for at least 16 h at room temperature 

(25 °C).

Integration with water (water: sesame, 2:1)

Submersion in a steam 

jacketed kettle 

Blanching at 

95 °C for 0, 15 and 30 min

		Grinding in an adequate quantity of distilled water for about 20 min

Keeping the slurry remained at room temperature (25 °C) for about 1 h before filtering through a double-layered coarse cloth

Homogenization at 55 °C and pressure of 6 MPa

		Pasteurization at 85 °C for 30 min 

Storage at 4 °C 

		Total solids % 10.19-11.16

		 2.4-2.6

(It varies depending on roasting T°, soaking condition and Blanching time)

		 7.05-8.02

(It varies depending on roasting T°, soaking condition and Blanching time)

		-

		0.243-0.319

(It varies depending on roasting T°, soaking condition and Blanching time) (Ahmadian-Kouchaksaraei et al., 2014)



		Quinoa

		-

		2.86

		1.79

		20

		(Silva et al., 2020)

		Cleaning 100 g of quinoa

Adding water in the proportion 1:7 (quinoa: water)

Autoclaving at 112 °C for 30 min for cooking and gelatinization of starch 

 

		Grinding in a semi-industrial blender at medium speed for 6 min 

Adding heat-stable bacterial alpha – amylase Termamyl 120L for liquefaction of starch in the mixture

On the proportion of 3 mL/kg of starch and applied at 90 °C for 120 min

Application of Amyloglucosidase AMG 300L at a dose of 2 mL/kg of starch to produce glucose, at 60 °C for 60 min 

Boiling for 15 min for enzymatic inactivation

Cooling to 40 °C 

Filtration with a cloth 

Adding sunflower oil (1% of the initial mass of quinoa) with a mixer at medium speed for 6 min 

		Bottling in sterilized glass bottles 

Pasteurization at 65 °C for 30 min in a water bath

Cooling to 4 °C on ice and water bath

(Pineli et al., 2015)

		-

		1.7±0.01

		0.2±0.1

		14.7

		(Pineli et al., 2015)



		Legume

		DM (%)

		Proteins (%)

		Fats 

(%)

		Carb. 

(%)

		Ash 

(%)

		Pre-Treatment

		Extraction

		Packaging

		DM 

(%)

		Proteins (%)

		Fats 

(%)

		Carb. 

(%)

		Ash

 (%)



		Soy

		-

		36.67

		33.33

		36.67

		(Silva et al., 2020)

		Soaking in distilled water at a ratio of 1:3 (w/w) and for six hours 

Dehulling 

Blanching for 8 min in boiling water with 1% of sodium bicarbonate 

		Mixing with hot water of 85 °C at the mixing ratio of 1:8 (w/w)

Blending at 1600 rpm for 4 min

Filtration using a food grade fruit juice nylon filter cloth of 200 mesh

		 

		-

		2.48±0.12

		1.45±0.06

		1.92±0.04

		0.22 ± 0.04 

(Matabura & Rweyemamu, 2022)

 

 



 









Processing methods such as roasting and blanching are known to significantly affect the sensory quality of these beverages. Roasting, in particular, promotes Maillard reactions and caramelization, which enhance flavor by producing desirable roasted and nutty notes while reducing bitterness and undesirable volatile compounds (Gao et al., 2019). Blanching aids in deactivating enzymatic activity and eliminating certain off-flavors, thereby resulting in a smoother and cleaner taste profile. Although these processing methods are crucial for enhancing the overall palatability of plant-based milk alternatives, they can also compromise product stability due to protein denaturation (Grasso et al., 2020).  

Given the increasing consumer demand, researchers are exploring novel sources, such as seeds from the Aleppo pine (Pinus halepensis). These seeds contain 19.8–36.7% oil, 14.25–26.62% protein, and lipid (37%), along with various minerals, and have been demonstrated to be suitable for producing vegetable-based drinks (Abbou et al., 2022). Overall, the vast availability of sources for plant-based beverages represents a significant advantage, enabling a wide variety of sustainable, healthy and accessible options for consumers. 

4.3 Manufacturing Process

The fundamental principle underlying the production of a plant-based beverage is a straightforward two-step process:  raw plant material is mixed with water, followed by filtration to remove solid residues. This process is generally considered to be rapid and uncomplicated due to the simplicity of the ingredients (McClements, 2020)

For the initial extraction, raw plant material is typically mixed with water and ground during a wet milling process. The quality of the final product is highly dependent on several parameters, including the water-to-raw-material ratio, milling temperature, pH, milling type, and feed rate (Gao et al., 2020). For example, a higher water ratio directly reduces the concentration of dry matter, resulting in a thinner consistency and potentially lower nutritional density (Li et al., 2023). Conversely, a lower water ratio increases nutrient concentration but can negatively affect viscosity, mouthfeel, and processing efficiency. Similarly, the milling temperature and type influence the extent of particle size reduction and the release of intracellular compounds, which in turn affect both the final texture and the efficiency of nutrient extraction (Abbou et al., 2022).

Following extraction, filtration serves to separate the solid residue (cake) from the liquid beverage. (Mat et al., 2022). Several filtering materials are employed, including double-layered cheesecloth, muslin cloth (25 m), and filter paper of different grades (e.g., 150-mesh sieve, 180 µm sieve, 4 µm-pore-size filters, and 100 m filter) (Nawaz et al., 2023). Advanced techniques such as ultrafiltration was employed in the production of hazelnut, sesame, and corn milk substitutes (Naziri et al., 2017). Centrifugation may also be utilized to further clarify the beverage (Abbou et al., 2022).

4.4 Economic Aspect 

In recent years, the global popularity and demand for plant-based beverages have seen a substantial increase, and as a reflection of this demand, the global market for these products has also grown. Figure 1 illustrates the global market value of plant-based beverage in 2019 by type. That year, the global soy milk market was valued at approximately $7.4 billion, holding the largest market share worldwide (Sharma et al., 2024). Almond milk followed closely in second place with a market value of $5.4 billion. By 2022, the total global plant-based beverage market generated revenue of approximately $21 billion (Raneri, 2022), representing an increase of over $6 billion since 2013. According to projections from Statista, market revenue is expected to continue its upward trajectory, surpassing $37 billion by 2026 (Sharma et al., 2024).



Figure 2 also represents data of the worldwide consumption and the average unit price of milk substitutes from 2013 to 2026. Total consumption reached a new peak of approximately 7 billion kg in 2022, marking an increase of more than 3 billion kg since 2013. Statista estimates that the global consumption of milk substitutes will reach 11.7 billion kg by 2026.[bookmark: Figure1]              

Figure 1. Market Value of Dairy Milk Alternatives Worldwide in 2019, by Type and Revenue from 2013-2026 (In $billion) Source: Statistics from the links: (Dairy Alternatives: Market Value Worldwide by Type, 2013)



[bookmark: Figure2]Figure 2. Total Consumption and the Average Unit Price of Milk Substitutes Alternatives Worldwide from 2013-2026 (Global: Milk Substitute Price per Unit, 2013)



Available economic data highlights the robust potential of plant-based beverages as a growth driver within the agri-food sector. The sustained increase in global consumption stimulates new business creation, fosters processing innovation, and encourages the development of diverse product lines that address a wide range of nutritional and ethical consumer demands. This dynamic contributes to job creation across agriculture, processing, distribution, and marketing. Furthermore, integrating local raw materials into beverage production enhances the value of regional agricultural resources, supports rural economies and strengthens food sovereignty. The strategic market position of plant-based beverages as sustainable and eco-responsible products market also confers a brand image advantage, opening up promising export opportunities. Thus, the development of this sector actively contributes to the growth of a green, innovative and forward-looking economy.

4.5 Industrial Biotechnology

Plant based beverages, which share physicochemical and sensory similarities with their mammalian counterparts, serve as the foundation for a variety of other dairy analogs, such as cheese, yoghurt, ice creams, and whipped creams (McClements & Grossmann, 2022). These products are typically developed through fermentation processes that enhance the biological activity and organoleptic quality of vegetable materials (Eun et al., 2021). The quality of fermented plant-based products is directly associated with microbial metabolism. During fermentation, microorganisms perform various enzymatic hydrolysis reactions on substances such as proteins, cellulose, and starch, producing amino acids, reducing sugars, and other molecules that affect the final product's quality and flavor (Adebo & Gabriela Medina-Meza, 2020; Xing et al., 2023). The capacity of the initiating microorganism to grow in these vegetable matrices varies significantly depending on the microbial strain, making the control of microbial communities a crucial strategy for regulating fermentation (Erdoğan & Ertekin Filiz, 2023). 

Most fermented products documented in the literature have been developed using probiotic bacteria such as Lactobacillus, Biﬁdobacteria, and Streptococcus. Common raw materials include peas, lupin, potatoes, nuts, corn, almonds, soybeans, coconuts, and rice (Karasakal, 2020; Mårtensson et al., 2000; Sha & Xiong, 2020). Pulses and cereal beverages are considered excellent fermentation substrates for various bacterial strains due to the presence of components with prebiotic properties, such as starch and fiber materials, that also enhance the physical stability of the fermented plant-based beverage (Bosnea et al., 2009; Sindhu & Manickavasagan, 2020). For instance, due its high protein and fat content, marama bean flour has been employed to create a marama beverage, which can also be fermented into a yogurt-like product (Jackson et al., 2010). Numerous examples involve culturing plant-based beverage with the addition of bacteria to produce cheese, yogurt, or ice cream, with a detailed list summarized in Table 2. [bookmark: Table2]Table 2. Selection of Some Derivatives and Fermented Products of Plant-Based Beverages

Vegan product

Raw material (Prebiotic) 

Probiotic bacteria used/ coagulant 

Preparation

References

Yoghurt

 Peas 

Streptococcus thermophilus, Lactobacillus bulgaricus, Lactobacillus acidophilus, Lactobacillus plantarum and Bifidobacterium lactis.

After being hydrated, pea protein precipitate was combined with anionic polysaccharide, and by incubating, a protein-polysaccharide electrostatic complex was produced.  The incubated product was mixed with sugar, then the product was sterilized (70–121°C/ 0.3–2 hours), and active bacteria were added for fermentation (37–45°C/3–5 hours). Refrigeration was achieved after ripening for 8–12 hours at 0–5°C.

(Liya et al., 2018)

Yoghurt

Almonds,

oat and 

coconuts



Streptococcus thermophilus and 

Lactobacillus bulgaricus and Bifidobacterium  



The ingredients (Water, almond, butter, pea protein, glucose, soluble oat fiber and salt) were well mixed, sterilized, homogenized and inoculated with beneficial bacteria (0.02%)  

(Margolis et al., 2019)

 Yoghurt

Broad Bean (Faba Bean)

Lactobacillus bulgaricus, Lactobacillus bifidus, Lactobacillus lactis, Lactobacillus casei, Lactobacillus acidophilus, Lactobacillus cremoris, Lactobacillus lactis, Streptococcus thermophilus, or Bifidobacterium bifidus

After fermentation of liquefied broad bean flour, desired oils, vitamins, stabilizers, sequestrants and flavors were incorporated.

(L’Hocine et al., 2020)

Cheese (for cheesecake or pizza)

Soybeans

Bacillus butyrate

One gram (1 g) of Bacillus butyricum powder was added to one liter of soy milk, which was then fermented for 24 hours at 38 °C. One liter of water was added to the resulting curd. The mixture was heated, and maintained at 95°C for five minutes before the solid and liquid components were separated using gauze. Salt and pepper were added to the solid component, which was then dehydrated under a 2 kg load to form a solid block weighing 200 g. Finally, the block was aged in a refrigerator for three months.

(Du et al., 2023)

Goat cheese





Coconuts



Beneficial bacterial, beneficial fungi and plant rennet from Cynara species 

Coconut milk was first heated to 70 °C then cooled to 37 °C. Calcium chloride (CaCl₂), a defined bacterial culture, and a fungal culture were added, followed by plant-derived rennet. After 24 hours, the milk had fully coagulated. The resulting curds were drained from the whey over a period of 12 hours. 

(Iruthayathasan & Lahousse, 2018)

Camembert 

Soybeans

Streptococcus thermophilus, Streptococcus lactis, Lactobacillus casei and 

Penicilium candidum

Separately, soy milk was pasteurized and cooled to 40–42 °C. A lactic acid bacterial culture (0.5–2% inoculum) was added for acidification, followed by a coagulant. The curd, with a final moisture content of 60–80%, was dehydrated. This product was then aged for 10 days at 10–14°C and 70–90% relative humidity, followed by 7 days of maturation in packaging at 5–8°C. 

(Kueppers, 1988)

Fermented walnut milk beverage 

Walnuts

 keﬁr grains

a walnut milk beverage was prepared using kefir grains as an inoculum. The fermentation was carried out at 30 °C for 12 hours with an inoculum size of 3 g (wet weight) of kefir grains per 100 mL and a sucrose concentration of 8% (w/v).

(Cui et al., 2013)





The industrial process for developing fermented plant-based products follows a standard sequence: obtaining the plant-based beverage, conditioning it to the ideal growth temperature for the ferments, carrying out the fermentation, and finally, cooling the product to 4 ºC. However, this procedure can be modified depending on the raw material, the specific microorganisms employed (including lactic acid bacteria, bacilli, and yeasts), and the desired characteristics of the final product (Bintsis, 2018). While monocultures remain widely used, recent approaches incorporate mixed cultures of bacteria and yeasts to enhance both nutritional value and flavor (Ferreira et al., 2022). If yeast growth is not desired, it can be controlled through pasteurization, adherence to appropriate manufacturing practices, the utilization of competitive bacterial cultures that rapidly acidify the medium rapidly, and cold storage (Milani & Silva, 2022). An acidifying ingredient such as citric acid, may also be added to reduce or eliminate residual off-flavor and accelerate the fermentation (Gugger et al., 2016). Furthermore, following the fermentation, vitamins, desired oils, stabilizers, viscosity modifiers, gelling agents, sequestrants, oils, and flavors may be incorporated into the final product (L’Hocine et al., 2020).

4.6 Okara as Co-product

Okara is a by-product of food processing, specifically from the manufacturing of plant-based beverages such as soymilk and almond beverages or from tofu production (De Angelis et al., 2023). In addition to minerals and phytochemicals, okara contains a wealth of nutrients, including approximately 50% dietary fiber, 20–30% proteins, and 10–20% lipids. Due to its valuable composition and health-promoting properties, it serves as a low-cost material for human consumption and an excellent substrate for the food industry, with potential benefits in preventing diabetes, obesity and cardiovascular diseases (Perussello et al., 2014). 

Several studies focused on using okara in the food industry as a substitute for white or soy flour to increase proteins and fiber in food products or as an ingredient for biscuits preparation without negatively interfering with organoleptic properties. Furthermore, the use of okara in animal feed as a fermentation substrate and environmentally friendly resource has also been documented (De Angelis et al., 2023). For example, a study by Wickramarathna & Arampath, (2003) found that substituting 10% of white flour with okara powder resulted in a bread with nearly identical sensory and physicochemical properties to a control bread, while having a higher energy value (15.9 kJ/g versus 14.4 kJ/g). Another study demonstrated that enzymatically hydrolyzed okara is useful in the bioremediation of chlorpyrifos-contaminated soils as a biofertilizer (Orts et al., 2017).

Okara is produced in massive quantities globally, with an estimated 14 million tonnes annually (Choi et al., 2015), primarily in the United States, Brazil, Argentina and China, which collectively account for more than 86 % of global production (Guimarães et al., 2018). Every year, China produces approximately 2,800,000 tons of okara from the tofu industry (Li et al., 2012). The substantial volumes produced each year pose a significant waste management challenge. Although extensive research has been conducted on the potential use of okara (Perussello et al., 2014), its high moisture content (70–80%) makes fresh okara highly susceptible to spoilage, leading to frequent disposal (Vong & Liu, 2016). To overcome these constraints, fresh okara must be dried as soon as possible to facilitate handling and transportation (Li et al., 2012).

4.7 Environmental Impact 

The food system has a profound environmental impact, contributing to biodiversity loss, eutrophication, increased water and land use, and climate change (Aydar et al., 2020). Plant-based beverages are considered a sustainable alternative that promotes animal welfare and helps reduce greenhouse gas emissions and global warming potential due to their low carbon footprint. Their production does not involve animal farming, which is often associated with practices that compromise animal well-being, such as intensive confinement and repeated milking. Moreover, plant-based beverages such as soy, oat, or almond drinks emits significantly fewer greenhouse gases compared to dairy milk, thereby lowering the overall environmental burden (Clune et al., 2017). Overall, plant-based beverages exhibit a lower environmental impact than cow's milk (Silva & Smetana, 2022).  

Functional Properties and Health Benefits 

Plant-based functional beverages have gained increasing popularity due to their health benefits beyond basic nutrition (Sharma et al., 2024). These beverages are rich in bioactive compounds such as polyphenols, flavonoids, and polysaccharides, which possess antioxidants, anti-inflammatory, and metabolic regulatory properties (Wu et al., 2023). Their composition makes them attractive in the prevention of chronic diseases related to oxidative stress, including coronary heart disease, stroke, and various cancers, as demonstrated by the phenolic content in peanut-based beverages (Sethi et al., 2016).

In addition to their health-promoting effects, plant-based beverages offer valuable technological functionalities. For instance, soy milk is widely used not only as a beverage but also as a functional ingredient in processed foods such as mayonnaise, where it acts as an emulsifier to improve texture and product stability (Rahmati et al., 2014). Moreover, beverages are considered particularly suitable vehicles for delivering nutrients and bioactive compounds due to their convenience, palatability, and versatility (Corbo, 2014). The functional beverage market is expanding rapidly, with growing interest in fortified products and ingredients with enhanced bioavailability (Gupta et al., 2023). These features highlight the potential of plant-based beverages to serve both nutritional and functional purposes, making them essential players in the modern food and health industry landscape.

4.8 Sensory Properties 

Although plant-based beverages are intended to mimic the uniform, creamy-white appearance of cow’s milk, their appearance inevitably differs due to their plant-based origins (Sethi et al., 2016). However, the diverse textures and hues of these plant-based beverages—such as light brownish, greenish, or grayish—are generally well-accepted by consumers. The acceptability of plant-based beverages is is also heavily influenced by the processing of raw materials. Studies have demonstrated that roasting, steaming, and pressure-cooking can improve their flavor (Tangyu et al., 2019). Another study demonstrated that blanching significantly enhanced the aroma and taste acceptance of peanut-based beverage (Jain et al., 2013).

5 LIMITATIONS 

5.1 Nutritional Profile and Allergens 

While plant-based beverages derived from cereals and pseudocereals display a low saturated fat content, their proteins are frequently of a lower nutritional quality compared to animal-based proteins. This is primarily due to their low protein content, a limited supply of the essential amino acid lysine and poor digestibility. Moreover, these beverages are typically deficient in calcium than their competitors. The use of unfortified plant-based beverages, such as rice beverage has been associated with cases of kwashiorkor in some regions (Anema, 2019). Furthermore, plant-based beverages in general, especially rice and oats beverages, do not provide sufficient level of calcium (Sethi et al., 2016). Therefore, plant-based beverages are usually fortified (Friedman, 1996).

Another significant limitation is the potential for allergic reactions. Depending on the raw material, plant-based beverages can trigger allergic responses in consumers. As noted by Reyes-Jurado et al., (2021), common allergens such as wheat, peanuts, tree nuts, and soybeans are frequently used in these products. Soy milk, as well as nut and almond beverage, pose a particular concern due to their potential to cause severe anaphylactic reactions, with nuts being a leading cause of such events (Reyes-Jurado et al., 2021).  It is imperative to note that these substitutes may contain proteins that cause allergies even though they do not contain cow's milk proteins (Rial & Sastre, 2018).

Additionally, while some parents favor plant-based alternatives over cow's milk to avoid allergies and digestive issues in infants, these formulas may not provide the entire spectrum of nutrients required for healthy growth and development (Bodnar et al., 2021; Guilbert, 2004). 

The nutritional formulation of plant-based beverages depends on their composition. Firstly, most of these food products do not contain sufficient protein and calcium amounts compared with animal milk, so these two nutrients are most frequently incorporated. Vitamins and minerals can also be supplemented for consumers who use plant-based milk as alternatives to cow's milk (McClements, 2020).  To improve the taste of this product, cane sugar, sea salt and flavorings like vanilla or chocolate are also frequently added (Fructuoso et al., 2021). For instance, Manzoor et al. (2017) employed sugar syrup to sweeten almond and cashew beverages substitutes and also used vanillin following pasteurization. Sunflower oil was mixed with quinoa milk substitute to increase the velvety look (Lima et al., 2022) and olive oil is included in the ingredient list of plant-based milk substitutes of the fomilk brand (Carreño & Dolle, 2018). Increasing the amount of seed used is required to retain as high protein content as is feasible. Several raw ingredients are blended during manufacture to raise the overall protein quantity and ameliorate the product's sensory and nutritional characteristics (Tangyu et al., 2019). Additional option for increasing the protein level of the plant-based milk substitute is to employ a high-protein raw material such as lentils, which possess sensory qualities comparable to those of soy milk (Aydar et al., 2023). Calcium, vitamins A, B2, B1, B12, D2 and E are also incorporated to increase the vitamin and mineral content and use calcium trinitrate to raise the amount of calcium in the final product (Walther et al., 2022).

5.2 Anti-Nutritional Factors

Although oilseeds, legumes, and cereals constitute excellent sources of nutrients, their consumption and use are limited by the presence of anti-nutritional factors. These factors, which include phytates, oxalates, saponins, enzymes inhibitors; tannins and alkaloids are naturally synthesized by plants to protect against pests (Samtiya et al., 2020). These substances are detrimental to health and limit the bioavailability of essential nutrients such as proteins, vitamins, and minerals. The development of optimization processes to reduce these antinutrients, tailored to the specific raw material, remains a key challenge for the future (Arbab Sakandar et al., 2021).

To mitigate their content, various mechanical, physical, and biological techniques can be employed. Pre-processing steps, such as the mechanical removal of natural shells, can eliminate a high concentration of anti-nutrients (Abbou et al., 2023). Thermal processing methods such as cooking, blanching, or roasting can degrade temperature-sensitive molecules, including enzyme inhibitors (Pal et al., 2017). However, for molecules more resistant to heat, biological processes such as fermentation or sprouting, or physical processes like soaking, are more effective (Samtiya et al., 2020). In beverage production, soaking is frequently preferred over biological processes, which can significantly alter the sensory properties of the raw material. The efficacy of soaking depends on key parameters such as time, temperature, and pH (Gupta et al., 2015; Ravoninjatovo et al., 2022; Rawat & Saini, 2022).

5.3 Stabilization of Plant-Based Beverages 

Plant-based beverages are complex colloidal systems, typically consisting of an oil-in-water emulsion with dispersed particles, their production process design constitutes a real challenge. Another issue is to guarantee the microbiological stability and maintenance of the physical integrity of the beverage. Without proper stabilization, beverages are prone to undesirable phenomena such as creaming and sedimentation, which are caused by physical destabilization during thermal processing and are often rejected by consumers (Anema, 2019; Poliseli-Scopel et al., 2013). 

The ultimate issue is to obtain a product satisfying the taste of consumers without any green off-notes. The manufacturing scheme from the source to the final product, includes three essential unitary operations: pre-extraction (pre-treatment), extraction (milling and clarification) and post-extraction (physical and microbiological stabilization) (Figure 3). This scheme may significantly vary as a function of the seed and its particular transformation challenges.

Formulation 

To overcome the inherent limitations of unprocessed plant-based beverages, which may lack essential nutrients or exhibit undesirable sensory and physical characteristics, food additives are frequently incorporated. These additives are crucial for improving the final product's nutritional composition, sensory attributes (taste, texture, appearance), and stability during processing and storage (Jeske et al., 2018). Stabilizers (e.g., gellan gum, xanthan gum), emulsifiers (e.g., lecithin), plant oils (e.g., sunflower oil), and various micronutrient fortifiers (e.g., calcium, vitamins A, D2, E) are frequently employed (Munekata et al., 2020b).

Emulsifiers and Stabilizers 

Plant-based beverages are colloidal systems primarily composed of water, lipids, and proteins, which make their physical stabilization a significant challenge. Without appropriate formulation, these beverages are prone to particle sedimentation and phase separation, which are caused by the flocculation of fats and proteins. To counteract these issues and produce stable emulsions with desirable sensory characteristics, the use of specific emulsifiers and stabilizers is essential. 

Lecithin, a natural phospholipid emulsifier, reduces the surface tension between the oil and water phases, thereby enhancing the colloidal stability of these beverages. When combined with stabilizers such as xanthan gum, it has been observed to improve both the physical stability and rheological properties of emulsions, as demonstrated in peanut-based beverages (Gama et al., 2019). 

Xanthan gum is widely utilized for its ability to create high viscosity at low concentrations which aids prevent creaming and provides a smooth texture. The synergistic interaction between xanthan gum and locust bean gum further enhances viscosity and reduces phase separation, as observed in whey protein-stabilized emulsions (Khouryieh et al., 2015). Similarly, guar gum has demonstrated excellent stabilizing effects at concentrations as low as 0.5%, improving both the physical stability and color attributes of plant-based beverages formulated with peas, beans, and sunflower seeds (Kulczyk et al., 2023). Additionally, citrus pectin can enhance mouthfeel and contribute to the stabilization of emulsions through its gelling properties. 

These stabilizers and emulsifiers are commonly used in plant-based milk alternatives derived from various sources such as nuts, seeds, and legumes, either through oil body extraction or direct emulsion formation (McClements et al., 2019). Together, they play a crucial role in maintaining the homogeneity, texture, and shelf-life of plant-based milk alternatives.

For instance, the incorporation of 0.05 g/100 mL of xanthan gum prior to heat treatment has been shown to enhance the viscosity and colloidal stability of hazelnut milk substitute (Dhankhar & Kundu, 2021). Similarly, xanthan gum at a concentration of 0.33% w/w has been effectively employed in rice milk substitutes to prevent particle precipitation (Aydar et al., 2020). 

It is imperative to note that the addition of stabilizers is not limited to the post-grinding process (Madsen et al., 2021). Indeed, the addition of 0.05% of the amylase enzyme aids in the dissolution of starch granules, which helps to prevent gelatinization during the heat treatment. (Codina-Torrella et al., 2018). 

After filtering, some authors suggest incorporating antioxidants such as ascorbic acid and antimicrobial agents to the soymilk alternative (Chaowattanapanit et al., 2017).

5.4 Packaging 

Sterilization 

Heat treatment is a critical method employed to extend shelf life and preserve the quality of plant-based beverages. Typical thermal processes include pasteurization, conventional sterilization, and ultra-high temperature (UHT) sterilization (Silva et al., 2020). Among these, sterilization is usually preferred as it enables ambient-temperature storage by inactivating pathogenic microorganisms and thermoresistant spores. The recommended sterilization temperature for these products is typically 121 °C for 15 to 20 minutes (Soni et al., 2021). 

Homogenization

Homogenization serves to improve the physical stability of the finished product by modifying its rheology through the reduction of particle size (Jeske et al., 2019). The literature documents the utilization of low, high, and ultra-high pressure for this purpose. The stability, clarity, and whiteness index of milk substitutes have been reported to increase with rising homogenization pressure (D’Incecco et al., 2018; Valsasina et al., 2017). 

Aseptic Packaging and Cold Storage 

Following processing, plant-based milk alternatives are aseptically packed for distribution and storage, and usually packed in multilayer carton systems (e.g., Tetra Pak®) or plastic bottles. Additionally, Spray-drying or drum-drying techniques can be utilized to produce a stable powder that is later reconstituted (Reyes-Jurado et al., 2021). However, to achieve a stable product, the plant-based beverages must first be stabilized prior the drying process (Dhankhar & Kundu, 2021). For products requiring a long shelf-life and high stability, aseptic packing in conjunction with cold storage is essential (Aydar et al., 2020).

Figure 3. Standard manufacturing diagram of plant-based beverages



Novel Technologies Plant-Based Beverage Production

The food industry faces the challenge of adopting innovative processes that enhance the physical stability of plant-based beverages while minimizing the reliance on chemical additives such as hydrocolloids and emulsifiers (Şen & Okur, 2023). A range of novel technologies, including ultrasound pulsed electric field, high-intensity ultrasound irradiation, ohmic heating, and ultra-high-pressure homogenization, are being applied to plant-based beverages (Li et al., 2018). These methods are employed to inactivate microbes and enzymes, reduce particle size and decrease viscosity (Manzoor et al., 2021). Some researchers have explored a combination of thermal innovative technologies, such as ohmic heating with ultra-high- and high-pressure homogenization, to improve the final product's quality (Paul et al., 2020). 

For instance, studies on almond beverages have demonstrated that ultrasound treatment reduces particle size, when high-pressure homogenization (50-200 MPa) and ultra-high-pressure homogenization (above 200 MPa), can display the opposite effect on particle size (Maghsoudlou et al., 2016; Vanga et al., 2020). Findings from the same authors indicate that a five-minute increase in ultrasound time resulted in a five-fold reduction in particle size, suggesting that ultrasonication is a superior, non-thermal alternative for achieving higher physical stability. Soy milk alternatives have been subjected to ohmic heating and pulsed electric fields (Cho & Kang, 2022). Research has indicated a negligible increase in protein aggregation following ohmic heating, which can occur as a result of protein denaturation (; Li et al., 2018). While a direct comparison of ohmic heating and pulsed electric field is difficult due to a lack of numerical data on particle size reduction or microbial or enzymatic inactivation (Makroo et al., 2020), pulsed electric fields are generally favored due to their non-thermal nature. 

A significant research gap remains in conducting comprehensive comparative studies of these diverse applications. Such comparisons are necessary to identify the optimal technology for industrial applications. However, non-thermal methods are generally considered to possess more beneficial effects on the final product than thermal technologies, as they better preserve nutritional and sensory qualities. 

5.5 Sensory Attributes

Sensory concerns represent a significant limitation for plant-based beverages, as they can have particle aggregates large enough to impart a gritty or grainy texture, which ultimately reduces consumer acceptance (McClements, 2020). This contrasts sharply with animal milk, being a naturally stable emulsion containing dispersed fat globules and casein micelles. This composition contributes to its smooth and uniform texture, thereby reducing the risk of sedimentation or grittiness (Dickinson, 1997)

Moreover, enzymatic oxidation of polyunsaturated fatty acids by lipoxygenase can lead to the development of undesirable "beany" and "painty" off-flavors in soy milk, a sensory limitation not typically found in animal milk. (Qamar et al., 2020). The familiar and widely accepted flavor profile of cow's milk provides a distinct sensory advantage. While plant-based products frequently fail to meet consumer expectations regarding appearance, aroma, taste, and mouthfeel, animal milk typically satisfies these expectations due to its long-standing cultural integration and consistent sensory profile. Consequently, plant-based alternatives must overcome significant formulation and perception challenges to achieve a comparable level of consumer satisfaction (Aschemann-Witzel & Peschel, 2019).

5.6 Economic Aspects

Despite their rapid market growth, plant-based beverages are subject to several economic limitations. Their production costs are generally higher than those of animal milk, primarily due to the elevated price of raw materials (such as almonds or nuts) and the specialized technological processes required for their transformation (Charrier et al., 2013). This disadvantage is further compounded by the absence of public subsidies that have historically supported the dairy sector, which hinders the large-scale industrial development of plant-based beverages (Perrot et al., 2018). 

Additionally, the supply chains for plant-based raw materials are often susceptible to significant price fluctuations, which are influenced by seasonality, climatic hazards or competition from other uses (animal or human food). On the market, this translates into higher retail prices for plant-based beverages compared to cow's milk, which limits their accessibility to certain consumer segments. Therefore, while ethical, environmental, and health considerations drive the growth of plant-based consumption, these economic challenges remain a major barrier to their widespread adoption (Espinosa, 2019). 

5.7 Environmental Aspect 

The environmental impact of plant-based beverages varies considerably depending on the specific raw materials utilized. For example, the production of almond-based beverages is characterized by a high-water footprint, attributable to the substantial water consumption required for cultivating almond trees (Carlsson Kanyama et al., 2021). Conversely, rice-based beverages, despite requiring a moderate water footprint, necessitate a greater energy input for their production, notably because of the processing requirements. 

These variations underscore why some plant-based beverages, despite with a lower overall impact than cow's milk, may have higher water or energy consumption of specific resources. Consequently, a comprehensive environmental assessment of these products must be conducted on a case-by-case basis, taking into consideration the agronomic and industrial particularities of each base ingredient (Silva & Smetana, 2022).

6 RESULTS AND DISCUSSION 

A review of the selected scientific literature reveals that plant-based beverages are emerging as increasingly popular alternatives to animal milk, driven primarily by ethical, environmental and health considerations. The nutritional profiles of these beverages, present distinct advantages, such as the absence of lactose, cholesterol and animal proteins, which makes them appropriate for individuals with lactose intolerant, milk protein allergies, or those following vegetarian or vegan diets. Furthermore, these beverages are often fortified with fiber and bioactive compounds such as polyphenols, offering additional health benefits. 

However, these drinks are also subject to notable limitations. Their protein content is generally lower compared to animal milk, and the protein quality varies according to the raw materials employed. Certain essential vitamins and minerals are sometimes insufficient or absent, which can be problematic, particularly for infants or vulnerable populations. Moreover, the nutritional composition is highly heterogeneous across products, complicating consumer choice and highlighting the need for standardization of formulations.

From a technological standpoint, plant-based beverages frequently incorporate additives such as emulsifiers, stabilizers or vegetable oils designed to improve texture, stability and taste. While these ingredients result in more palatable products, their use can also lead to nutritional imbalances or undesirable sensory effects. The challenges of physical stability (e.g., phase separation, sedimentation) and the presence of unpleasant aromas necessitate innovative processing and formulation improvements. Economically, these products remain generally more expensive than animal milk in various regions, which limits their accessibility to a large part of the population. However, their lower environmental footprint, notably in terms of greenhouse gas emissions, water use, and land consumption, is a strong argument in favor of their development, especially within the context of transition to sustainable food systems.

Finally, the sensory aspect plays a crucial role in the acceptability of plant-based beverages. Consumer preferences vary widely with respect to taste, texture and aroma, underlining the need for a diversified range of products to meet these expectations. Enrichment with functional compounds (e.g., antioxidants, fiber) also serves as a lever for boosting their health appeal. In summary, while plant-based beverages offer a promising alternative to animal milk, they still require major efforts in nutritional, technological and economic optimization to fully meet consumer needs and expectations. The harmonization of quality criteria and enhanced communication regarding their properties would also be advantageous. 

7 CONCLUSION 

The market for plant-based beverages continues to expand rapidly, driven by increasing consumer interest in health, sustainability and ethical considerations. These beverages offer several advantages, including the absence of lactose, cholesterol, and animal proteins, which makes them suitable for vegetarians, vegans and individuals with allergies or intolerances. However, their nutritional composition is highly variable, particularly with regard of protein quality and micronutrient content, which are frequently inferior to those of animal milk. This variability stems from differences in raw materials and processing techniques. Unlike animal milk, plant-based beverages offer scope for innovation in formulation and processing, enabling their nutritional profile to be tailored, beneficial compounds to be increased, and anti-nutritional factors to be reduced. Consequently, continuous research is therefore essential to optimize these products to better align with diverse consumer dietary needs and expectations. Ultimately, the selection of a plant-based beverage should be guided by nutritional objectives, sensory preferences, and possible allergenic restrictions, recognizing that no single product currently meets all requirements perfectly. 
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Market value of dairy milk alternatives worldwide in 2019, by type (In billion U,S, dollars) 	

Soy	Almonds	Cocunut	Others 	Rice	Oats	7.4	5.4	1.6	0.6	0.5	0.3	

Market value (In billion U.S Dollars )







Revenue of the worldwide milk substitute market (In billion US dollar)	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023*	2024*	2025*	2026*	14.45	14.76	14.69	14.66	14.8	15.74	16.47	18	19.48	20.93	24.11	27.86	32.26	37.659999999999997	*  Estimation
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Consumption	

2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023*	2024*	2025*	2026*	3.73	4.1100000000000003	4.54	5.0199999999999996	5.16	5.51	5.77	6.29	6.69	7.11	8.06	9.19	10.49	11.72	Average unit price	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023*	2024*	2025*	2026*	3.92	3.6	3.26	2.95	2.89	2.89	2.88	2.87	2.93	2.95	2.95	2.99	3	3.23	* Estimation
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