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Abstract. The growing demand for sustainable and functional food ingredients has intensified interest in
plant-based milk powders as alternatives to conventional dairy products. The aim of this study was to evaluate
plant-based milk powders by comparing their physicochemical, nutritional, and functional properties and
processing technologies. The study was based on a structured analysis of scientific literature, including systematic
database searches. It was established plant-based milk powders are emerging as versatile and promising food
ingredients due to their distinctive physicochemical, nutritional, and functional properties. These powders can
be obtained from a variety of plant-based milks. It was found that plant-based milk powders exhibit significant
variability in macronutrient composition depending on the raw material. Almond milk powder is characterised
by a high fat content, soy milk powder is rich in protein, whereas oat and rice milk powders are predominantly
carbohydrate-based. These powders exhibit a wide range of physicochemical properties, which significantly
affect their reconstitution. Solubility varied markedly among different types, ranging from low values in almond
and soy milk powders to very high values in oat milk powder, reaching up to 98.5%. Bulk density ranges from
0.25 to 0.61 g/mL, moisture contented from 2.1 to 7.9%, and pH from 5.6 to 6.9, reflecting variations in raw
materials and processing conditions. The production of plant-based milk powders involved several critical stages.
It was established that drying plays a pivotal role, as it directly influences powder properties. The combination
of nutritional composition and physicochemical properties makes plant-based milk powders suitable for bakery
products, confectionery, frozen desserts, chocolate, sauces, patés and sausages, fermented foods, and dairy
alternatives, thereby supporting the development of sustainable, functional, and nutritionally balanced food systems
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Introduction

The development of sustainable and functionally ef-
ficient food ingredients has become a key priority in
modern food systems. Increasing emphasis is placed
on ingredients capable of maintaining consistent
quality and functionality under varying processing and
storage conditions. In this context, plant-based milk
powders are gaining importance due to the grow-
ing need for shelf-stable and versatile alternatives
to traditional dairy ingredients. Over the 2010s, the
demand for non-alcoholic beverages such as plant-
based milk has been steadily increasing (Popova et
al.,2023). C.B. Penha et al. (2021) noted that this trend
is driven by changing dietary preferences, including a
growing interest in plane-based foods, as well as by
lactose intolerance and allergies to animal-derived
milk products. N. Sharma et al. (2024) highlighted that
approaches such as nutrient enrichment and the mod-
ification of sensory attributes, including taste, colour,
and texture, can be employed to meet diverse con-
sumer preferences, thereby enhancing the appeal of
plant-based beverages.J. Rachtan-Janicka et al. (2025)
noted that ethical and environmental concerns also
influence consumer choices, including considerations
related to animal welfare and the environmental im-
pact of production, such as greenhouse gas emissions,
water consumption, and land use. These factors con-
tribute to the expansion of the plant-based beverage
market, particularly given the growing popularity of
beverages that mimic cow’s milk in terms of sensory
properties, consistency, and shelf life.

As noted by M.A. Nawaz et al. (2023), the food in-
dustry is developing a variety of plant-based milk al-
ternatives that are nutritious, sustainable, and appeal-
ing to consumers. K. Marafon et al. (2025) emphasised
that plant-based beverages offer unique benefits due
to the presence of bioactive compounds, which may
contribute to improve the health of their consumers.
W.J. Craig & U. Fresan (2021) indicate that consumers
should be informed of the nutritional composition and
potential health benefits of plant-based beverages as
the nutritional content can vary greatly among differ-
ent types of products.

Plant-based milk is often processed into powder
to extend shelf life and simplify transportation and
storage. As pointed out by T. Dippong et al. (2025),
plant-based milk powders contain plant proteins, fats,
and carbohydrates, as well as bioactive compounds,
particularly unsaturated fatty acids and dietary fi-
bre. The nutritional composition of plant-based milk
powders depends on the type of raw materials used
and the production method. According to |. Fructuo-
so et al. (2021), common raw materials include soy-
beans, oats, almonds, rice, coconut kernel, and other
types of cereals, nuts and seeds of vegetables and
fruits. Their use is due to their high nutritional val-
ue and the presence of various bioactive compounds.
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They also contain oil that is free of trans-fat and low
in saturated fat.

The nutritional and physicochemical properties of
plant-based milk powders contribute to the widespread
use in the production of various food products as full
or partial substitutes for cow’s milk powder, as well
as functional additives for product enrichment. These
plant-based milk powders are not only nutritionally
versatile but also economically accessible, providing
an affordable option for lower-income populations in
developing countries and regions with limited access
to animal milk and dairy products. A key advantage
of plant-based milk powders is their long shelf life,
which is especially valuable in areas facing challenges
with refrigeration and cold-chain infrastructure. Plant-
based milk powders have the potential to enhance di-
etary diversity and nutritional intake while offering a
sustainable and cost-effective alternative to conven-
tional dairy products.

The aim of this study was to conduct a meta-anal-
ysis of plant-based milk powders by evaluating their
physicochemical, nutritional, and functional properties,
as well as processing technologies, in order to identify
key trends and factors influencing their potential appli-
cations in food systems.

The methodology of this study was based on a
structured meta-analysis of scientific literature on
plant-based raw materials, plant-based milks, and
milk powders. Original research articles, systemat-
ic reviews, and meta-analyses were also analysed to
examine the global perspective on the use of plant-
based milk powders in food products. Manufactur-
er-reported data on the nutritional composition of
dairy alternatives were also included. Studies were
selected according to predefined criteria, including
the availability of quantitative data on the physico-
chemical, nutritional, and functional properties of
plant-based raw materials, plant-based milks,and milk
powders. Data collection was conducted through sys-
tematic searches in scientific database, including Web
of Science, Scopus, and Google Scholar, using targeted
keywords and was supplemented with publicly availa-
ble data from food manufacturers. The extracted data
were analysed to identify trends and the underlying
causes of differences in properties.

Comparative analysis of plant-based raw materials

and derived milk alternatives

The mean nutritional composition of five plant-based
raw material commonly used in the manufacture of
plant-based milk alternatives - soybean, oat, almond,
rice, and coconut kernel - is presented in Table 1. The
results reveal pronounced differences in macronutrient
distribution, which are critical for determining the nu-
tritional value, technological functionality, and sensory
characteristics of the final beverages.
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Table 1. Nutritional composition of raw materials for plant-based milk (mean)

Compound Soybeans Oats Almonds Rice Coconut kernel
Protein (%) 36.51 13.581 15.614 7.161 4.5
Fat (%) 19.9u 8.8 37.54 1.261 36.76
Carbohydrates (%) 30.204 38.761 19.7# 78.961 9.3l
Moisture content (%) 8.5 14.5 5.3 12.061 46.0€
Dietary fibre (%) 27.012 21.961 11.84 1.561 2.96

Note: *~ % DM (percentage of dry matter); '/ — K. Chen et al. (2012); I — J. Medic et. al. (2014); B - V. Sterna et al. (2016); 1 -
C-Y.Chen et al. (2006); Pl - M. Carcea (2021), 1 — G. Adoyo et al. (2021)

Source: prepared by the authors based on data reported in the scientific literature

Soybeans are a valuable source of protein (36.5%)
in the human diet, and are rich in isoflavones, dietary
fibre, and vitamins A, B,, B,,, and C (Chen et al., 2012;
Medic et al., 2014). The protein content of soybeans
substantially exceeds that of almonds (15.6%) (Chen et
al., 2006) and oats (13.5%) (Sterna et al., 2016). It is
also higher than that of rice (7.1%) (Carcea, 2021) and
coconut kernel (4.5%) (Adoyo et al., 2021). This finding
confirms the suitability of soybeans as a primary pro-
tein source in plant-based milk formulations. However,
it should be noted that soy protein may cause allergic
reactions in sensitive individuals and is recognised as
one of the eight major food allergens. The high protein
content contributes not only to enhanced nutritional
value but also to improved functional properties, in-
cluding emulsification, foaming capacity, and colloidal
stability. In contrast, rice and coconut kernel contain
relatively low levels of protein, which limits their po-
tential to provide significant protein enrichment with-
out additional fortification.

Oats are recognised as a healthy food containing
soluble dietary fibre, B-glucans, vitamin E, and polyun-
saturated fatty acids (Sterna et al., 2016). According to
C-Y.Chen et al.(2006),almonds are a source of monoun-
saturated fatty acids, dietary fibre, vitamin E, riboflavin,
copper, magnesium, manganese, and phosphorus. Rice
is an energy-rich food, as approximately 80% of the
grain dry matter consist of carbohydrates and starch
(Carcea, 2021). As pointed out by G. Adoyo et al. (2021),
coconut kernel is also a good source of dietary fibre.
The highest fat contents are observed in almonds
(37.5%) (Chen et al., 2006) and coconut kernel (36.7%)
(Adoyo et al., 2021), followed by soybeans (19.9%)
(Chen et al., 2012), oats (8.8%) (Sterna et al., 2016), and
rice (1.2%) (Carcea, 2021). The substantial lipid fraction
in almonds and coconut kernel contributes to enhanced
creaminess and improved mouthfeel of the resulting
beverages. Coconut is traditionally classified as a source
of saturated fat and is therefore often recommended
for limited consumption due to its potential associa-
tion with adverse health effects.S. Hewlings (2020) em-
phasised that different types of saturated fatty acids,
including medium-chain or ling-chain fatty acids, may
affect human health in different ways. Rice, due to its
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minimal fat content, is more suitable for low-fat bever-
age formulations.

Rice is characterised by a markedly high carbohy-
drate content (78.9%) (Carcea, 2021), primarily in the
form of starch, making it a carbohydrate-rich raw ma-
terial. Oats (38.7%) (Sterna et al., 2016) and soybeans
(30.2%) (Chen et al., 2012) contain moderate levels
of carbohydrates, whereas almonds (19.7%) (Chen et
al.,2006) and coconut kernel (9.3%) (Adoyo et al.,2021)
contain comparatively lower amounts. In oat- and rice-
based systems, carbohydrates contribute to viscosity
development and natural sweetness, particularly fol-
lowing enzymatic hydrolysis during processing.

Coconut kernel exhibits the highest moisture con-
tent (46.0%) (Adoyo et al., 2021), considerably exceed-
ing that of the other raw materials. Oats (14.5%) and
rice (12.0%) (Carcea, 2021) demonstrate intermediate
values, whereas soybeans (8.5%) (Chen et al., 2012) and
almonds (5.3%) (Chen et al., 2006) contain comparative-
ly lower moisture levels. Variations in moisture content
may affect storage stability, shelf life, and processing
efficiency, including grinding and drying operations.

Soybeans (27.0% DM) (Medic et al., 2014) and oats
(21.9%) (Sterna et al., 2016) contain the highest levels
of dietary fibre, followed by almonds (11.8%) (Chen et
al., 2006). In contrast, rice (1.5%) (Carcea, 2021) and co-
conut kernel (2.9%) (Adoyo et al., 2021) provide minimal
amounts of fibre. Elevated fibre levels may enhance the
functional and potential health-promoting properties of
plant-based beverages. Oats contain 4.5-5.4% (-glucans,
whereas rice contains only 0.4-0.9% (Mykhalevych et
al., 2022). These polysaccharides exhibit pronounced
technological functionality in food systems, including
gel formation, high water-binding capacity, texture de-
velopment, and contribution to specific sensory charac-
teristics (Mykhalevych et al., 2022). Plant-based bever-
ages should provide functional benefits that take into
account the lifestyle and needs of consumers, includ-
ing health maintenance (Sethi et al., 2016). However, in
practice, each beverage exhibits unique chemical and
sensory properties, which are determined by the type
of raw materials used and the specific processing tech-
niques (McClements, 2020). The nutritional composition
of plant-based milk alternatives is presented in Table 2.



Table 2. Nutritional composition of plant-based milk (mean)
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Compound Soy milk Oat milk Almond milk Rice milk Coconut milk
Protein (g/100 g) 3.20 1.61 1.4 0.5 1.7
Fat (g/100 g) 1.81 0.4 3.00 1410 1.0
Carbohydrates (g/100 g) 1.6 3.8 0.8 1171 10.0
Ash content (%) 0.641 0.201 0.401 0.121 0.83¢1
Dietary fibre (g/100 g) 1.36 0.8 0.4 0.31® -

Note: *— g/100 mL; I — S, Jeske et al. (2016); 21 - S. Moore et al. (2023); B - S. Giri and S. Mangaraj (2012); " — N. Babolanimogadam et
al. (2023); P — B. Walther et al. (2022); 11 - F. Reyes-Jurado et al. (2021); 1 - |. Vitoria (2017); © - R. Giugliano et al. (2023); I -

S. Tulashie et al. (2022)

Source: prepared by the authors based on data reported in the scientific literature

Soy milk exhibits the highest protein content
(3.2 g/100 g) (Jeske et al., 2016), reflecting the naturally
high protein concentration of soybeans, whereas rice
milk contains the lowest protein level (0.5 g/100 mL)
(Vitoria, 2017), consistent with the inherently low pro-
tein content of rice. Fat content varies depending on
the lipid profile of the source material and the produc-
tion process. Almond milk has the highest fat content
(3.0 g/100 g) (Walther et al., 2022) due to the high oil
content of almonds, whereas oat milk (0.4 g/100 qg)
(Babolanimogadam et al., 2023) and coconut milk
(1.0 g/100 mL) (Reyes-Jurado et al., 2021) contain com-
paratively lower amounts of fat. The relatively low fat
content of coconut milk is primarily a result of the pro-
duction process, during which a substantial portion of
the coconut oil is removed. Carbohydrate content is
highest in rice milk (11.7 g/100 mL) (Vitoria, 2017), re-
flecting the starch-rich nature of rice. Soy (1.6 g/100 g)
(Moore et al., 2023) and oat (3.8 g/100 g) (Walther et
al., 2022) milks exhibit lower carbohydrate levels,
whereas almond milk contains the lowest content
(0.8 g/100 mL) (Reyes-Jurado et al., 2021). Ash content,
which reflects the mineral composition, is relatively
high in coconut milk (0.83%) (Tulashie et al., 2022) and
low in rice milk (0.12%) (Jeske et al., 2016). Dietary fi-
bre content is highest in soy milk (1.3 g/100 g) (Giri
& Mangaraj, 2012), moderate in oat (0.8 g/100 mL)
and almond (0.4 g/100 mL) milks (Reyes-Jurado et
al., 2021), and lowest in rice milk (0.3 g/100 g) (Giugli-
ano et al., 2023). In comparison with cow’s milk, which
contains 3.7 g/100 g of protein, 3.3 g/100 g of fat,
4.9 g/100 g of carbohydrates, and 0.62% ash (Jeske et
al., 2016), plant-based milks exhibit considerable vari-
ability in macronutrient composition depending on the
type of raw material.

The omega-6 to omega-3 fatty acid ratio varies
considerably among plant-based milk alternatives and
differs from that of cow’s milk. Cow’s milk exhibits a
relatively balanced ratio of 2-3:1, whereas most plant-
based beverages display much higher ratios. Almond
milk shows the highest imbalance, ranging from 127
to 235:1, followed by rice (92-175:1) and oat beverag-
es (84-105:1). In contrast, soy and coconut beverages
present a more favourable profile, with ration of 7-8:1

and 11-18:1, respectively (Walther et al., 2022). These
differences indicate that, although plant-based milks
can provide beneficial unsaturated fatty acids, many va-
rieties — particularly almond, oat, and rice - contain an
excessive amount of omega-6 relative to omega-3.

The comparative analysis of plant-based raw mate-
rials demonstrates pronounced variability in macronu-
trient composition, which directly determines their nu-
tritional potential in beverage formulation. Protein-rich
raw materials such as soybeans provide enhanced
functional properties, whereas carbohydrate-dominant
materials such as rice primarily contribute to energy
value. High-fat raw materials, including almonds and
coconut kernel, are mainly responsible for improved
sensory attributes such as creaminess and mouthfeel,
although their lipid profiles may raise nutritional con-
siderations. At the same time, variations in dietary fibre
and moisture content significantly influence processing
behaviour, storage stability, and final product quality.
Overall, the analysis findings confirm that raw material
selection critically determines the nutritional balance
and functional performance of plant-based milk al-
ternatives. It should also be noted that the nutritional
composition of plant-based milks is not fixed and can
vary depending on processing techniques, including fil-
tration, homogenisation, fortification, and the incorpo-
ration of functional components. In particular, filtration
removes insoluble particles, which can affect the final
protein and fat content, as well as the functional and
sensory properties of the beverage.

Processing of plant-based milk powders

The production of plant-based milk powders involves
several key stages: pre-treatment of the plant raw ma-
terial, soaking, wet grinding, and aqueous extraction
to obtain the plant-based milk, followed by filtration
and homogenisation to stabilise the dispersion, fortifi-
cation and incorporation of functional ingredients, and
finally drying to produce a reconstitutable powdered
product (Fig. 1). In some methods, maltodextrin or gum
arabic is added to enhance powder flowability and
solubility, as well as to reduce hygroscopicity, thereby
improving the technological performance and storage
stability of the powders.
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Figure 1. Flowchart of plant-based milk powder production

Source: developed by the authors

Pre-treatment of plant raw materials is one of the
initial and critical stages in the production of plant-
based milk powders, aimed at enhancing the sensory
and nutritional properties of the final product while
reducing undesirable components. This stage involves
cleaning and sorting the cereal or nut materials to re-
move mechanical impurities and damaged particles,
thereby ensuring consistent quality of the intermedi-
ate product and the safety of the final powder (Jeske et
al., 2016). The materials are further processed by re-
moving husks or shells. Blanching is applied to remove
the skin, inactivate enzymatic systems, reduce undesir-
able flavours, and enhance the microbiological stability
of the raw materials (Jeske et al., 2016). Roasting cer-
tain types of raw materials enhances the aromatic and
flavour characteristics of the final products (Reyes-Ju-
rado et al., 2021). Coconuts are grated prior to ex-
traction, whereas rice may undergo pre-cooking be-
fore soaking. Defatting and fermentation of the raw
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materials (soybeans, almonds, rice, and oats) improve
the bioavailability of nutrients and reduce the content
of antinutritional factors.

Soaking is performed to hydrate and soften the
plant raw materials, facilitate subsequent grinding, and
enhance the efficiency of nutrient extraction. This pro-
cess also contributes to the reduction of antinutrients,
such as phytic acid, and improves the sensory proper-
ties of the final product. Soaking can be carried out in
water for 3-18 hours or in alkaline sodium bicarbo-
nate (NaHCO,) solutions at concentrations of 0.2-2.0%
using a raw material-to-solution ratio of 1:2-1:12 (Rey-
es-Jurado et al., 2021). Such treatment further softens
the materials and helps eliminate characteristic beany
or nutty flavours.

After pre-treatment and soaking (if necessary), the
plant raw materials are ground to a specified particle
size, which ensures better contact between the solid
phase and water in subsequent stages, facilitates the



formation of a homogeneous suspension, and stabilises
the rheological properties prior to drying. The degree of
grinding significantly affects the yield of dry matter and
the quality of the plant-based milk, and, consequently,
the properties of the resulting plant-based milk pow-
der. Aqueous extraction is a key stage in the production
of plant-based milk, involving the contact of ground
plant materials with water under controlled temper-
ature and time conditions. During extraction, soluble
and dispersed components - including proteins, carbo-
hydrates, lipids, and bioactive compounds - are trans-
ferred into the aqueous phase, thereby shaping the nu-
tritional profile of the plant-based milk. The efficiency
of extraction determines the nutritional value, sensory
properties, and stability of the resulting product and
largely depends on the raw material-to-water ratio and
the degree of prior processing of the plant matrix.

Filtration is an essential stage in the production
of plant-based milk following aqueous extraction and
is aimed at removing insoluble cell wall fragments,
fibre residues, and coarse particles. The use of filtra-
tion materials with varying porosity allows for the
formation of a homogeneous liquid phase with im-
proved sensory properties and reduced sedimentation.
The quality of filtration directly affects the stability of
the suspension, the efficiency of the subsequent ho-
mogenisation, and the sensory characteristics of the
plant-based milk. Homogenisation is applied to stabi-
lise plant-based milk by reducing the size of fat glob-
ules and dispersed solid particles, ensuring uniform
distribution of components throughout the system.
As a result, homogenisation decreases creaming and
sedimentation rates, improves the rheological and
sensory properties of the product, and enhances its
physical stability during storage and subsequent pro-
cessing. High-speed mixers, colloid mills, high-pres-
sure homogenisers, and microfluidizers are commonly
used for this process (Reyes-Jurado et al., 2021). The
efficiency of homogenisation is critical for forming a
homogeneous suspension prior to drying and for the
subsequent reconstitution of the powder with water.

If specified by the formulation, plant-based milk
can be fortified with bioactive compounds, vitamins,
and minerals to enhance its nutritional value. In ad-
dition, technological additives, such as maltodextrin,
may be incorporated to improve functional properties,
including solubility, flowability, and stability during
processing and storage. The combined use of fortifi-
cation and additives contributes to the production of
powders with consistent quality, prolonged shelf life,
and enhanced performance in functional and fortified
food applications.

Prior to drying, plant-based milk is typically sub-
jected to membrane concentration or evaporation.
This reduces energy consumption during drying and
increases the efficiency of the technological process.
Membrane concentration (ultrafiltration) of the liquid
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phase is performed to achieve a dry matter content
of 22-24% (Giri & Mangaraj, 2012). This non-thermal
method preserves the nutritional value and bioactive
compounds of the product by minimising thermal im-
pact on proteins. Evaporation, in contrast, is a thermal
process in which water is removed through heating
under vacuum conditions.

Drying is the final stage in the production of plant-
based milk powders. Its primary purpose is to reduce
moisture content, thereby enhancing product stability
and extending shelf life. Spray drying is the most widely
used technique in the industrial production of plant-
based milk powders. Alternatively, freeze-drying can
be employed, which maximally preserves thermolabile
bioactive compounds and the structural integrity of
the product, although it is more energy-intensive and
costly. Some processes utilise roller or convective dry-
ing, which are technologically simpler but may result
in changes to colour, flavour, and functional properties
of the plant components. The choice of drying method
depends on the type of plant raw material, the desired
powder quality, and economic feasibility. The optimal
inlet temperature for spray drying plant-based milk is
170-180°C. Foam drying is also employed, in which
sodium caseinate (4.0%) acts as a foaming agent and
maltodextrin (17.5%) ensures a free-flowing powder
consistency (Shameena Beegum et al., 2022).

After drying, the powder undergoes agglomeration
and final drying in a fluidised bed. During agglomer-
ation, fine powder particles are combined into larger
granules using binding and moistening agents. This
process take place in fluidised-bed dryers, where the
powder is suspended and treated with hot air, ensur-
ing uniform drying, formation of stable granules, and
the desired product quality. Following final drying, the
plant-based milk powder is cooled, sieved, and pack-
aged in airtight containers to protect it from ambient
moisture. The moisture content of plant-based milk
powders typically ranges from 2 to 4%.

The analysis of plant-based milk powder produc-
tion reveals a multistage and highly integrated system
in which each technological step critically influences
final product quality. Pre-treatment, soaking, grinding,
and aqueous extraction determine the efficiency of
nutrient release and the initial composition of plant-
based milk, whereas filtration and homogenisation en-
sure system stability, uniformity, and improved sensory
properties. Subsequent stages, including fortification
and the incorporation of functional additives, enable
targeted modification of nutritional and technological
characteristics, thereby enhancing the functional val-
ue of the product. Concentration and drying operations
represent key stages that determine powder stability,
shelf life, and reconstitution properties. The quality of
plant-based milk powders is governed by the combined
effects of raw material properties and precise control of
processing parameters across all stages of production.
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Properties of plant-based milk powders

Over the past decade, plant-based milk powders derived
from various plant sources have attracted considerable
attention from both scientific researchers and food in-
dustry manufacturers. This interest is driven by their
nutritional value, functional properties, and potential
to serve as alternatives to cow’s milk powder in a wide
range of food applications. As shown in Table 3, the
nutritional composition of plant-based milk powders
varies widely depending on the source. Protein levels
vary considerably among plant-based milk powders and
across different literature sources. Almond milk powder
exhibits the highest protein content among the ana-
lysed plant-based samples (28.4 g/100 g); however, oth-
er reported values (18.4 g/100 g (Lipan et al.,2020) and
4.43% DM (Bueno et al., 2022)) indicate substantial var-
iability depending on product formulation and process-
ing conditions. Soy milk powder contains 12.0 g/100 g
protein in the commercial sample, whereas literature
sources report values as high as 44.43 g/100 g (Tasoyan
& Yolacaner, 2023), reflecting differences in composi-
tion. Coconut milk powder contains 7.0 g/100 g protein
in the commercial sample, while values reported in the
literature range from 6.29 to 8.89 g/100 g (Muthia et
al., 2021), indicating relatively minor variation com-
pared with other plant-based powder. Oat and rice milk
powders contain relatively low protein levels in com-
mercial products (2.9 and 1.7 g/100 g, respectively),

although powders from certain oat formulations and
rice varieties may exhibit higher protein content. In
contrast, dairy milk powder consistently demonstrates
higher and more stable protein concentrations: whole
cow’s milk powder contains 31.5 g/100 g protein (Ma-
gan et al., 2019), while skimmed cow’s milk powder
contains 32.0 g/100 g. Therefore, even the most pro-
tein-rich plant-based samples do not surpass the pro-
tein content of dairy powders under typical conditions,
whereas most plant-based powders provide substan-
tially lower protein levels.

Fat content also shows pronounced variabili-
ty. In commercial samples, soy milk powder contains
64.0 g/100 g fat, although literature reports lower
values of 18.14 g/100 g (Tasoyan & Yolacaner, 2023).
Almond milk powder contains 56.3 g/100 g fat in the
commercial sample, while literature sources report
lower values ranging from 42.8 g/100 g (Lipan et
al., 2020) to 2.27% DM (Bueno et al., 2022), indicat-
ing that fat content can vary considerably depending
on product formulation and processing methods. Co-
conut milk powder contains 25.0 g/100 g fat in com-
mercial products, with literature values ranging from
4.85to0 15.11 g/100 g (Muthia et al., 2021). Oat and rice
milk powders contain moderate fat levels (22.0 and
21.0 g/100 g, respectively), although rice milk powders
from certain varieties may exhibit much lower fat con-
tents (0.45-2.05%) (Silva et al., 2018).

Table 3. Nutritional composition of plant-based milk powders

Plant-based . Carbohydrates
milk powder Protein (g/100 g) Fat (g/100 g) (/100 g) Source / Manufacturers
. 12.0 64.0 24.0 . .
1
Soy milk powder 44.43 18.14 2796 Bifood, Czech Republic
. 2.91 22.0" 63.0" .
2
Oat milk powder 974 423 82.26 Manteca, Ukraine
284 56.3 111 TSUKUBA, Japanl®H 4]
Almond milk powder 18.4 42.8 36.4
443" 227 86.47"
Rice milk powder 1772 21.0% 62.07 Manteca, Ukrainel®!
White rice 7.56 0.45 87.43
Red rice 12.39 2.05 76.73
Black rice 10.75 1.81 84.12
. 707 25.0% 31.0% .
61
Coconut milk powder 6.29-8.89 4.85-1511 65.01-75.24 Manteca, Ukraine
'S mi Y]
Whole cow’s milk 315 255 356 J.B.Magan et al.
powder
skimmed cow's milk 32.0 1.5 50.0 Profiprot, Ukraine
powder

Note: * - lactose; ** — % DM (percentage of dry matter);  — ingredient list: oats, coconut, dried glucose syrup, E472e (emulsifier),
potassium phosphate, silicon dioxide (anti-caking agent), salt, dextrose (1%), plant-derived maltodextrin (2%), and inulin; ? - ingredient
list: rice, dried glucose syrup (2%), dextrose, inulin, coconut, E472e (emulsifier), and potassium phosphate (1%); * - ingredient list:
coconut dry milk (100% coconut flesh ground into powder), maltodextrin 2% ;™ - IC. Tasoyan & E.T. Yolacaner (2023); I - P Angel Sharon
& P.Gurumoorthi (2024); B - L. Lipan et al. (2020); ™ - F. Bueno et al. (2022); I - L.R.D. Silva et al. (2018); ! - AJ. Muthia et al. (2021);

1 - J.B. Magan et al. (2019)

Source: prepared by the authors based on data reported in the scientific literature and manufacturers’ product information

Whole cow’s milk powder provides 25.5 g/100 g fat
(Magan et al., 2019), which is comparable to coconut
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powder and similar to oat and rice powders in certain
formulations. Skimmed cow’s milk powder contains only



1.5 g/100 g fat, representing the lowest value among
all analysed products. Therefore, plant-based powders
can contain significantly more fat (soy, almond), similar
amounts (coconut, oat, rice), or, in some cases, less fat
than whole milk powder, whereas skimmed milk pow-
der consistently remains very low in fat. Carbohydrates
predominate in oat and rice milk powders. Commercial
oat milk powder contains 63.0 g/100 g carbohydrates,
with literature data reporting values up to 82.26% (An-
gel Sharon & Gurumoorthi, 2024). Rice milk powder
contains 62.0 g/100 g carbohydrates, while powders
from certain rice varieties can reach even higher levels
(up to 87.43 g/100 g) (Silva et al., 2018), reflecting the
starch-rich composition of rice and, in some cases, the
addition of carbohydrate-based ingredients such as glu-
cose syrup or maltodextrin. Coconut milk powder con-
tains 31.0 g/100 g carbohydrates in commercial samples,
with reported values ranging from 65.01 to 75.24% in
other formulations (Muthia et al., 2021). Soy milk powder
contains 24.0 g/100 g carbohydrates, with some sourc-
es reporting slightly higher values of 27.96% (Tasoyan
& Yolacaner, 2023). Almond milk powder has the lowest
carbohydrate content among commercial plant-based
powders,at 11.1 g/100 g, although much higher values -
36.4 g/100 g (Lipan et al., 2020) and 86.47% DM (Bue-
no et al., 2022) - have been reported in the literature.

In dairy powders, carbohydrate content ranges from
35.6 g/100 g (Magan et al., 2019) in whole milk powder
to 50.0 g/100 g in skimmed milk powder and is primarily
represented by lactose. The higher carbohydrate content
in skimmed milk powder is associated with fat remov-
al and the relative increase in the proportion of lac-
tose. Plant-based milk powders generally exhibit higher
and more variable carbohydrate content - particularly
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in oat and rice milk powders - compared with cow’s
milk powder, where carbohydrates are more consistent.
Overall, the comparison demonstrates that dairy pow-
ders provide consistently high and stable protein levels,
whereas plant-based powders exhibit considerable var-
iability in protein, fat, and carbohydrate composition,
depending on the raw material, processing technology,
and the presence of technological additives. This vari-
ability should be carefully considered when evaluating
plant-based milk powders as nutritional and functional
alternatives to dairy milk powders.

Solubility is a critical technological parameter that
determines the ability of milk powders to reconstitute
in water and form a homogeneous beverage without
sedimentation. Bulk density is another important char-
acteristic, influencing packaging, transportation effi-
ciency, and powder handling during processing. Among
dairy powders, skimmed cow’s milk powder demon-
strates relatively high solubility (77.9%) and a bulk den-
sity of 0.415 g/mL (Tagsoyan & Yolacaner, 2023). Whole
cow’s milk powder exhibits slightly lower solubility
(70%) and a lower bulk density (0.326 g/mL) (Tasoyan &
Yolacaner, 2023). In contrast, plant-based milk powders
show considerable variability in technological proper-
ties depending on the raw material type and processing
conditions (Table 4). Soy milk powder exhibits relatively
Llow solubility (40.0%) and low bulk density (0.256 g/mL)
(Tasoyan & Yolacaner, 2023), which may negatively af-
fect its reconstitution efficiency and dispersion in aque-
ous systemes. Its solubility is markedly lower than that of
whole cow’s milk powder and skimmed cow’s milk pow-
der. Soy milk powder has a moisture content of 3.4%,
an ash content of 6.06%, and a near-neutral pH of 6.9
(Tasoyan & Yolacaner, 2023).

Table 4. Physicochemical properties of plant-based milk powders

Plant-based . o o . S o
milk powder Moisture content (%) Ash content (%) Bulk density (g/ml) Solubility (%) pH
Soy milk powder 3.4M 6.061 0.256M 40.0t1 6.9
Oat milk powder 2.17-4.85 1.811 0.313-0.420™ 84.2-98.491 n.d.
Almond milk powder 2.83-3.260! 6.841 0.30-0.328%1 11.1-13.1BmL 6.42-6.66"!
Rice milk powder 0.25-0.61% 72.8¢
White rice 4.116 0.4501 5.936]
Red rice 7.8501 0.99! 6.1101
Black rice 2.1301 0.196! 6.200!
Coconut milk powder 2.22-4.11"0 7.33-9.4308 0.43-0.49"1" 39.5770 5.63-6.378

Note: n.d. - no data; * — % DM (percentage of dry matter); ** — skimmed coconut milk powder; - |. Tasoyan and E. Yolacaner (2023);
2 — P Angel Sharon & P. Gurumoorthi (2024); Bl - L. Lipan et al. (2020); I — F. Bueno et al. (2022); I - L. Silva et al. (2018); Il —
M. Padma et al. (2022); I - J. Duangchuen et al. (2021); ¥l - AJ. Muthia et al. (2021)

Source: prepared by the authors based on data reported in the scientific literature

Oat milk powder demonstrates the highest solubility
among the analysed plant-based powders (84.2-98.49%)
(Angel Sharon & Gurumoorthi, 2024), exceeding that
of whole cow’s milk powder (70%) and, in some cases,

even that of skimmed cow’s milk powder (77.9%). Its
bulk density ranges from 0.313 to 0.420 g/mL, which
is comparable to that of skimmed cow’s milk powder
(0.415 g/mL). The moisture content of oat milk powder

Commodity Bulletin, 2025, Vol. 18, No. 2



Plant-based milk powders: A critical review of processing techniques...

38

varies between 2.17 and 4.85%, while its ash content is
1.81% (Angel Sharon & Gurumoorthi, 2024), indicating
a relatively low mineral fraction compared with some
other plant-based powders. Almond milk powder exhib-
its low solubility (11.1-13.1 mL) (Lipan et al., 2020). Its
bulk density ranges from 0.30 to 0.32 g/mL (Lipan et
al., 2020), which is slightly lower than that of whole
cow’s milk powder and skimmed cow’s milk powder.The
moisture content varies between 2.83 and 3.26% (Li-
pan et al., 2020), while the ash content reaches 6.84%
DM (Bueno et al., 2022), reflecting a relatively high min-
eral fraction. The limited solubility may be associated
with specific particle characteristics formed during the
drying process.

Rice milk powder demonstrates moderate solubility
(72.8%) (Padma et al., 2022), which is comparable to
that of whole cow’s milk powder (70%) but slightly low-
er than that of skimmed cow’s milk powder (77.9%). Its
bulk density varies considerably (0.25-0.61 g/mL) (Pad-
ma et al., 2022), depending on the rice variety and pro-
cessing conditions. The moisture content differs among
white (4.11%), red (7.85%), and black (2.13%) rice pow-
ders, while ash content ranges from 0.19 to 0.99%, indi-
cating a relatively low mineral fraction compared with
almond or soy milk powders (Silva et al., 2018). The pH
values (5.93-6.20) suggest slightly acidic to near-neu-
tral conditions (Silva et al., 2018). These variations con-
firm that the physicochemical and technological prop-
erties of rice milk powder are strongly influenced by the
type of raw material and processing parameters.

Coconut milk powder demonstrates relatively low
solubility (39.57%), similar to soy milk powder, and a com-
paratively high bulk density (0.43-0.49 g/mL) (Duang-
chuen et al., 2021). Its higher ash content (7.33-9.43%)
and slightly acidic pH (5.63-6.37) may influence dis-
persion behaviour (Muthia et al., 2021). Overall, dairy
powders, particularly skimmed cow’s milk powder, ex-
hibit superior and more stable solubility characteris-
tics compared with most plant-based milk powders.
Among plant-based alternatives, oat and rice milk pow-
ders show the most favourable reconstitution proper-
ties, whereas almond, soy, and coconut milk powders
demonstrate limited solubility.

Application of plant-based milk powders

Plant-based milk powders are increasingly utilised
in the food industry, the restaurant sector, and home
cooking for the preparation of a wide range of food
products (Fig. 2). They can be reconstituted in water to
produce plant-based milk, which can then be combined
with juices to create functional beverages (Rodriguez-
Roque et al., 2014) or with beer to produce beer-based
mixes. This enriches beverages with plant proteins and
dietary fibre, improves sensory characteristics, texture,
and other physicochemical properties, and results in
lactose-free products. By blending plant-based milk
powders or reconstituted beverages with fresh fruits,
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berries, and vegetables, and other ingredients, healthy
smoothies can be prepared at home to support a nutri-
tious diet (Neelissen et al., 2023) Smoothies can also be
made using cow’s milk supplemented with plant-based
milk powders, which increases protein content, enhanc-
es viscosity and sensory properties, and diversifies the
range of available beverages.

An important application of plant-based milk
powders is in the production of bakery, confectionery
and snack products (Nilufer-Erdil et al., 2012; Arii &
Nishizawa, 2024). The powders can be used in their
dry form during dough preparation as a nutritional
enrichment additive, partially or completely replacing
flour. Alternatively, they can be incorporated into prod-
uct formulations after reconstitution in water or milk-
based beverages. The inclusion of plant-based milk
powders enhances the fibre and protein content of the
products, improves their structure and volume, slows
staling, and positively affects both sensory attributes
and nutritional composition.

Plant-based milks are widely used in the production
of frozen desserts and ice cream (Dudarev et al., 2025),
and plant-based milk powders are also suitable for
these applications. In such products, traditional ingre-
dients, such as milk or milk powder, can be partially or
completely replaced by plant-based milk or by combi-
nation of different plant-based milks. This substitution
can influence the texture, overrun, and melting rate of
the product. It also enables the creation of diverse fla-
vours and makes the product suitable for consumers
with milk protein allergies or lactose intolerance, as
well as for vegans and vegetarians.

The production of sauces, particularly mayonnaise,
using plant-based milk, especially when reconstituted
from powder, is also a promising approach (Dudarev et
al., 2024). Such sauces exhibit a smooth texture, ap-
pealing appearance, and a delicate flavour profile with
subtle notes of the plant-based raw materials. Incorpo-
rating plant-based milk into sauce formulations further
enables enrichment with bioactive compounds while
reducing the caloric content of the final product.

The potential use of plant-based milk, or plant-
based milk reconstituted from powder, in the produc-
tion of fermented beverages and foods - such as yo-
gurt, kefir, and cottage cheese - has been investigated
(Yilmaz-Ersan & Topcuoglu, 2022) In these applica-
tions, animal milk is typically partially replaced by a
plant-based alternative. This substitution promotes fer-
mentation, enhances the sensory properties of the final
products, and affects their texture and nutritional com-
position. Plant-based milk powders are also utilised
in the production of various types of chocolate (Oba-
toye et al., 2014; Tasoyan & Yolacaner, 2023). They are
incorporated into formulations to increase the protein
and fibre content, improve the texture and flavour of
chocolate, enhance its melting properties, and reduce
production costs.



Dudarev et al.
39

Plant-based
milk powders

e S

Confectionery | |Frozen desserts|| Bakery and
and chocolate | | and ice cream | |snack products

NTT—

Fermented mayonnaise
dairy S Y d Patés
’ auces an
alternatives, . and sausages
: mayonnaise
smoothies

/4/

Reconstituted
plant-based milks

Figure 2. Application of plant-based milk powders

Source: developed by the authors

Plant-based milk powder can be incorporated into
recipes for combined patés and sausages made from
both meat and plant raw materials to enrich them with
nutrients and improve rheological properties. Conse-
quently, plant-based milk powders have a wide range of
culinary applications. Further development of manufac-
turing technologies, optimisation of powder composi-
tion, and investigation of the potential for forming mix-
tures with various powders and other bulk components,
such as functional and technological additives, repre-
sent a highly promising direction for future research.

Conclusions

Plant-based milk powders are a valuable ingredient in
modern food formulations, offering nutritional versa-
tility and functional benefits. The analysis enabled the
identification of key factors influencing potential appli-
cations of plant-based milk powders in food systems.
It was found that their macronutrient profile strongly
depends on both the plant source and processing tech-
nology. Almond milk powder is particularly rich in fat
(up to 56.3 g/100 g), soy milk powder is protein-dense
(up to 44.43 g/100 g), whereas rice, oat, and coconut
milk powders are characterised by high carbohydrate
contents (up to 87.43,82.26,and 75.24 g/100 g, respec-
tively). In addition to macronutrients, plant-based milk
powders contain bioactive compounds such as unsatu-
rated fatty acids and dietary fibre, which may contribute
to their potential health-promoting properties.

The physicochemical properties of plant-based milk
powders vary significantly depending on the source ma-
terial and processing techniques, influencing solubility,
bulk density,and reconstitution performance in beverag-
es and other food products. These powders offer several
advantages, including extended shelf life, convenient
storage and transportation, and potential for fortifica-
tion. Their nutritional diversity and functional character-
istics make them versatile ingredients for a wide range
of applications, such as bakery and snack products,
confectionery, ice cream and frozen desserts, chocolate,
sauces, patés and sausages, fermented foods, and dairy

alternatives, thereby contributing to the development of
sustainable and health-oriented food systems.

Despite the growing body of literature on plant-
based milk powders, several important research gaps
remain. Current studies are often fragmented and focus
on individual raw materials or specific processing stages,
limiting a comprehensive understanding of the relation-
ships between composition, processing conditions, and
final product functionality. Limited attention has been
given to the interaction effects of formulation variables
and processing technologies on the sensory properties
of reconstituted beverages. Moreover, the majority of
studies are product-specific, which restricts the general-
isation of findings across different plant-based systems.

Future research should focus on the development
of harmonised methodological approaches for the
characterisation of plant-based milk powders, enabling
more reliable cross-study comparisons. In addition,
systematic investigations into combined raw materials
systems and hybrid formulations are needed to better
understand synergistic effects on nutritional and func-
tional performance of plant-based milk powders. Great-
er emphasis should also be placed on consumer-orient-
ed studies addressing sensory acceptance, nutritional
perception, and market adaptability. Such efforts will
contribute to the development of high-quality plant-
based milk powders and support their broader appli-
cation in food systems. Furthermore, in-depth research
is required to evaluate the applicability of plant-based
milk powders in a wide range of food products, as well
as their effects on the nutritional, physicochemical, rhe-
ological, and sensory properties of these systems.
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AHoTaLif. 3pocTalunii NONUT Ha CTiMKi Ta (GYHKLIOHaNbHI Xap4yoBi iHrpedieEHTM NOCUAMB iHTepec OO CyXoro
«POC/IMHHOIO MOJTOKa» K anbTepPHATUBU TPAAULIAIHUM MOOYHUM NMPOAYKTaM.MeTo Lboro A0CiAXKeHHS By0 OLLiHWUTH
CyXe «POC/IMHHE MOJIOKO» LWASAXOM MOPIBHANBHOrO aHanisy Moro @isMKo-XiMiuHMX, Xap4yoBMX Ta QYHKLiOHANbHUX
B/IACTUBOCTEN, @ TaKOX TEXHOJOTI BMPOOHMLTBA. [locniaxeHHs 6a3yBanocs Ha CTPYKTYpPOBAHOMY aHasi3i HayKoBoOi
niTepaTypu, 30KpeMa Ha CUMCTEMATMUYHOMY MOWyKy iHdOopMaLii y HaykoBMX Hasax AaHux. BctaHoBneHo, wo cyxe
«POC/IMHHE MOJIOKO» € YHIBEpPCAZIbHUM Ta MEpCrekKTUBHUM XapyoBWM IHFPEAIEHTOM 3aBASKM CBOIM BiAMIHHUM
®}i3MKO-XIMIYHMM, XapyoBMM Ta (YHKLiIOHANbHUM BNACTMBOCTAM. Liel nmpoaykT MOXHa OTpUMaTth 3 pi3HMX BUAIB
«POC/IMHHOIO MOJIOKa». BUSBNEHO, WO CyXe «POC/IMHHE MOJIOKO» AEMOHCTPYE 3HAUHY MiHAMBICTb MAaKPOHYTPIEHTHOIO
CKNagy 3aneXHo Bif CUPOBUHWU. 30KPEMA, CyXe «MWUTAANEBE MOJIOKO» XapaKTepU3YETbCS BMCOKMM BMICTOM XMpY,
«CO€EBE MOJIOKO» BaraTe Ha GiNoK, TOAI SK BiBCSHE Ta PUCOBE «MOJIOKO» NMEePEeBAXHO MiCTATb ByrneBoaum. LLi npoayktu
[EMOHCTPYHOTb LMPOKKUI cnekTp di3uKo-XiMiYHMX BNACTUBOCTEN, SKi CYTTEBO BM/IMBAOTb HA IXHIO BiAHOBOBAHICTD.
PO34YMHHICTb 3HAYHO BAPIOETLCA MiX MPOAYKTAMM 3 Pi3HOI CMPOBUHM, MOYMHAKOYM Bif, HU3bKMX 3HAYEHb Y CYyXOMY
MUILAIbHOMY Ta COEBOMY «MOJIOLi» A0 OyXXEe BUCOKMX 3HAYEHb Y CYXOMY «BiBCSHOMY Monoui», caratoum 98,5 %.
HacunHa ryctvHa npopykTie konusaetbes Big 0,25 r/mn go 0,61 r/mn, Bonoricts Big 2,1 % no 7,9 %, a pH Big 5,6 no
6,9, BHAaCNifOK pi3HMX BMAIB CMPOBMHM Ta YMOB BUPOOHMLTBA. BCTaHOBNEHO, WO TEXHONOTiS BUPOOHMLITBA, 30KpeEMa
CTafis CYLWiHHS, Bifirpa€ BU3HAYanbHy posib Y GOPMYyBaHHI BNACTMBOCTEN CYXOr0 KPOCAMHHOIO MONOKax. [0€AHaHHS
CKNIaAy MOXMBHUX PeYOoBMH Ta (i3MKO-XiMIYHMX BNACTUBOCTEN POBUTL CyXe «POC/IMHHE MOJIOKO» MEepPCneKTUBHWUM
iHrpeLiEHTOM AN BUKOPUCTAHHS Y XN1i60BYNOYHMX Ta KOHAMTEPCbKMX BUPODBAX, 3aMOPOXKEHUX AecepTax, LWOKoNaa,,
coycax, nawTeTax Ta KoBbacax, hepMeHTOBaHMX MPOAYKTaX Ta anbTePHATUBHUX MOJIOYHMX MPOAYKTAX, CPUAIOYM
PO3BUTKY CTiMKMX, QYHKLIOHANbHMX Ta 30a1aHCOBAHMX 32 MOXMBHICTHO Xap4YOBUX CUCTEM

KniovoBi cnoBa: poc/ivMHHI 3aMiHHUKK; QYHKLiOHANbHI MPOAYKTM XapyyBaHHS; Oe31aKTO3Hi NpoAyKTH; Xap4oBa
LiHHICTb; POC/IMHHI Hanoi
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