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A B S T R A C T   

Milk, enriched with high-quality protein, is a healthy and nutritious food that meets people’s needs. However, 
consumers are turning their attention to plant-based milk due to several concerns, such as lactose intolerance, 
allergies and some diseases caused by milk; carbon emission from cattle farming; economical aspects; and low 
access to vitamins and minerals. Oat milk, which is produced from whole grain oats, is lactose free and rich in a 
variety of nutrients and phytochemicals. With the significant development of food processing methods and 
advancement in milk simulation products, the production of plant-based milk, such as cereal milk, has greatly 
progressed. This review described some features of oat milk analogue versus traditional milk and compared the 
properties, processing technologies, health effects, environmental friendliness, and consumer acceptance of these 
products. It is expected to provide a reference for evaluating development trends and helping consumers choose 
between oat milk and traditional milk.   

1. Introduction 

With the increasing awareness of environmental protection, green 
consumption has attracted more attention from consumers. Compared 
with animal-based products, plant-based products are ecological, pro
duce low quantities of carbon, and are more suitable for sustainable 
development (McClements & Grossmann, 2021). The use of plant-based 
milk is increasing, and the industry is expanding to produce beverages 
with favorable features, including beverages that alleviate aging, pre
vent diseases, or improve nutrition, which can meet different people’s 
needs. 

Recently, the plant-based milk market has rapidly grown. The global 
total retail market for plant-based food was approximately $5 billion, of 
which milk products accounted for 40% in 2019 (McClements & 
Grossmann, 2021). Compared to other plant-based foods, including 
meat, cream, yogurt, and eggs, dairy products have the largest share of 
the market (McClements & Grossmann, 2021). It is expected that in 30 
years, people’s demand for food will increase by 70%, dietary structures 
will change as protein consumption significantly increases (80%), and 
dairy and meat products will be replaced by plant-based proteins (Jeske 

et al., 2018). Hence, the plant-based milk market should be very pros
perous and shows great development prospects. 

Currently, commercially available cereal-based milk can be classified 
into two broad categories based on processing and product character
istics. One category is cereal-based milk beverages that are similar to 
milk, such as corn milk, in which the cereal’s initial texture and color are 
preserved; the other category includes beverages that are more milk-like 
in appearance and texture, such as oat milk (Xiong et al., 2022). 
Recently, the plant-based milk market has grown, which was worth over 
$17 billion in 2018 and is expected to reach $18.9 billion by 2023, while 
the volume of sales of oat milk increased by 71% from 2017 to 2018 
(Aydar et al., 2020). In addition, oat milk sales have increased by more 
than $60 million (by nearly 700%) annually from 2018 to 2019 
(Ramsing et al., 2023). Oat milk was first developed by Swedish scien
tists, who created the world’s first oat milk brand, Oatly, in the 1990s; 
this brand was developed to create an environmentally friendly alter
native to traditional milk that addresses lactose intolerance and reduces 
carbon emissions associated with traditional animal milk (Krampe & 
Fridman, 2022). In Oatly’s oat milk recipe, 1 kg of oat milk is generated 
from oats (0.20 kg) and rapeseed oil (0.035 kg) (Röös et al., 2016). Oat 
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milk is not milk but a water extract of oats, which has a smooth, milk- 
like taste and is not only a simple plant-based nutritional drink but 
also contributes to a healthy lifestyle (Bocchi et al., 2021). Currently, oat 
milk is a successful commercial cereal milk and has become an impor
tant substitute for plant-based milk in mainstream consumption. In 
addition to Oatly, many other brands are sold worldwide, such as 
Vitasoy (China), Alpro (UK), Pacific (US), Simpli (Finland), and Pure
harvest (Australia) (Xiong et al., 2022). Oat milk contains a good 
quantity of fatty acids, protein, minerals, vitamins, dietary fiber, and a 
variety of micronutrients and provides several health benefits, as it re
duces blood sugar, lowers cholesterol, and prevents cancer (Jeske et al., 
2018). Therefore, oats are a promising alternative to traditional milk. 
Although the nutrients in oat milk are mostly the same as in oats, some 
nutrients are lost during processing and the product must be enhanced 
by improved processing techniques or through fermentation and other 
technologies (Sethi et al., 2016). However, technical problems must be 
solved to produce plant-based milk substitutes that are equivalent to 
cow milk in terms of physical and chemical sensory properties and 
nutritional value. 

This review provides a comparative evaluation of oat milk and 
traditional milk in terms of properties, processing technology, nutrition 
and health, and carbon neutrality, as well as the science and technology 
in the optimization of oat milk, to provide a comprehensive scientific 
basis for the comparison between oat milk and traditional milk (Fig. 1). 

2. Comparison of properties, composition and structure 

Currently, the market is flooded with a variety of dairy products; 
however, the term “milk” can refer only to milk from healthy animals, 
rather than colostrum from “early” milk produced shortly after labor, as 
nutrition and immune ingredients are very different (Kelly, 2003; Per
eira, 2014). Moreover, using “milk” for plant-based beverages to tradi
tional milk, such as soy milk, coconut milk, oat milk, almond milk, etc., 
is controversial (Mcclements et al., 2019). Thus, determining the 
composition, structure, and characteristics of traditional milk is essen
tial for improving the development, design, and production of com
mercial plant-based milk, the milk analogue. 

Milk is a complex colloidal dispersion, which is a kind of oil-in-water 
emulsion. It is composed of two colloidal systems suspended in a watery 
medium, namely, casein micelles and fat globules, which form a uniform 

colloidal emulsion (Jukkola & Rojas, 2017; Mcclements et al., 2019). Fat 
globules composed of triacylglycerol contain almost all the fat in milk, 
with an average diameter of 4 μm (Truong et al., 2016). Milk fat globules 
are the most complicated entity in milk; thus, the surface properties of 
milk fat globules are unique to other biological lipid export systems 
through which fat is delivered (Argov et al., 2008). Structurally, the 
globule consists of a three-layer membrane structure that encloses the 
central layered triglycerides (Smoczyński et al., 2012). The milk fat 
globule membrane (MFGM), which surrounds each fat globule and ex
hibits an average thickness of 10–50 nm, plays a crucial role in dairy 
product function and quality, as its composition and properties are 
changed through processing (Jukkola & Rojas, 2017; Lopez et al., 2011). 
Previous studies indicated that the addition of MFGM to plant beverages 
improved the bioavailability of plant sterols (Alvarez-Sala et al., 2016). 
In our daily life, we can observe that milk boils but does not clump. This 
is because casein micelles are stable proteins and their structures are not 
easily broken (Holt, 1992). Casein micelles are spherical nanoparticles 
in which casein and calcium phosphate form an aggregation that con
tains thousands of individual protein molecules by hydrophobic and 
electrostatic forces, with an average diameter of 150–200 nm (Dalgleish 
& Corredig, 2012; Lucey & Horne, 2018). Various conditions, such as 
environmental conditions, nutritional status, and animal genetics, can 
impact the chemical composition of milk (Kalac & Samkova, 2010). On 
average, milk is composed of water (87%), lactose (4–5%), fat (3–4%), 
protein (3%), minerals (0.8%), and vitamins (0.1%) (Haug et al., 2007; 
Lindmark-Mansson et al., 2003). Thus, the composition and unique 
structure of milk determine the function of dairy products. Simulating 
the desirable characteristics of milk is necessary for the development of 
plant-based milk. 

Plant-based and traditional milks differ in their functional proper
ties, such as their ability to foam during cooking and their stability in hot 
drinks (Mcclements, 2020). In terms of sensory qualities and physical 
and chemical properties, plant-based milk is expected to be comparable 
to traditional milk. The physical properties of cow’s milk and oat milk 
are shown in Table 1. Plant-based milk, which mimics milk in appear
ance and consistency, is prepared by breaking down plant materials 
(grains, nuts, oilseeds, legumes, and pseudograins) to form oil bodies 
and other colloids or by hydrate plant components to create simulated 
fat globules to form oil-in-water lotions (Do et al., 2018; Sethi et al., 
2016). This is performed to simulate the most important component of 

Fig. 1. Comparison of traditional milk and oat milk There are some differences between traditional milk and oat milk in properties, processing technology, nutrition 
and health, bioavailability, carbon neutrality, and consumer acceptance. This review made a comprehensive and scientific analysis and comparison between 
traditional milk and oat milk, providing a reference for people to consume. 
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milk, milk fat globules, so that plant-based milk exhibits a similar 
quality, taste, and appearance to traditional milk. Due to differences in 
raw material properties and processing technologies, the particle size is 
uneven and ranges from 5 to 20 μm. Plant-based milk is classified into 
five categories according to the products currently on the market, 
including nut milk, cereal milk, seed milk, pseudocereal milk, and 
legume milk (Sethi et al., 2016). Among them, oat milk is a cereal-based 
milk. According to results obtained for sensory characteristics of several 
commercial plant-based milks, it was found that in the overall prefer
ence, oat milk is better than rice, soybean, almond, lentil, etc., indicating 
that oat milk is the most promising plant-based milk and is comparable 
to traditional milk (Mcclements, 2020). The variety of oats and the 
method of raw material processing determine the composition and 
properties of oat milk (Aparicio-García et al., 2021; Yue et al., 2021). 
Oat milk is distinguished from conventional milk in its quality properties 
by providing a nutrient-rich, lactose-free alternative to dairy products. 

3. Overview of the process 

Milk is obtained from healthy animals during lactation, and the 
processing procedures include separation, heat treatment, and homog
enization. Raw milk must often undergo heat treatment (pasteurization 
or sterilization) before being placed on the market due to the health 
hazards posed by potential pathogenic microorganisms (Mcclements 
et al., 2019). Since the fat globules in raw milk are lighter than water, 
they can float on the water’s surface, which is the main reason that milk 
undergoes delamination (Lopez et al., 2015). Milk stability can usually 
be improved by homogenizing the fat globules to decrease their size. 
Understanding the process of milk production is very helpful for 
developing oat milk. Plant-based milk is not true milk but exhibits a 
similar texture and appearance to milk; thus, the production and pro
cessing technology is somewhat scientific. Plant-based milk is produced 
through the following methods: (1) directly destroying and decompos
ing plant tissue into small particles through mechanical crushing, 
soaking, hydrolysis, separation, heat treatment, and homogenization 

unit operation, which is a relatively traditional method; and (2) mixing 
and separating plant components, such as emulsifiers, thickeners and 
oils, with water, which is then heat treated and homogenized to produce 
an emulsion with small droplets (Mcclements et al., 2019). The nutri
tional properties of oat milk, such as fat, protein, carbohydrate, and 
energy, vary with different processing methods, as well as the function 
of bioactive compounds (Babolanimogadam et al., 2023). Processing 
technology affects the quality of oat milk, and the setting of process 
parameters, such as temperature and concentration, affects rheological 
properties (Deswal et al., 2014). As a result, only by carefully controlling 
these processing processes can more stable milk analogs be produced. 

Generally, oat milk is constructed through a series of unit operations, 
which are mainly divided into physical chemical, and mechanical op
erations, to construct an efficient production process. The preparation of 
oat milk can be roughly divided into the following steps: first, the oats 
are broken down by milling, then water extraction, enzymatic hydro
lysis, and finally filtration and homogenization (Deswal et al., 2013; 
Xiong et al., 2022). The overall process of generating oat milk is shown 
in Fig. 2. 

As mentioned above, fat globule preparation is essential for plant- 
based milk to successfully simulate milk in appearance and properties. 
Fat globules can usually be prepared in two ways, either by directly 
constructing them from plant materials or by isolating oil bodies from 
plant sources (Do et al., 2018; Sethi et al., 2016). Nuts and legumes are 
good natural sources of oil bodies, and the production of soy milk, 
almond milk, and coconut milk is suitable for this method, while oat 
milk is unsuitable (Nikiforidis et al., 2014). The fat globules in oat milk 
can be prepared using the second method, which consists of water, oil, 
emulsifiers, and additives (Clements, 2005). The water used to prepare 
oat milk usually must be treated (heating, reverse osmosis, or filtering) 
to remove certain organic matter that affects the properties of the 
emulsion, as well as minerals and pH (Mcclements et al., 2019). Emul
sions can be made from olive oil, corn oil, coconut oil, sunflower oil, 
soybean oil, and other plant oils (Granger et al., 2005; Marquez & 
Wagner, 2012). Different oils have different components and properties, 

Table 1 
Comparison of physical properties of cow’s milk and oat milk.  

Type of 
milk 

Viscosity 
[mPa⋅s] 

Whiteness index 
(L * A * B * ) 

Flow 
index 

D32 
[µm] 

D43 
[µm] 

Separation 
rate (%h) 

Shelf life Flavor Cites 

Cow’s 
milk  

3.15  81.89  1.00  0.36  0.6  3.9 Refrigerate at 
4 ◦C for 24–120 h 

A mild flavor and 
a creamy 
mouthfeel 

(Jeske et al., 2017; Mccarthy 
et al., 2017; Mcclements, 2020; 
Paul et al., 2020) 

Oat milk  6.77  60.21  0.89  1.7  3.8  40.1 Refrigerate at 
4 ◦C for 28 days 

Oat flavor   

Fig. 2. The process flowchart for the production 
of oat milk (Deswal et al., 2013). The preparation 
of milk fat globes from oat milk could be 
accomplished by directly destroying the oat tis
sue. The processing included soaking, grinding, 
hydrolysis, separation, filtering, heat treatment, 
and homogenization. After mixing 1 kg rolled 
oats with water, α-Amylase was used to obtain 
oat slurry through enzymatic hydrolysis, and 
then 0.86 kg filter cake was obtained after 
filtration, and 2.85 kg oat milk was finally 
gained.   
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which have a certain impact on the stability and formation of emulsions 
and affect health. Olive oil is high in oleic acid and exhibits anti- 
inflammatory and antioxidant properties due to its high content of 
phenols (Martin-Pelaez et al., 2013). Coconut oil is not easily oxidized 
and is very stable because it is composed of saturated fatty acids; how
ever, coconut oil can also lead to heart disease (Ludwig et al., 2018). 
Emulsifiers, which play a crucial role in emulsion stability, include 
phospholipids, polysaccharides, proteins, and biosurfactants such as soy 
lecithin, monoglycerides, and sucrose esters, which are derived from 
natural plants such as rice, oats, soybeans, peas, and flaxseeds (Mccle
ments, 2020; Mcclements et al., 2017; McClements & Gumus, 2016). In 
addition, other additives, such as thickeners, have been added to oat 
milk to improve emulsion properties (Mcclements et al., 2017). 
Compared to cow’s milk, oat milk lacks some nutrients; thus, it is 
necessary to add some nutrients, such as vitamins, calcium carbonate, 
and minerals (Singhal et al., 2017). 

4. Prospects for oat milk production and quality improvement 

4.1. Fermentation technology 

Fermentation technology is a natural and economical food produc
tion technology that can enrich biologically active ingredients, enhance 
nutrition, and improve food quality and sensory properties (Zhu et al., 
2020). Probiotic foods based on milk are common in the fermented food 
market, and probiotic foods account for approximately 70% of the total 
functional food market; however, these foods are high in saturated lipids 
and cause lactose intolerance, allergy to β-casein and cholesterol, etc. 
(Maekinen et al., 2016; Salmeron et al., 2015; Singhal et al., 2017). 
Nevertheless, limited attention has been given to plant-based foods. 
Previous studies have indicated that fermented foods based on legumes 
(such as soy milk) could produce fermented soy milk rich in B vitamins 
for the development of functional soy milk (Zhu et al., 2020). There have 
been few attempts to develop functional probiotics or nutrient-fortified 
foods using other plant-based fermentation substrates, such as cereals 
(Sharma et al., 2022b). Although cereals are rich in nutrients, compared 
to milk, they are less plentiful and high in nutrients. However, through 
fermentation, their nutritional value can be improved by enriching vi
tamins, minerals, and amino acids (Ray et al., 2016). Grains are pre
biotics because they contain substances that promote the growth of 
probiotics, such as protein, dietary fiber, and lipids (Dong et al., 2017; 
Zhu et al., 2016). The ability to produce bacteriocins is an important 
feature of probiotic strains, such as lactic acid bacteria used in fermented 
oat drinks, a kind of safe, efficient, and nontoxic natural food preser
vative, during the fermentation process (Angelov et al., 2018; Messaoudi 
et al., 2013). At present, studies have been performed on oat fermented 
beverages. Nionelli et al. (2014) fermented oats with strains of Lacto
bacillus paracei, Lactobacillus casei, and Lactobacillus plantarum to obtain 
an oat fermented beverage (Nionelli et al., 2014). Previous studies have 
suggested that Lactobacillus plantarum strains can be used to obtain 
fermented oat beverages. The specific process was to heat the mixture of 
oats and water to 95 ◦C, cool it to 37 ◦C and then add the strain, which 
was found to increase the riboflavin content when fermentation was 
carried out for 16 h at 37 ◦C (Russo et al., 2016). Studies on germinated 
oat beverages fermented by Lactobacillus reuteri, Lactobacillus plantarum 
B28, and Streptococcus thermophilus concluded that probiotic strain 
fermentation did not affect β-glucan content and that fermentation 
combined the health benefits of oat dietary fiber β-glucan with probiotic 
culture (Angelov et al., 2006; Bernat et al., 2015a). In addition, due to 
the high protein content in oats, the digestibility of protein can be 
improved for better absorption and utilization (Karlund et al., 2020). 
Previous studies have shown that lysine and alanine contents in oat 
drinks could be increased by fermentation with Lactobacillus plantarum 
LP09 (Luana et al., 2014). The characteristics of metabolites in oat milk 
fermented in vitro after gastrointestinal digestion have also been re
ported. Lactobacillus and Bifidobacterium strains were used to coferment 

oats, and after in vitro digestion and fermentation, the levels of phenolic 
compounds were significantly different. The content of avenan
thramides in oats decreased after fermentation but increased after 
digestion, which indicated that the bioavailability of phenolic com
pounds could be improved by fermentation (Bocchi et al., 2021). Thus, 
the sensory and nutritional properties and bioavailability of the products 
can be improved by adding probiotics to oat beverages for fermentation 
while preserving the potential of the active ingredients as prebiotics. 

4.2. Enzymatic production process of oat milk 

The main component of oats, starch, has an important influence on 
the fluidity of the liquid, which becomes sticky during the hot processing 
of oat milk (Tester & Karkalas, 1996). Enzymatic hydrolysis technology 
can generate more glucose and maltose by means of amylase, which not 
only prevents the formation of colloids with high viscosity but also 
improves the sweetness of oat milk. It has been reported that the optimal 
enzymatic hydrolysis conditions for preparing a compound oat drink 
were as follows: cellulase added with 40 U/g enzyme, enzymatic hy
drolysis temperature of 65 ◦C, and enzymatic hydrolysis time of 60 min 
(Ying-Run et al., 2021). Previous studies have shown that 2.85 kg oat 
milk could be obtained by mixing 2.7 kg water into 1 kg rolled oat milk, 
adding α-amylase to the resulting oat milk, and then filtering it after 
hydrolysis. The best conditions for preparing oat milk were as follows: 
the slurry concentration was 27.0% (w/w) and the enzyme concentra
tion was 2.1% (w/w), liquefying for 49 min (Deswal et al., 2013). 
However, the solubility of proteins in oat milk has a high pH require
ment and is soluble only under alkaline conditions (Brückner-Gühmann 
et al., 2019). After α-amylase–alkali treatment of oat milk, Babolani
mogadam et al. (2023) discovered that compared with the untreated 
group, oat milk yield, and protein extraction increased significantly, 
especially the protein extraction rate, which was approximately 80% 
and 60%, respectively, and the protein concentration was significantly 
higher than that of other treatments (Babolanimogadam et al., 2023). 
Similarly, β-glucan, a dietary fiber rich in oats that exhibits an effect on 
the sensory properties of oat milk to some extent, increases the viscosity 
of oat milk, and β-glucan with high molecular weight (Mw) tends to form 
a semisolid (Lyly et al., 2003; Rosa-Sibakov et al., 2022). Therefore, it is 
necessary to depolymerize β-glucan by enzymes to generate a suspen
sion of β-glucan with low viscosity and high concentration (Sibakov 
et al., 2013). It was found that more phenolic compounds were detected 
in urine after β-glucan was ingested with a low Mw (82 kDa) compared 
to a high Mw (1000 kDa) and a medium Mw (524 kDa) (Hakkola et al., 
2020). It has been demonstrated that the Mw of β-glucan could be 
significantly reduced from 2748 kDa to 893 kDa and 350 kDa with the 
treatment of oat bran concentrates with β-glucanase, reducing the con
centration of concentrate and improving the water holding capacity 
(Rosa-Sibakov et al., 2022). Therefore, the selection and technology of 
enzymes affect the taste, flavor, and nutritional properties of oat milk. 
Processing with enzyme preparation causes the originally rough oat 
particles to become smooth and delicate, and the release of smaller 
molecular flavor substances is more conducive to the sensory smooth
ness of oat milk, which is comparable to that of traditional milk. 

4.3. Other quality improvement aspects 

4.3.1. Improved stability 
The stability of the emulsion can be affected by the size of the grain 

particles. After comparing the stability of animal and plant-based milk 
processed by commercial ultrahigh temperature (UHT), it was found 
that oat milk was much more stable than rice milk but less stable than 
soy milk and bovine milk (Durand et al., 2003). In the production pro
cess, high-intensity ultrasound irradiation, ultrasonic homogenization, 
and ultrahigh-pressure homogenization (UHPH) can be used to solve the 
stability problem (Paul et al., 2020). Microorganisms could be inacti
vated by UHPH treatment at 350 MPa and 85 ◦C, and the nanoemulsion 
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formed by crushing to enhance stability (Briviba et al., 2016). Jeske 
et al. (2019) and Xia et al. (2019) found that the appearance and flavor 
properties of the emulsion, which was similar to milk, could be 
improved after treatment at 175 MPa and 900 bar at 85 ℃, respectively 
(Jeske et al., 2019; Xia et al., 2019). Cortes-Munoz et al. (2009) 
demonstrated that during the construction of whey protein concentrate 
oat milk, ultrahigh-pressure homogenization treatment could effectively 
reduce the number of microorganisms and the aggregation of fat glob
ules (Cortes-Munoz et al., 2009). In addition, at a parameter setting of 
500 W with 20 kHz input power, ultrasonic treatment reduced the size of 
the fat globules, reaching a size in the submicron range and enhancing 
liquid fluidity (Abdullah et al., 2018; Lu et al., 2019). Other operations 
to improve emulsion stability include colloid milling, heat sterilization, 
and adding an emulsifier (Paul et al., 2020). 

4.3.2. Removal of off-flavor 
The undesired flavor in oat milk may be caused by a lipid reaction, 

which is associated with the oxidation of unsaturated fatty acid chains 
(Lehtinen & Laakso, 2004). The most direct way to address this issue is 
by adding additives to mask the smell. The most direct way to address 
this issue is masking the off-flavor by adding natural or synthetic addi
tives, such as benzaldehyde, methyl anthranilate, diacetyl, cinna
maldehyde, allyl hexanoate, limonene, etc. (Paul et al., 2020). 
Additionally, the flavors can be removed through cold plasma, a pulsed 
electric field, and high-pressure processing. A new nonthermal food 
processing technology called cold plasma is used to inactivate various 
enzymes (α-chymotrypsin, polyphenol oxidase, peroxidase, alkaline 
phosphatase, and lysozyme) to eliminate food contamination (Han et al., 
2019). Lipoxygenase activity could also be reduced by pulsed electric 
field processing by inhibiting Escherichia coli and Staphylococcus aureus 
(Li et al., 2013). The lipoxygenase activity was inhibited by controlling 
the exit temperature to 121 and 145 ◦C at 207 and 276 MPa pressures 
(Sidhu & Singh, 2016). 

4.3.3. Extended shelf life 
The shelf life of milk substitutes should be at least equal to that of 

milk. However, due to the abundant nutrients in plant milk, microor
ganisms easily breed, which affects the quality of products (Sethi et al., 
2016). Ultrahigh-pressure homogenization and thermal treatment have 
been used to kill microorganisms for a long time (Paul et al., 2020). 
Studies have shown that a shelf life of three days can be extended to a 
maximum of 57 days after UHPH treatment (Codina-Torrella et al., 
2018). Combining citral and linalool and heating at 55℃ for 15 min 
delayed the growth probability of wild Saccharomyces cerevisiae (Belletti 
et al., 2010). Other works have combined high-pressure homogenization 
with low heat treatment and found that the beverage exhibited the 
greatest stability under the condition of 172 MPa/85 ◦C/30 min (Bernat 
et al., 2015b). Moreover, shelf life can also be extended through ultra
sonic processing technology by killing microorganisms or improving 
emulsion stability. The growth of Listeria monocytogenes and Escherichia 
coli O157:H7 was inhibited at a frequency of 20 kHz and an acoustic 
energy of 130 W to prolong the storage time at 4 ◦C for up to two weeks 
(Iorio et al., 2019). Salve et al. (2019) demonstrated that ultrasonication 
could improve the physicochemical properties and stability of emul
sions, thereby extending their shelf life (Salve et al., 2019). 

5. Comparison of nutrients and health benefits 

5.1. Nutrient composition 

For thousands of years, people have regarded milk as an indispens
able part of their diet, and it is still widely consumed worldwide. As a 
healthy and nutritious food, milk is a good source of protein and pro
vides the main nutrients. 

The nutrients in oat milk are derived from oats, which are rich in 
various bioactive substances and nutrients and are a healthy source of 

functional proteins, lipids, vitamins, dietary fiber, minerals, flavonoids, 
tocopherols and avenanthramides (Xinping et al., 2022; Yu et al., 2022). 
A comparison of cow’s milk versus several commercially available oat 
milk in terms of total nutritional value is presented in Table 2. The 
nutritional composition differs between oat milk and milk. The β-glucan 
component contained in oats, which is a water-soluble dietary fiber and 
the most abundant in oats and barley, has become the focus of attention 
for oat milk (Sharma et al., 2022a). β-Glucan plays a significant role in 
lowering cholesterol, blood lipids, and blood sugar, mainly because it 
can delay gastric emptying and reduce food intake by increasing the 
viscosity of food (Singh et al., 2013; Truswell, 2002). In addition to 
soluble dietary fiber, Avns, a unique alkaloid in oats, exhibits anti- 
inflammatory, antioxidant, anti-allergic, and antitumor biological ac
tivities, which can improve body function (Sang & Chu, 2017; Yu et al., 
2022). Although oat milk is rich in a variety of nutrients and dietary 
fiber, it lacks certain amino acids, calcium, and vitamin A compared 
with milk, which is not suitable for children during their growth and 
development, so dairy products for children under 5 years old cannot be 
completely replaced with oat milk (Sethi et al., 2016). Moreover, nu
trients can be destroyed when oats undergo a series of processing 
treatments that result in the loss of vitamins and minerals, which can be 
fortified by adding nutrients. Compared with milk, oat milk as a cereal 
drink is higher in carbohydrates, and only 4.2% of oat milk contains 
added sugar (Escobar-Saez et al., 2022). Furthermore, compared to 
cow’s milk, oat milk is lower in fat, which conforms to the expectations 
of plant-based milk. At the same time, oats are rich in lipids, the content 
of which ranges from 4.9% to 10.5%, and the proportion of unsaturated 
fatty acids is as high as 78–81.5%, among which the content of linoleic 
acid is 34.6 to 38.2% (Kourimska et al., 2018). The protein content of oat 
milk is lower than that in cow’s milk, and the digestible indispensable 
amino acid scores (DIAAS) of oat and milk were 57 and 116, respec
tively. The limiting amino acid in oat was lysine, while milk contained 
no limiting amino acids (Ertl et al., 2016; Herreman et al., 2020). In 
addition, the addition of plant protein to commercial protein milk has 
been found to improve the protein content (Lu et al., 2019). More 
nutritional comparisons between commercially available oat milk and 
cow’s milk are shown in Table 3. Taken together, the results indicate 
that oat milk contains some healthy ingredients that milk lacks, such as 
dietary fiber and alkaloids, but from the perspective of the overall 
nutritional composition, oat milk has shortcomings. Therefore, if we 
replace cow’s milk with oat milk entirely, it is necessary to consider 
whether these nutrients are fortified or obtain these nutrients from other 
foods. 

5.2. Bioavailability 

Bioavailability refers to the rate at which an active compound is 
taken up by the target site of action as it is released from the food matrix 
(Carbonell-Capella et al., 2014). Because processing processes, such as 
boiling and thermal application, cause loss and destruction of plant milk 
nutrients, some nutrients in oat milk have lower bioavailability, such as 
calcium, vitamins, and minerals (Aydar et al., 2020). It is necessary to 
increase the bioavailability of minerals such as calcium in the body; 
common sugars, such as starch, sucrose, glucose, and maltose, do not 
require supplementation, while lactose does (Miller, 1989). In oat milk, 
the lower bioavailability of calcium is due to absorption by oxalate and 
phytase, and insoluble calcium phosphate will eventually form due to 
the higher phosphate content; therefore, when the calcium and phos
phate ratio is 2:1 or 1:2, calcium can be normally absorbed by the body 
(Dubey and Patel, 2018). Casein stabilizes calcium phosphate, which in 
turn helps to enhance the absorption and delivery capacity of the in
testine, maximizing bioavailability, whereas casein micelles form gels at 
pH < 7, thus slowing digestion and enhancing satiety and nutrients in 
milk can be efficiently digested by the body (Lambers et al., 2013). In 
addition to calcium, the bioavailability of other minerals is also affected 
by phytic acid, which in oats reacts with iron and zinc cations to form 
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complexes that affect absorption (Gibson et al., 2006; Sethi et al., 2016). 
Since phytic acid is present in oats, higher levels of the nutrient should 
be consumed to prevent effects on bioavailability. 

5.3. Effects on disease prevention 

Epidemiological evidence has shown that the risk of Parkinson’s 
disease, a common disease among elderly individuals, is associated with 
the consumption of dairy products, possibly because galactose causes 
neuropathological changes, and drinking two glasses of milk a day may 
reach the risk dose (Sarni & Baroni, 2019). 

Compared to animal milk, oat milk exerts a positive effect on pre
venting cancer, cholesterol, diabetes, and cardiovascular disease due to 
its abundant functional active components (Paudel et al., 2021). In a 
study on the risk of chronic kidney disease and kidney stones due to the 
consumption of plant-based milk, oat milk was shown to have the lowest 
risk of kidney stones compared to almond and cashew milk and was 
superior to cow’s milk (Borin et al., 2022). A daily intake of 0.75 L of oat 
milk containing 3.8 g of β-glucan for five weeks could reduce low- 
density lipoprotein (LDL) levels and serum total cholesterol, which 
may be a function of β-glucan (Önning et al., 1999). In another study on 
the effect of oat milk consumption on blood lipids and antioxidant ca
pacity, after four weeks of consumption of 0.75–1 L of oat milk per day, 

plasma cholesterol was significantly lower compared with milk and was 
inversely related to antioxidant capacity (Onning et al., 1998). The 
unsaturated fatty acids in oats also reduce blood lipid levels (Kourimska 
et al., 2018). In summary, all the studies illustrated that drinking oat 
milk has a preventative effect on some diseases. 

6. Effects on carbon peaking and carbon neutrality 

6.1. Environmental effects 

Regarding the environmental impact of animal milk and plant-based 
milk, environmentalists will choose plant-based milk without hesitation. 
A common adverse environmental impact caused by milk production is 
climate change. The environmental impact factors of milk production 
include water use land, demand, and greenhouse gas emissions (Naranjo 
et al., 2020). Greenhouse gas emissions account for 4% of total emis
sions, followed by meat products, accounting for 6% of acidification risk 
(Noya et al., 2018). Compared to milk, oat milk generates a much lower 
climate impact, with much lower direct greenhouse gas emissions 
(16–41%) but higher acidification potential (21–37%) (Röös et al., 
2016). Under the background of “carbon peaking and carbon 
neutrality”, plant-based food is more low-carbon and environmentally 
friendly and effectively saves resources. Therefore, the idea of 

Table 2 
Nutritional comparison between commercially available oat milk and cow’s milk (per serving of 240 ml).  

Type of milk Energy (kcal) Protein (g) Fat (g) Carbohydrates (g) Dietary fibers (g) Fortification Cites 

Cow’s milk 153.6  7.92  9.36  11.04  – – (Maekinen et al., 2016) 
Oat milk (Oatly) 84  2.4  1.68  15.6  1.92 Ca, D2, B2, B12 

Oat milk (Alpro) 158.4  0.96  3.6  30.48  – Ca, D2, B2, B12 

Oat milk (Hain Europe) 120  1.44  3.12  20.64  2.4 Ca, D2, B12  

Table 3 
The nutritional composition of oat milk compared with cow’s milk.  

Nutrients Component Cow’s milk Oat milk Cites 

Amino acid (mg/100 g) Histidine 15.0–26.0 2.85–3.68 (Mickowska et al., 2016; Rafiq et al., 2016; Sterna et al., 2016) 
Isoleucine 25.0–62.0 4.15–4.41 
Leucine 90.0–108.0 7.89–9.17 
Lysine 49.0–96.0 3.79–3.91 
Methionine 17.0–27.0 1.73–1.93 
Phenylalanine 38.0–56.0 5.46–5.48 
Threonine 23.0–41.0 3.25–4.30 
Tryptophan – 3.61–4.09 
Valine 33.0–53.0 5.34–6.01  

Lipids (g/240 ml) Fatty acids (total saturated) 4.55 – (Singhal et al., 2017) 
Fatty acids (total monounsaturated) 1.98 – 
Fatty acids (total polyunsaturated) 0.476 – 
Cholesterol 0.024 –  

Vitamins (µg/100 g) C 202.3 – (Walther et al., 2022) 
A 29.2 – 
B1 11.9 25.2 
B2 108.3 14.01) 

B6 20.1 5.0 
E 89.1 513.72)  

Minerals (mg/100 g) Fe 0.07–0.08 6.40–7.40 (Paul et al., 2020; Sterna et al., 2016) 
Ca 122.0–134.0 84.3–85.6 
K 152.0–181.0 669.2–671.6 
Na 41.0–58.0 3.11–3.21 
P 119.0–121.0 672.3–816.32  

Water-soluble dietary fiber (g/100 g) β-Glucan – 0.5 (Önning et al., 1999)  

Phytosterols (mg/100 ml) β-sitosterol – 3.9 (Decloedt et al., 2018) 

1Contains products supplemented with vitamins; 2contains products supplemented with sunflower oil. 
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introducing a carbon emission tax as a strategy to respond to climate 
change is being discussed in many countries (Huang, 2022). Taken 
together, the results indicate that oat milk plays a more crucial role in 
promoting carbon neutrality and carbon peak than that of animal-based 
milk. 

6.2. Constraints on land 

Considering the global restrictions on land, it is critical to reduce the 
consumption of land resources. Maximizing the utilization rate of land 
and reducing the cost of land use are crucial factors when evaluating 
food sustainability (Garnett, 2009). Further studies showed that 26–54 
m2 of land is only sufficient for 1 kg of protein production of milk, 
compared with 4–25 m2 for plant protein, and comparing the protein 
delivery efficiency, the value of milk is 31 g and that of oats is 359 g 
(Nijdam et al., 2012; Smedman et al., 2010). From the limited literature, 
oat milk production requires less land compared to milk. 

7. Opportunities for oat milk 

7.1. The option of vegetarianism 

In the mid-20th century, the concept of vegetarianism became pop
ular worldwide, aiming to contribute to environmental protection and 
animal welfare (Allès et al., 2017). Recent publications have reported 
that less than 10% of the population in Europe are vegetarians, and the 
number of vegetarians is increasing globally (Baroni et al., 2019). Oat 
milk is an excellent choice for vegetarians because of its plant-based 
ingredients; however, special attention should be focused on how 
nutrient supplementation affects children and adolescents (Escobar-Saez 
et al., 2022). In addition, milk restrictions are necessary for people who 
are intolerant to lactose or allergic to milk, which is among the reasons 
vegetarians choose oat milk. 

7.2. Lactose intolerance 

Although milk and dairy products provide the main nutrients in the 
diet, they can also cause adverse reactions in some people, including 
allergies and lactose intolerance (Jeske et al., 2018). Research from the 
US National Library of Medicine (2020) suggested that nearly 70% of the 
global population has a decreased ability to digest lactose, while in East 
Asia, people with lactose intolerance can digest up to 70–100% lactose 
(Aydar et al., 2020). According to statistics, a number of factors can 
cause lactose intolerance: (1) the most common type, primary hypo
lactasia, usually appears at approximately 5–7 years of age and causes 
the greatest impact in adulthood; (2) a genetic disease, congenital 
lactase deficiency; and (3) developmental lactase deficiency, which is 
due to premature birth before lactase production (Jellema et al., 2010). 
In contrast, oat milk does not contain lactose, which can avoid symp
toms such as diarrhea and flatulence, and the related population can 
consume oat milk instead of the adverse effects caused by animal milk. 

7.3. Nutritional fortification of oat milk 

In addition to health effects, the main factors people consider when 
choosing between cow’s milk and plant-based milk are the content of 
nutrients. The main source of nutrition in the human body is mainly 
provided by milk, including calcium, protein, minerals, and vitamins A 
and B. Although some nutrients in oat milk are low in content or 
bioavailability, the milk can be fortified to improve the content. Recent 
publications about the design of the next generation of superfoods (foods 
with high levels of bioactive compounds and nutrients) suggested that 
activating secondary metabolites in plants through abiotic stress regu
lation exerted antioxidant, anti-inflammatory, and other health benefits, 
which could also be applied to the nutritional fortification of oats 
(Sharma et al., 2022a; Sharma et al., 2022c). Calcium fortification has 

been used to prepare oat milk because oxalates and phytates in oats form 
complexes with calcium and do not ionize or dissolve, which affects 
calcium absorption (Shkembi & Huppertz, 2021). Tricalcium phosphate 
and calcium carbonate are commonly used as fortifiers because their 
bioavailability is similar to that of calcium in milk, which is beneficial 
for human absorption because they can be dispersed throughout the 
product without causing the accumulation of anionic proteins in oat 
milk (Munekata et al., 2020). In addition, calcium bioavailability can 
also be fortified by the addition of probiotics because the production of 
short-chain fatty acids can improve calcium solubility (Aydar et al., 
2020). For example, bifidobacteria and Lactobacillus can improve cal
cium bioavailability by hydrolyzing glycosidic bonds in the gut (Dubey 
& Patel, 2018). 

8. Consumer acceptance 

According to market research, people are increasingly consuming 
plant-based milk. The experimental results of Onning et al. (1998) 
showed that compared with medium-fat UHT milk, oat milk was more 
acceptable (Onning et al., 1998). When consumers choose dairy prod
ucts, the first concern is the fat content; a lower fat content (1% or 2%) 
and sugar content will be preferred by consumers, and plant-based milk 
is more suitable for people who are lactose intolerant (Mccarthy et al., 
2017). For children around the age of 10, the preference for plant-based 
milk is relatively low (Palacios et al., 2010). In addition, in terms of 
price, plant-based milk is much higher, which is caused by the high 
production cost of its processing. 

9. Conclusion 

Plant-based foods are becoming more popular as consumers focus on 
health, sustainability, and function. Comparing oat-based milk analogs 
and traditional milk, we found that from different perspectives, both 
have their own characteristics and are suitable for different populations. 
In the background of “double carbon”, plant-based milk has a greater 
advantage from an overall environmental perspective and has a lower 
impact than dairy in terms of land use as well as water and greenhouse 
gas emissions. In terms of food properties, including texture, appear
ance, flavor, function, and taste, plant-based foods are expected to be 
comparable to animal foods. From the perspective of nutritional value, 
milk contains higher amounts of protein and is high-quality protein. 
However, the plant protein industry has recently experienced rapid 
growth with increased health awareness and consciousness of sustain
able development (Kumar et al., 2020). For calcium supplementation, 
the calcium content can be increased by adding the calcium fortifier 
calcium carbonate/calcium phosphate to oat milk. Moreover, oat milk is 
richer in unsaturated fatty acids and contains a variety of bioactive 
components as well as dietary fiber, which have the effect of preventing 
disease. Plant-based milk was first produced to solve nutritional prob
lems for lactose-intolerant people, then championed by vegetarians, and 
is now prized by environmental advocates who argue that it requires far 
less energy to produce than traditional milk. For those who are not 
suitable for milk, such as lactose-intolerant people and people with milk 
protein allergies, when we choose the plant-based milk we need, opting 
for oat base milk analogs that have been fortified with nutrients is a 
better option and to ingest enough nutrients from other diets. 

With the continuous expansion of the market of oat base milk ana
logs and the wider consumption population compared with traditional 
animal milk products, there are still some technical problems to be 
solved in terms of production, processing, preservation, and nutritional 
composition. Therefore, in the future, the market will focus on nutri
tional, sensory, physical, and chemical properties and sustainable design 
to develop better-quality oat milk. In addition, standards for evaluating 
oat milk should be developed, and quantitative indicators should be 
established to provide consumers with better reference opinions for 
selecting dairy products. 
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(2017). Comparison of sociodemographic and nutritional characteristics between 
self-reported vegetarians, vegans, and meat-eaters from the NutriNet-Santé study. 
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