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Abstract
Industrial hemp, with low levels of the intoxicating cannabinoid tetrahydrocannabinol (THC), is grown for fibre and
seeds. The industrial hemp industry is poised for expansion. The legalisation of industrial hemp as an agricultural
commodity and the inclusion of hemp seed in foods is helping to drive the expansion of the hemp food ingredients
industry. This paper discusses the opportunity to build an industrial hemp industry, with a focus on the prospects
of hemp seed and its components in food applications. The market opportunities for industrial hemp products are
examined. Various aspects of the science that underpins the development of an industrial hemp industry through
the food supply chain are presented. This includes a discussion on the agronomy, on-farm and post-harvest considerations and the various types of food ingredients that can be made from hemp seed. The characteristics of hemp
seed meal, hemp seed protein and hemp seed oil are reviewed. Different processes for production of value-added
ingredients from hemp seed, hemp seed oil and hemp seed protein, are examined. The applicability of hemp seed
ingredients in food applications is reviewed. The design of hemp seed ingredients that are fit-for-purpose for target
food applications, through the selection of varieties and processing methods for production of various hemp seed
ingredients, needs to consider market-led opportunities. This will require an integrated through chain approach,
combined with the development of on-farm and post-farm strategies, to ensure that the hemp seed ingredients and
foods containing hemp seed are acceptable to the consumer.
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Background
Cannabis sativa, native to Eastern Asia, was probably
first cultivated in China (circa 2700 BC) for its medicinal
properties. It is a potentially profitable, multi-use crop
that has good sustainability credentials due to its low
environmental impact (Ranalli and Venturi 2004). Hemp
seed is highly nutritious, containing around 25% protein,
35% oil, and high levels of antioxidants (Callaway 2004;
Farinon et al. 2020). The vegetative biomass from hemp
has applications as building materials and in biofuel
production, and its stem fibres can be used to produce
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textiles (Farinon et al. 2020). Hemp has deep tap roots
which enables efficient water acquisition and the storage
of carbon and which are also effective at improving soil
structure (Farinon et al. 2020).
Of particular importance is the wide range of phytochemicals found in hemp inflorescences that have
wide applications in food, pharmaceutical and cosmetic industries. The two major and better-known
phytochemicals in hemp are cannabinoids, (–)-trans-Δ9tetrahydrocannabinol (THC) which has an intoxicating
effect, and (-)-cannabidiol (CBD), which is non-intoxicating but has potential medicinal benefits. As such, CBD
supplements are currently highly sought after by the
nutritional supplement industry (Cerino et al. 2021).
Industrial hemp—Cannabis varieties with low tetrahydrocannabinol (THC) levels—are grown primarily for
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the production of fibre and/or seeds. The impetus for
the budding global industrial hemp industry is the result
of key changes to legislation, namely the 2014 and 2018
Farm Bills in the USA. The 2014 Farm Bill defined hemp
as plants with a THC threshold of 0.3% or less on a dry
weight basis (compared with c. 15% for illicit drug-type
Cannabis (ElSohly et al. 2021)) and allowed its production under specific conditions. The 2018 Farm Bill built
on this by legalising the production of hemp as an agricultural commodity and removed it from the list of controlled substances (American Farm Bureau Federation
2019). Australia legalised hemp foods in November 2017
after a ban that had been in place since 1937 (The Farmer
Magazine 2020).
The aim of this paper is to review the opportunity
for designing a whole supply chain for industrial hemp,
with a focus on the prospects of hemp seed for the food
industry. For decades, hemp seed has been an undervalued co-product from industrial hemp production,
primarily grown for its fibre. Subsequently, most varieties have not been optimised for the production of seed
or high-quality oil and protein. Industrial hemp is an
exciting alternative in a landscape where we traditionally grow a limited number of crops, where it provides an
opportunity to widen our agribiodiversity. The potential
of industrial hemp seed remains underdeveloped and
so to highlight its promise and emerging role as a valuable source of protein and oil for the food industry, in
this review, we will cover the market opportunities for
industrial hemp products, discuss the growth, harvesting and storage requirements of industrial hemp seed,
and describe the nutritional attributes of hemp seed and
the processing/fractionation it requires to produce valueadded food ingredients. Finally, recommendations will be
made for future research which we anticipate will enable
the development of sustainable industrial hemp supply chains, stimulating a call to action for the industrial
hemp industry.

Market opportunity
Globally, it is estimated that at least 47 countries grow
hemp for commercial or research purposes (Cannabis
Business Plan 2021). In 2019, Brightfield Group estimated that the top 10 producing nations alone had
864,000 acres of industrial hemp under cultivation (S&P
Global Market Intelligence 2019). However, as of September 2021, there are no official estimates available that
reliably and comprehensively track worldwide industrial
hemp under cultivation. FAO Statistics, for example, do
not capture five of the top 10 producing nations, even
though Canadian figures, which are not captured by
FAO, are available directly from the Canadian Government (FAOSTAT 2020; Government of Canada 2020).

Page 2 of 13

Due to the recency of legislative changes, the Australian
industrial hemp industry is still in its infancy, with an
estimated 6180 acres under cultivation, of which 64% are
in Tasmania (Gordon and Brodrick 2020).
The global market size estimates for industrial hemp
for 2025 vary greatly, with some estimates as high as
USD 26.6 billion (MarketsandMarkets 2019). There
are three key reasons for this. Firstly, the lack of official estimates for hemp under cultivation severely limits
forecasting. Secondly, the crash in wholesale prices for
nearly all hemp products in the USA during the second
half of 2019 led to around 60% of growers struggling to
find buyers due to massive oversupply (ACS Laboratory
2020). During this time prices for hemp seeds and crude
hemp oil fell 18% and 68% respectively (ACS Laboratory
2020). Thirdly, there are thousands of applications for
hemp, with food and beverage, fibre (textiles and paper),
and beauty and personal care standing out as the three
largest market opportunities (Whitney Economics 2019).
Given that each of these opportunities plays into a global
billion-dollar market, with 2019 market size estimates
for packaged food and beverage at USD 4837 billion
(Euromonitor International 2020a), textiles at USD 1587
billion (Technavio 2019), and beauty and personal care at
USD 503 billion (Euromonitor International 2020b), even
a small change in the size of the estimated captured market can lead to huge differences in market size estimates.
Given the still nascent state of the global industrial hemp
market, more conservative market size estimates, such
as those from Magna Intelligence seem more reliable.
Magna expects the global industrial hemp market to
grow from USD 4.6 billion in 2019 to USD 9.4 billion by
2025, at an annual growth rate of 12.8% (Magna Intelligence 2020).
Although hemp can be grown as a dual-purpose
crop, production systems are usually geared to producing either fibre or seed, and generally not both (AgriFutures Australia 2017). While a production system geared
towards seed will not yield the long bast fibres desired in
textile production, it will still yield some shorter fibres
(bast and hurd or pulp) after seed harvesting, that could
be used in hemp paper production (Industrial Hemp
Western Australia Association Inc 2021). Hence, a seed
production operation could potentially play into three
key segments of the global industrial hemp market—
food and beverage, personal care products, and paper.
Together, these three segments represent a USD 5.1 billion opportunity comprising 53.9% of the global industrial hemp market by 2025 (Magna Intelligence 2020).
Aside from regulatory hurdles, there are currently
two main obstacles that hold back the industrial hemp
industry. The first is the risk of a hemp crop “going hot”
(exceeding the legislated THC limit), requiring the entire
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crop to be destroyed. Current cultivars, even when grown
successfully in previous years, may produce THC levels
above the legal threshold in the following year due to
varying growing conditions (ABC News 2021). The second challenge is the lack of proper planting and harvesting equipment. For example, current air-seeders used in
planting can only be operated with low air volumes due
to the fragility of hemp seeds (MarketsandMarkets 2019).
Machinery currently used in the hemp harvest, especially smaller equipment such as sickle-bar mowers and
hay swathers, struggle with frequent clogging and blunting of blades (AgriFutures Australia 2017). As planting
increases, mechanised planting and harvesting needs to
be refined for efficiency alongside commercial-scale processing facilities.
Despite these challenges, the plant-based protein products market is ripe for new protein sources. The two
main protein sources in 2020 were soy and wheat, contributing 57.6% and 36.8% to the overall market, respectively (Technavio 2021). However, both soy and wheat are
among the top eight major food allergens, which account
for 90% of all food allergy reactions (Messina and Venter 2020). Wheat is also problematic for about 109 million people worldwide, or 1.4% of the global population
in 2020, who suffer from coeliac disease (Singh et al.
2018; United Nations 2019). Furthermore, while meat
consumption is extensive around the globe (an average
of 86% of people in 39 countries surveyed saying that
their diet includes meat (Statista 2020)), consumer health
concerns and the desire for more sustainable and ethical products is driving the global demand for non-meat
protein alternatives such as plant-based meats and dairy
(Euromonitor International 2020c). Many consumers are
continuing to move towards flexitarian or plant-based
diets, with 23% of all consumers indicating that they try
to limit their intake of meat (Euromonitor International
2020c). Novel plant-protein sources such as hemp, not
known to cause food allergies or affecting coeliac sufferers, therefore are well-positioned to meet the growing
global demand for plant-based proteins.

Industrial hemp—cultivation, harvesting
and storage
Growing

Hemp is a fast-growing productive crop that is regarded
as sustainable, despite the fact that in many areas of the
world it requires irrigation (Tang et al. 2018). For a productive crop, hemp might require more water than dryland cereals (Schultz et al. 2020), but substantially less
than other fibre crops such as cotton (Andre et al. 2016).
There is still a lack of accurate studies into best practice
water use (Adesina et al. 2020; Amaducci et al. 2000) but
a recent study reported that hemp can survive and
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reproduce under extreme water deficit (Gill et al. 2022).
Under ideal conditions hemp can grow very rapidly and
at high sowing rates will achieve canopy closure quickly,
suppressing weed growth (Struik et al. 2000). It has been
shown to have a positive effect on the soil and can also be
used for phytoremediation, particularly for the removal of
heavy metals such as lead (Burczyk et al. 2008). Although
frequently touted as requiring low inputs, hemp requires
large amounts of nitrogen input for good plant establishment and there are few studies into the impact that plant
nutrition has on subsequent seed and fibre quality (Herppich et al. 2020). There is sparse information on salinity
tolerance of hemp across all growth stages (Cheng et al.
2016; Hu et al. 2018). Given that a successful hemp crop
is dependent on irrigation, and that irrigation water and
soils are becoming increasingly salinised around the
world (Brady et al. 2008), hemp’s salinity tolerance will
be important to define and incorporate into breeding
programs.
There are established hemp breeding programs for
fibre and seed with many of these in the commercial sector, with a general lack of knowledge across the industry
about the type of germplasm available. There is limited
information about the availability of elite breeding lines
for improved seed size and quality (Small 2018). Quality
factors of hemp seed including total oil content, fatty acid
ratios, total protein content and beneficial phytochemicals are known to be highly variable among genotypes,
as well as contents of anti-nutrients like phytate (Schultz
et al. 2020). There is a strong need for a core germplasm
resource to be set up for industrial hemp to support
genomic efforts to unravel many key traits including
those related to seed (Small 2018; Hurgobin et al. 2021;
Welling et al. 2016). It is likely that a wide range of cultivars will be needed to meet the needs of different growing regions, not just around the world, but even within
the same country (Schluttenhofer and Yuan 2017). Australia is a prime example of this since the northern states
have hot, wet summers and cooler, drier winters ideal
for hemp cultivation, however the day length requirements of hemp to trigger flowering are not ideal at these
latitudes. In contrast, the southern states grow industrial
hemp in the dry, hot summer months where the crop
is dependent on irrigation but flowering can be more
confidently predicted. Cultivars that can push the seasonal envelope, establishing well in the colder and wetter spring months of southern Australia and thus need far
less irrigation, will further extend the sustainability credentials of this crop.
Harvesting

There is a huge range of phenotypic variety displayed by
the hemp cultivars currently available. This bodes well for
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future breeding efforts and is further augmented by the
large amount of genetic variation present in germplasm
collections that are not well described and therefore
remain relatively untouched to date (Welling et al. 2016).
There will need to be synergy between the crop types
grown for seed and the development of efficient harvesters. Fibre crops are tall and densely planted and will
require different harvesting specifications to shorter and
bushier seed crops, planted at lower density (Huang et al.
2017). Where crops are grown for dual purpose, with the
seed heads harvested first and then the remaining stalks
collected for fibre, harvesting considerations will be more
complex. Efficient separation of seed from biomass during on-field harvesting is ideal and potentially this can be
achieved by the use of modified cereal combines (Pahole
et al. 2018). However, there are currently only a few
bespoke hemp harvesters available for commercial use.
The HempTrainTM is an advance on traditional post-harvest processing methods for decortication and separation
and production of high value products. It enables separation of baled hemp straw and may be used for processing of fresh/green feedstock and dry feedstock (Canadian
Greenfield Technologies Corp 2021).
The timing of harvest is also likely to have an impact
on seed quality, particularly with regard to the lipid profiles. The content of linoleic, α-linolenic, oleic, and palmitic fatty acids varied with harvesting times, as did the
polyunsaturated to saturated ratio, and could be correlated with seed ripeness (Marzocchi and Caboni 2020).
A recent survey of hemp cultivars grown in Italy demonstrates that multiple properties, including phenolic and
sterolic contents of hemp seeds, can be affected by both
terroir and harvest method (Calzolari et al. 2021). Lastly,
there is little known about the influence of harvesting
times, and storage, on the anti-nutritional contents of
hemp seeds, including phytate and lignanamide (Mattila
et al. 2018) which will also influence downstream food
uses.
Postharvest segregation and storage

Both post-harvest segregation and correct storage of
hemp seed will be essential. The high oil content of hemp
seed means that seed quality is likely to be influenced by
storage conditions, in turn dictating downstream use that
is impacted by oil oxidation and rancidity (Suriyong et al.
2015). The protective compounds in hemp seeds which
can help to stabilise the lipid profile during storage, can
vary widely by cultivar, and thus shelf life will also vary
(Izzo et al. 2020). A better understanding of factors that
delay or prevent rancidity will be essential to ensure a
supply of consistently high-quality seed. The effects of
storage regimes on hemp seed protein profiles are little
known and given that hemp protein is likely to become
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an important alternative plant protein resource (Shen
et al. 2021), this will need further attention.
Segregation of seed types during storage and downstream processing will also be important to maintain the
status of hemp seed as a credible gluten-free ingredient.
Contamination from common cereals such as wheat and
barley, for example via the use of shared harvesters and/
or storage facilities, could occur, as has been seen for
other gluten-free grains such as buckwheat (Atasoy et al.
2020).

Food ingredients from hemp seed
There is a range of hemp seed products in the market
including whole hemp seed and dehulled hemp seed,
hemp seed oil, hemp seed cake (the by-product after
mechanical oil pressing), hemp seed meal (the by-product after solvent-based protein extraction of pressed
cake), hemp hulls and hemp protein concentrates/isolates
(Fig. 1). Hemp seed oleosomes, which are in-tact oil bodies, are an emerging ingredient that may be isolated from
hemp seed.
Knowing the composition, nutritional properties
and techno-functionality of hemp-based food ingredients is of fundamental importance for determining
their fitness-for-purpose in formulated food. In addition, understanding of the manufacturing processes
for hemp seed-based ingredients is also relevant as the
composition, quality, and functional properties of the
ingredient are influenced by the post-harvest handling
and processing. The properties of the ingredients are
also influenced by the cultivar, seasonality and growing conditions of the plant.
Composition of hemp seed

The variety and agronomic conditions affect the composition of the hemp seed as detailed in Section 3 above and
composition of major and minor components show significant variation. Hemp seed is a good source of macronutrients (proteins, fat and fibre), minerals (P, K, Mg, Ca,
Na, Fe, Mn, Zn, Cu) and phytonutrients (tocopherols,
carotenoids, sterols) but also contains a number of antinutritional components (phytic acid, condensed tannins,
trypsin inhibitors, cyanogenic glycosides and saponins)
(Callaway 2004; Leonard et al. 2020).
Whole hemp seed, dehulled hemp seed and hulls

Typically, whole hemp seeds contain 25–35% fat, 20–25%
protein, and 20–30% carbohydrates which is mainly
insoluble dietary fibre. However, the variability reported
is highly dependent on cultivar and agronomic conditions (Farinon et al. 2020). Hemp seed sampled from
commercial sources were found to be comprised of 90.8–
96.0% dry matter, 25.4–33.0% fat, 21.3–27.3% protein,
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Fig. 1 Food-grade hemp seed is harvested from industrial hemp plants with less than 1% (–)-trans-Δ9-tetrahydrocannabinol (THC). The hemp
seed is comprised of an outer hull which is high in dietary fibre and the heart (seed embryo) which is rich in protein and fats. Whole hemp seeds
are milled into hemp flour which is sequentially extracted to produce hemp oil and hemp protein concentrates/isolates which are used for food
formulation. Residues from these extractions, hemp seed cake and hemp seed meal, can also be used to fortify foods with antioxidants and dietary
fibre. Residue hemp plant biomass may also be a source of antioxidant compounds and short fibres for materials.

21.8–26.1% acid detergent fibre, 27.8–36.2% neutral
detergent fibre and 3.7–5.9% ash (House et al. 2010). An
Italian study of 20 non-drug hemp cultivars and wild
hemp accessions reported oil content to range from
28.5–36% dry matter for oil and protein ranging from
31.6–35.6% dry matter(Galasso et al. 2016). The seed
composition of ten industrial hemp cultivars (Alyssa,
Anka, CanMa, CFX1, CFX2, CRS1, Delores, Finola, Jutta,
Yvonne) grown in Canada were reported to be 26.9–
30.6% oil, 23.8–28.0% protein, 25.9–29.8% acid detergent
fibre, 32.7–38.8% neutral detergent fibre and 5.1–5.8%
ash (Vonapartis et al. 2015). A compositional analysis
of seven hemp cultivars (Bialobrzeskie, Felina 32, Tygra,
Futura 75, Santhica 27, Fedora 17, Finola) grown in
Greece over 3 years indicated that contents ranged from
8.5-29.2% for oil, 12.2-25.4% for protein, 40.8–74.5% for
carbohydrates and 4.4-5.3% ash, with cv. Finola having
the highest protein and oil content and lowest carbohydrate content (Irakli et al. 2019).
A comparison of the composition of dehulled hemp
seed and hulls indicates how the individual components are distributed in the fractions. This would also be
dependent on the method used in the dehulling operations. An analysis of six commercial dehulled hemp
seed samples found that they contained 93.7–97.0% dry

matter, 37.6–52.3% fat, 30.3–38.7% protein, 0.6–12.0%
acid detergent fibre, 4.6–18.1% neutral detergent fibre
and 5.4–7.1% ash (House et al. 2010). By contrast, the
hulls of three commercial samples contained (on an as is
basis) 93.4–97.0% dry matter, 4.3–15.8% fat, 8.8–16.3%
protein, 44.9–56.9% acid detergent fibre, 55.7–74.2 %
neutral detergent fibre and 3.1–4.4% ash (House et al.
2010). Distribution of components between the heart and
hull reported by House et al. (House et al. 2010) are consistent with a recent microscopic study which found high
levels of xylan, an important human dietary fibre, located
within the hull, while the embryo contained numerous
protein bodies (Schultz et al. 2020).
Hemp seed oil

Hemp seed oil is a rich source of polyunsaturated fatty
acids (> 70%), particularly the essential fatty acids linoleic
acid (18:2 n-6) and α-linolenic acid (18:3 n-3) with a good
n-6 to n-3 ratio (2.5–5.5) for human health. Various levels
of linoleic acid (51.6–59.0% fatty acids in oil), α-linolenic
acid (10.5–22.0% fatty acids in oil), total tocopherols
(56–97 mg/100 g of oil), phytosterols (279 mg/100 g of
oil) have been reported showing the wide variability in oil
composition (Callaway 2004; Farinon et al. 2020; Irakli
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et al. 2019). Virgin hemp seed oil produced by screwpressing only is a green colour because of the chlorophyll
co-extracted with the oil (Matthäus and Brühl 2008).
Hemp seed protein

Hemp seeds have protein content in a similar range to
that of other oilseeds. They have a higher protein level
than sunflower seeds or canola seeds but are lower in
protein compared to soybean (Potin and Saurel 2020).
Hemp seed proteins contain all the essential amino acids
for human health and the protein fraction of hemp is
highly digestible (Farinon et al. 2020; Mattila et al. 2018;
House et al. 2010).
Globulins account for 60–80% of the total protein while
albumins constitute the majority of the rest. Hemp globulins are mainly comprised of the 11S edestins, which is a
hexameric legumin with a MW of ~ 320 kDa. Each monomer of the hexamer is ~ 54 kDa and composed of an
acid α subunit and a heterogenous basic β subunit. The
minority proteins in the globulin fraction are 7S globulins
consisting of a subunit of ~ 48 kDa. The albumin fraction has a less compact structure than the globulin fraction and comprises seven polypeptides of 6–35 kDa. The
protein fraction also contains other minor proteins (Potin
and Saurel 2020; Pihlanto et al. 2020; Tang et al. 2006).
Minor components

Hemp seeds contain a range of phytochemicals, with
the presence of phenolic compounds and tocopherols
contributing to their antioxidant activity. Agronomic
conditions can affect the levels of phenolic compounds
in the hemp seed. For example, growing hemp seed at
high density without pre-seeding fertilisation led to an
accumulation of phenolic compounds; a typical stress
response (Faugno et al. 2019). Hemp seeds also contain
some antinutritional factors like trypsin inhibitors that
affect protein digestibility and bioavailability, along with
phytate/phytic acid that chelates minerals like iron and
zinc, reducing their bioavailability. In one study, the concentration of phytic acid in hemp seed meal was found
to range from 43.8–75.5 g/kg dry matter, while trypsin
inhibitors ranged from 10.8 to 27.8 unit/mg (Galasso
et al. 2016). Levels of these anti-nutrients are comparable
or lower than other oilseeds (Galasso et al. 2016). Condensed tannins, cyanogenic glycosides and saponins are
present at levels of 1.75, 0.23 and 69 mg/kg dry matter
respectively (Russo and Reggiani 2013). Further details
on the mineral composition, unsaponifiable components
(e.g. tocopherols, phytosterols, carotenoids) and antinutritional factors and their effects on nutritional quality
of hemp ingredients are available in several reviews (Callaway 2004; Farinon et al. 2020; House et al. 2010; Galasso
et al. 2016; Vonapartis et al. 2015).

Page 6 of 13

Cannabinoids are reported to exist in very low levels
in hemp seed (Jang et al. 2020) even in seed from drugtype varieties where cannabinoid contents of flower
tissues can be very high (Ross et al. 2000). One study
has reported that cannabinoid contents in hemp seed
might be underestimated by typical analyses and, in
some instances, might exceed ten times the legal limit
by weight (Yang et al. 2017). As cannabinoid synthesis occurs in glandular trichomes not present in seeds,
this discrepancy in content may be due to differences in
contamination from vegetative materials. Further work
should be done to determine if cannabinoid contents
of hemp seeds are indeed this variable or a function of
contamination.

Processing of value‑added hemp seed ingredients
There is a range of products that can be derived from
hemp seed. Apart from the milling of whole or dehulled
hemp seed into flour, value-added oil- and proteinenriched fractions may be isolated. Additionally, phytochemical extracts are becoming of increasing interest
as their role and application in health and nutrition are
increasingly being recognised (Rupasinghe et al. 2020).
Oil extraction

Hemp seed oil may be extracted from whole or dehulled
hemp seed (House et al. 2010). Conventional processing techniques are primarily aimed at extracting oil efficiently and to obtain an oil of good quality. Opportunities
for improvements in processing for hemp seed and production of fractions from hemp seed oil will be similar
to that for the processing of more established oil seeds
such as soybean, rapeseed/canola seed, sunflower seed,
safflower seeds, flax seeds and palm kernels. The various methods for extraction of oil from oilseeds that have
been applied to hemp seed include mechanical pressing, solvent extraction, use of supercritical 
CO2, and
microwave or ultrasound assisted processing (Devi and
Khanam 2019; Oomah et al. 2002; Da Porto et al. 2012).
The oil may then be further purified and refined.
Pressing is one of the oldest methods used for extraction of hemp oil, with seed pre-treatment and processing variables affecting the efficiency of oil extraction and
quality of the oil. Seed pre-treatment (50°C/1 h), a higher
temperature of extraction (70 °C compared to 50 °C)
and slow rotational screw speed (22 rpm versus 32 rpm)
increased the oil yield (Crimaldi et al. 2017). The conditions used for cold-pressing can also affect the content of
phenols and polyphenols in hemp seed oil (Faugno et al.
2019). Enzyme-assisted cold pressing has been found to
increase the oil extraction efficiency without compromising oil quality (Latif and Anwar 2009). A comparison of
solvent extracted oil from untreated hemp seed or hemp
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seed that were previously subject to a microwave treatment showed that microwave treatment improved oil
yield, carotenoid and tocopherol contents but did not
alter fatty acid composition and increased the resistance to oxidation (Oomah et al. 2002). Extraction of oil
from hemp seed using supercritical C
 O2, cold pressing or
solvent extraction resulted in oils with similar fatty acid
composition, however oil extracted using supercritical
CO2 had higher tocopherol content, but reduced pigment
compared to cold pressed oil. Solvent-extracted hemp
seed oil did not contain tocopherols due to the high
temperatures used during extraction and had intermediate levels of pigments compared to oils extracted by the
other two methods (Aladić et al. 2015). Due to high levels
of polyunsaturated fatty acids, hemp seed oil is very susceptible to oxidation with virgin oil being especially sensitive. This is due to high contents of chlorophyll that acts
as a photosensitiser (Matthäus and Brühl 2008).
Oil was traditionally considered the more valuable
component of oilseed processing and the pressed cake
and meal were considered to be by-products, initially
used in the animal feed industry. With the recognition
that oilseeds were also good sources of protein, a range
of protein concentrates and isolates have been produced
from the solvent-extracted oil seed, the mechanically
pressed cake or seed meal produced after solvent extraction of the pressed cake (Shen et al. 2021). There appears
to be some confusion around the labelling of hemp seed
cake and hemp seed meal in the literature and market as
sometimes these terms are used interchangeably. However, to be consistent with other oilseed literature, hemp
seed cake should refer to product obtained after mechanical pressing of oil while hemp seed meal is obtained after
solvent extraction of the pressed cake. After expelling
the oil using a screw press, the oil content in the residue
obtained has 8.4–15.5% oil (Callaway 2004; House et al.
2010) while the oil content in the de-lipidated hemp meal
after solvent extraction is expected to be much lower (~
1% oil) (Potin and Saurel 2020).
Oil in oilseeds is present as oil bodies which are covered by oleosin proteins. A method for simultaneous
aqueous separation of oleosomes and protein from oilseed has been reported. Using this process intact oleosomes are recovered and may be used as a natural
oil-in-water emulsion with high physical and chemical
stability (Ntone et al. 2020). Methods for non-destructively manufacturing oleosomes have been patented
(Gray 2014). These methods are expected to be applicable
to other oilseed including hemp.
Protein extraction

Methods used for protein isolation from oilseeds (Arrutia et al. 2020) may be applied to isolation of hemp seed
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protein fractions from hemp seed (Potin and Saurel 2020;
Pihlanto et al. 2020). Understanding the source used
for protein extraction and the prehistory of the starting
ingredient for protein extraction is important as pre-processing can impact the protein extraction efficiency and
protein quality. As the protein was originally considered
a secondary product, the traditional methods did not
consider the functionality or quality of the protein and
often the processing steps used were detrimental to protein quality.
Sequential extraction of protein from hemp seed

Aqueous extraction is the most common method used for
extraction of protein and has been applied to whole seed,
cake and meal, usually after oil is expelled by pressing or
solvent extracted (Shen et al. 2021; Pihlanto et al. 2020).
Tang et al. (Tang et al. 2006) prepared hemp seed protein isolate (86.9% protein, wet basis) by alkaline extraction and isoelectric precipitation, starting from de-fatted
hemp seed meal (50.2% protein) obtained after dehulling
and defatting using supercritical CO2 at < 40 °C. Compared to soy protein isolate prepared using a similar
process, the hemp seed isolate had superior amino acid
composition although its techno-functional properties
(solubility, emulsifying activity and water holding capacity) were inferior (Tang et al. 2006). Using a similar process to Tang et al. (Tang et al. 2006), hemp seed protein
isolate (84.15% protein) was extracted from a commercial defatted hemp seed meal (44.32% protein) (Malomo
et al. 2014). Some high molecular weight proteins were
not extracted from the hemp seed meal when using alkaline extraction and the authors reported that the pH of
minimum protein solubility was pH 3.0 for defatted
hemp seed meal and pH 4.0 for the hemp seed protein
isolate (Malomo et al. 2014). The authors also found that
the emulsifying properties of these fractions were different and dependent on pH (Malomo et al. 2014). Alkaline
extraction/isoelectric precipitation of defatted hemp
seed meal (47.9% protein) produced a protein isolate
(91.44% protein) with a lower protein content than that
produced using micellisation (salt extraction followed by
dialysis and ultrafiltration) (98.87% protein) (Hadnađev
et al. 2018). The pH of minimum solubility was pH 5.0
for the alkali-extracted protein isolate while that for protein extracted using micellarisation was higher at pH
6.0. In addition, the alkali-extracted protein had a higher
degree of denaturation and water holding capacity but
the fat holding capacity was not significantly different
(Hadnađev et al. 2018). These variations in functionality
provide opportunities to match differently prepared isolates to a range of applications.
The presence of fat in the starting material for isolation of protein is generally regarded as undesirable and
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often solvent extracted material is used. A recent review
suggests that total de-fatting using solvent may not be
necessary for some applications of protein-enriched fractions (Carre 2021). A study on the extractability of hemp
seed protein from un-defatted hemp seed press cake
under different hydration conditions, pH, ionic strength
and press-cake liquid ratio suggested that pH was the
most influential factor determining protein recovery
(Potin et al. 2019). These authors found that pH > 9.0
significantly enhanced protein yields but increasing pH
increased pigmentation and suggested that further steps
are required to purify the protein (Potin et al. 2019).
Recently, newer approaches are being explored to
obtain both high quality oil and protein fractions from
plant sources. Using a non-solvent process, a highly
digestible rapeseed protein isolate (90% protein) which is
soluble between pH 2.0 and pH 12.0 with desirable emulsifying and foaming properties for applications in a range
of manufactured food was reported, although the details
of the process were not disclosed (Dereuder 2019).

concentrate isolated from full-fat hemp was a good foam
stabiliser (Galves et al. 2019). A recent research study
examined the recovery of hemp oleosomes from hemp
milk. The hemp milk was produced by separation of a
previously colloid-milled dehulled hempseed/water mixture using a clarifier separator and hemp oil bodies were
separated from the hemp milk by centrifugation (Garcia
et al. 2021).

Simultaneous aqueous extraction of an oleosome‑protein
extract

Applications in food
There is significant potential of hemp-based ingredients
to be used in a range of food applications (Leonard et al.
2020; Rupasinghe et al. 2020; Xu et al. 2021). However,
there is also emerging interest in the use of other parts
of the plant (e.g. sprouts; leaves; sap extract from leaves).
The use of hemp ingredients in food is subject to the
ingredients having low levels of THC and CBD. There are
different limits for these components in hemp food products in various countries and jurisdictions. As an example, the permissible levels allowed in Australia, the EU
and the USA for various hemp products (Government of
South Australia 2020) are given in Table 1.

Simultaneous extraction of oleosomes (oil bodies) and
protein from oil seed meals have the advantage of being
a relatively mild process not requiring organic solvents,
high temperature or extreme pH. These methods also
do not affect the solubility of protein (Ntone et al. 2020).
There is a report on the properties of a spray-dried commercial hemp seed protein concentrate derived from
filtration of the heavy aqueous stream of a liquid–liquid
phase separation process for hemp oil body extract. It
was suggested that a functional hemp protein concentrate (71% protein, 32.5% fat, 2.8% ash) with an isoelectric point of pH 5.2–5.3 was obtained. The hemp protein

Extraction of phytochemicals

Other bioactive components may be extracted from defatted hemp seed cake and serve as extracts for preparation of functional foods with health promoting properties
(Rupasinghe et al. 2020). A comparison of conventional
extraction of hemp seed cake with a mixed solvent
with ultrasound-assisted extraction showed that higher
amounts of polyphenols and flavonoids are extracted
with the application of ultrasound and further that the
antioxidant capacity of the extracts were also increased
(Teh and Birch 2014).

Table 1 Maximum permissible THC contents in different hemp food products in Australia/New Zealand, the European Union and the
USA
Hemp product

Australia/New Zealanda

European Unionb

USAc

Industrial hemp plant

0.35% or 1% dw

0.2% dw

0.3% dw

Hulled hemp seed

5 mg/kg

3 mg/kg

4 mg/kg

Hemp seed oil

10 mg/kg

7.5 mg/kg

10 mg/kg

Hemp flour and hemp protein powder

10 mg/kg

3 mg/kg

Not specified

Hemp seed milk or other beverages

0.2 mg/kg

Not specified

Not specified

Milled hemp seed as ingredients

5 mg/kg

3 mg/kg

Not specified

a

Food Standards Australia and New Zealand specify limits for Cannabis sativa seeds as food and ingredients in foods. FSANZ state that industrial hemp for food is
limited at 1% THC in leaves and flowering heads, though some states have set lower limits of 0.35%. Australia also specifies that hemp seed products must contain no
more than 75 mg/kg of CBD

b

The European Commission amended Regulation (EC) No. 1881/2006 to set maximum limits for hemp foods in Europe, though each state is free to set their own limits
equal to or below these limits. The amended regulation takes effect 1 January 2023

c
The US Food and Drug Administration has not set formal limits for THC in hemp-based foods. Though the “Generally Recognised as Safe” classification from the FDA
specifies contaminant limits including THC which are presented
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Table 2 Applications of hemp seed products in food
Application

Functionality in food

Reference

Hemp flour containing cookies had higher ash, protein, phenolic content and anti-oxidant activity but were softer

(Ertaş and Aslan 2020)

Bakery products
Cookies: substitution of wheat flour (up to 20%) with hemp
flour (raw or roasted)

Starch based gluten free bread: partial substitution of starch in Part substitution of starch with hemp flour weakened dough
(Korus et al. 2017)
recipe with flour or protein-enriched fractions
structure, while incorporation of hemp protein concentrate
(20%) reinforced dough structure. Both incorporation of hemp
flour/hemp protein concentrate improved nutritional value
and sensory properties
Bread: partial substitution of wheat flour (up to 80%) with
hemp seed flour made from pressed hemp seed cake

Bread with hemp seed flour had higher nutritional value;
dough stability and strength was not affected by up to 10%
substitution of hemp flour

(Pojić et al. 2015)

Beverages
Fermented drinks: hemp drink (containing 3% hemp seed) or Hemp seed fermented drinks had strong prebiotic activity;
1:1 (v/v) mixtures of hemp-soy or hemp-rice drinks fermented basis for producing prebiotic and probiotic plant-based drinks
with probiotics
for the alternative dairy market by fermentation

(Nissen et al. 2020)

Hemp seed milk beverage: non-thermal processed hemp milk High pressure homogenisation (up to 60 MPa) in combination
(4% protein, 5% fat)
with pH shift (to pH 12) may be used to produce physically
and oxidatively stable milk

(Wang et al. 2018)

Confectionery
Extruded energy bars: partial substitution of rice flour (up to
40%) with defatted or whole hemp powder

Bulk density increased while equilibrium moisture content
decreased with hemp powder incorporation; bar made with
extruded rice/20% whole hemp had higher overall sensory
acceptability

(Norajit et al. 2011)

Plant-based meat analogues
High moisture extrusion formulations: partial substitution of
soy protein isolate with hemp protein concentrate in meat
analogue formulations

Extrusion in twin screw co-rotating extruder was possible with (Zahari et al. 2020)
up to 60% wt. replacement of soy protein isolate and resulted
in a meat analogue with a comparable texture to soy protein
isolate alone

Table 2 provides examples of selected applications of
hemp seed products in formulated foods. Overall, hemp
seed flour has superior nutritional quality compared to
wheat flour and may be used for fortifying food products,
as it is higher in protein, fat, minerals, fibre, essential
amino acids and essential fatty acids compared to wheat
flour (Rusu et al. 2021). The high level of polyunsaturated
fatty acids in hemp seed oil means that it may be used as
a nutritious oil for salad dressings but is it is not suitable
for deep frying due to the high level of unsaturation in
the oil. Proteins from oilseeds like hemp are seen as alternative protein sources to animal protein, contributing
to the production of acceptable meat analogues (Zahari
et al. 2020), and a acting as a valuable source of nutritional and bioactive components (Arrutia et al. 2020;
Kotecka-Majchrzak et al. 2020).
Hemp seed products are emerging ingredients in the
food industry. With this comes the challenges of development of ingredients with consistent composition and
techno-functionality. Starting with the application in
mind and understanding functionality in the end application will help in the design of fit-for-purpose ingredients

through appropriate breeding technologies, post-harvest
handling practices and processing operations to develop
sought-after value-added ingredients for the food
industry.

Recommendations
A successful and profitable industrial hemp supply has to
be built to addresses a market-led opportunity. Solutions
to overcome current barriers and enable the supply chain
to flourish requires identification of a whole-of-supply
chain approach with multiple stakeholders. For the food
industry, consumer acceptance of hemp food ingredients
and products will be of vital importance. Some of the
issues that need further attention, to add to the growing body of knowledge in the industrial hemp industry,
include the following:
On farm:
• Reliable seed supply of stable and genetically defined
cultivars
• Breeding strategies to enable production of hemp
crops with low THC under stressed conditions (e.g.
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understanding gene expression for cannabinoids
under hot conditions and in drought)
• Breeding (new cultivars)/farm management practices
(digital agriculture) to reduce water requirements
whilst maintaining desired farm productivity
• Robust processes (e.g. safe and reliable feminisation
protocols) for consistent seed supply
• Mechanical harvesting processes for improved efficiency
Post-harvest:
• Safe storage and transport conditions for maintaining
hemp seed quality
• Food safety protocols and pest-control measures
Processing of hemp seed:
• Pre-conditioning of seeds for improved processability
• More sustainable methods for separation and processing of hemp seed
• Improved processing protocols for obtaining protein
fractions of consistent quality
• Novel methods to protect hemp seed oil against oxidation (e.g. encapsulation)
• Developing processes for separation of protein and
intact oleosomes
• Systematic characterisation of inherent nutritional
and functional properties of hemp seed flour, protein
fractions and hemp seed oil obtained using various
processes
Food applications:
• Developing ingredients with fit-for-purpose functionality in end applications
• Testing applications of hemp seed protein in traditional food applications (e.g. bakery, snacks) and in
new emerging markets (e.g. meat analogues, alternative dairy)
Consumers:
• Communication to improve consumer understanding (e.g. difference between Cannabis for recreational
drug use and industrial hemp with low THC for food
use)
• Education about the nutritional properties of hemp
seed ingredients and products
• Development of recipes containing hemp ingredients
Market/Trade:

Page 10 of 13

• Harmonised specifications for trade of hemp seed
ingredients (i.e. hemp seed, hemp protein, hemp seed
oil)
• Standardised methodology for testing and analysis of
THC in food products
• Understanding of heterogenous regulations for cannabinoids in hemp food products in various jurisdictions

Conclusions
The growing of industrial hemp, containing low levels of
THC, to provide food ingredients and incorporation into
finished products is a significant opportunity. The market-led opportunities hold promise for hemp seed, which
was traditionally regarded as a by-product of the hemp
fibre industry. Hemp seed is a valuable product in its own
right for the food industry, which can be further developed into value-added ingredients. The excellent attributes of hemp seed are their high nutritional value (high in
nutritious protein and oils) and the techno-functionality
of the hemp protein for a world that is short of protein.
The ability to increase the productivity of the hemp crop
with consistently low THC content will be a pre-requisite
for investment in the industrial hemp industry as farmers need assurance that their crops can be harvested for
the use they were grown for. Overall, the opportunity to
build a whole supply chain is particularly attractive for
the farm sector wishing to diversify and plant sustainable
crops with potential for economic returns.
Abbreviations
CBD: (-)-cannabidiol; cv.: Cultivar; kDa: Kilodalton; MW: Molecular weight; THC:
(–)-trans-Δ9-tetrahydrocannabinol; USD: United States Dollar.
Acknowledgements
Mary Ann Augustin would like to thank Meryn Scott, CSIRO, for conducting
the literature search on hemp ingredients for food.
Authors’ contributions
All authors contributed to the preparation of the manuscript. The author(s)
read and approved the final manuscript.
Funding
The authors acknowledge the University of Adelaide’s School of Agriculture,
Food and Wine and CSIRO for financial support.
Availability of data and materials
No new data or materials were generated in this manuscript.

Declarations
Ethics approval and consent to participate
N/A
Consent for publication
N/A

Burton et al. Journal of Cannabis Research

(2022) 4:45

Competing interests
The authors declare that they have no competing interests.
Author details
1
Department of Food Science, School of Agriculture, Food and Wine, University of Adelaide, Waite Campus, Urrbrae, SA 5064, Australia. 2 Plant Genomics
Centre, Waite Campus Receivals, Corner of Hartley Grove and Paratoo Road,
Urrbrae, SA 5064, Australia. 3 CSIRO Business Development & Global, CSIRO
Building 122, Research Way, Clayton, VIC 3168, Australia. 4 Present Address:
Wine Australia, Industry House Corner Hackney and Botanic Roads, Adelaide,
SA 5000, Australia. 5 CSIRO Agriculture & Food, 671 Sneydes Road, Werribee, VIC
3030, Australia.
Received: 18 May 2022 Accepted: 12 July 2022

References
ABC News. Tasmanian hemp grower destroys crop after it exceeded allowed
THC levels. 2021. https://www.abc.net.au/news/2021-04-24/hemp-crop-
destroyed-because-it-grew-too-potent/100091462. Accessed 21 Sept
2021.
ACS Laboratory. Hemp & CBD market value: January 2020 price trends for
crude, flower biomass, isolate. 2020. https://acslabcannabis.com/blog/
operations/hemp-cbd-market-value-price-trends-for-crude-flower-
biomass-isolate/. Accessed 15 Sept 2021.
Adesina I, Bhowmik A, Sharma H, Shahbazi A. A review on the current state of
knowledge of growing conditions, agronomic soil health practices and
utilities of hemp in the United States. Agriculture. 2020;10:129.
AgriFutures Australia. Industrial hemp. 2017. https://www.agrifutures.com.au/
farm-diversity/industrial-hemp/. Accessed 17 Aug 2021.
Aladić K, Jarni K, Barbir T, Vidović S, Vladić J, Bilić M, et al. Supercritical CO2
extraction of hemp (Cannabis sativa L.) seed oil. Ind Crops Prod.
2015;76:472–8.
Amaducci S, Amaducci MT, Benati R, Venturi G. Crop yield and quality parameters of four annual fibre crops (hemp, kenaf, maize and sorghum) in the
North of Italy. Ind Crops Prod. 2000;11:179–86.
American Farm Bureau Federation. 2018 Farm Bill provides a path forward for
industrial hemp. 2019.
Andre CM, Hausman J-F, Guerriero G. Cannabis sativa: the plant of the thousand and one molecules. Front Plant Sci. 2016;7:19.
Arrutia F, Binner E, Williams P, Waldron KW. Oilseeds beyond oil: press cakes
and meals supplying global protein requirements. Trends Food Sci Technol. 2020;100:88–102.
Atasoy G, Ulutas B, Turhan M. Potential ways for gluten contamination of
gluten-free grain and gluten-free foods: the buckwheat case. Food Addit
Contam Part A. 2020;37:1591–600.
Brady NC, Weil RR, Weil RR. The nature and properties of soils. Upper Saddle
River: Prentice Hal; 2008.
Burczyk H, Grabowska L, Kołodziej J, Strybe M. Industrial hemp as a raw material for energy production. J Ind Hemp. 2008;13:37–48.
Callaway JC. Hemp seed production in Finland. J Ind Hemp. 2004;9:97–103.
Calzolari D, Rocchetti G, Lucini L, Amaducci S. The variety, terroir, and harvest
types affect the yield and the phenolic and sterolic profiles of hemp seed
oil. Food Res Int. 2021;142:110212.
Canadian Greenfield Technologies Corp. Hemptrain: advanced processing
plant. 2021. https://canadiangreenfield.com/hemptrain/. Accessed 18
Dec 2021.
Cannabis Business Plan. Global hemp market. 2021. https://cannabusinesspl
ans.com/global-hemp-market/. Accessed 21 Sept 2021.
Carre P. Reinventing the oilseeds processing to extract oil while preserving the
protein. OCL - Oilseeds fats, Crop Lipids; 2021. p. 28.
Cerino P, Buonerba C, Cannazza G, D’Auria J, Ottoni E, Fulgione A, et al. A
review of hemp as food and nutritional supplement. Cannabis Cannabinoid Res. 2021;6:19–27.
Cheng X, Deng G, Su Y, Liu JJ, Yang Y, Du GH, et al. Protein mechanisms in
response to NaCl-stress of salt-tolerant and salt-sensitive industrial hemp
based on iTRAQ technology. Ind Crops Prod. 2016;83:444–52.
Crimaldi M, Faugno S, Sannino M, Ardito L. Optimization of hemp seeds (Canapa sativa L.) oil mechanical extraction. Chem Eng Trans. 2017;58:373–8.

Page 11 of 13

Da Porto C, Decorti D, Tubaro F. Fatty acid composition and oxidation stability
of hemp (Cannabis sativa L.) seed oil extracted by supercritical carbon
dioxide. Ind Crops Prod. 2012;36:401–4.
Dereuder A. Avril et DSM vont produire une protéine de colza. 2019. https://
www.processalimentaire.com/ingredients/avril-et-dsm-vont-produire-
une-proteine-de-colza?sso=1585667417. Accessed 30 Aug 2021.
Devi V, Khanam S. Comparative study of different extraction processes for
hemp (Cannabis sativa) seed oil considering physical, chemical and
industrial-scale economic aspects. J Clean Prod. 2019;207:645–57.
ElSohly MA, Chandra S, Radwan M, Gon C, Church JC. A comprehensive review
of cannabis potency in the USA in the last decade. Biol Psychiatry Cogn
Neurosci Neuroimaging. 2021;6(6):603–6.
Ertaş N, Aslan M. Antioxidant and physicochemical properties of cookies
containing raw and roasted hemp flour. Acta Sci Pol Technol Aliment.
2020;19(2):177–84.
Euromonitor International. Alcoholic & soft drinks and packaged food - market
size data. 2020a.
Euromonitor International. Beauty and personal care - market size data. 2020b.
Euromonitor International. Rise of plant-based eating and alternative proteins:
understanding flexitarians and growth trends - Webinar Slides. 2020c.
https://go.euromonitor.com/webinar-video-packaged-food-210916-
plant-based-eating.html. Accessed 21 Sept 2021.
FAOSTAT. Crops and livestock products [Data]. 2020. www.fao.org/faostat/en/#
data/QCL. Accessed 6 Sept 2021.
Farinon B, Molinari R, Costantini L, Merendino N. The seed of industrial hemp
(Cannabis sativa l.): nutritional quality and potential functionality for
human health and nutrition. Nutrients. 2020;12:1–60.
Faugno S, Sannino M, Pacifico S, Cervelli E, Stagno F, Assirelli A. New insights
in hemp seed phenols and polyphenols through uhplc-esi-qtof-ms/ms
analysis. In: Eur. Bio. Conf. Exhib. Proc; 2019. p. 339–43.
Galasso I, Russo R, Mapelli S, Ponzoni E, Brambilla IM, Battelli G, et al. Variability
in seed traits in a collection of Cannabis sativa L. genotypes. Front Plant
Sci. 2016;7:688.
Galves C, Stone AK, Szarko J, Liu S, Shafer K, Hargreaves J, et al. Effect of pH and
defatting on the functional attributes of safflower, sunflower, canola, and
hemp protein concentrates. Cereal Chem. 2019;96:1036–47.
Garcia FL, Ma S, Dave A, Acevedo-Fani A. Structural and physicochemical
characteristics of oil bodies from hemp seeds (Cannabis sativa L.). Foods.
2021;10:2930.
Gill AR, Loveys BR, Cowley JM, Hall T, Cavagnaro TR, Burton RA. Physiological
and morphological responses of industrial hemp (Cannabis sativa L.) to
water deficit. Industrial Crops and Products. 2022;187:115331.
Gordon S, Brodrick R. A comparative analysis of cotton and hemp production
in Australia. East Toowoomba: The Australian Cottongrower; 2020. p.
42–5.
Government of Canada. Industrial hemp licensing statistics. 2020. www.
canada.ca/en/health-canada/services/drugs-medication/cannabis/produ
cing-selling-hemp/about-hemp-canada-hemp-industry/statistics-repor
ts-fact-sheets-hemp.html#_2020. Accessed 6 Sept 2021.
Government of South Australia. Fact sheet: low THC hemp as food. 2020.
https://www.sahealth.sa.gov.au/wps/wcm/connect/public+content/
sa+health+internet/public+health/food+safety+for+businesses/resou
rces/low+thc+hemp+as+food. Accessed 29 Aug 2021.
Gray D. Oil body extraction and uses; 2014.
Hadnađev M, Dapčević-Hadnađev T, Lazaridou A, Moschakis T, Michaelidou
A-M, Popović S, et al. Hempseed meal protein isolates prepared by
different isolation techniques. Part I. physicochemical properties. Food
Hydrocoll. 2018;79:526–33.
Herppich WB, Gusovius H-J, Flemming I, Drastig K. Effects of drought and heat
on photosynthetic performance, water use and yield of two selected
fiber hemp cultivars at a poor-soil site in Brandenburg (Germany).
Agronomy. 2020;10:1361.
House JD, Neufeld J, Leson G. Evaluating the quality of protein from hemp
seed (Cannabis sativa L.) products through the use of the protein
digestibility-corrected amino acid score method. J Agric Food Chem.
2010;58:11801–7.
Hu H, Liu H, Liu F. Seed germination of hemp (Cannabis sativa L.) cultivars
responds differently to the stress of salt type and concentration. Ind
Crops Prod. 2018;123:254–61.
Huang J, Shen C, Li X, Tian K, Chen Q, Zhang B. Design and tests of hemp
harvester. Int Agric Eng J. 2017;26:117–27.

Burton et al. Journal of Cannabis Research

(2022) 4:45

Hurgobin B, Tamiru-Oli M, Welling MT, Doblin MS, Bacic A, Whelan J, et al.
Recent advances in Cannabis sativa genomics research. New Phytol.
2021;230:73–89.
Industrial Hemp Western Australia Association Inc. Hemp – paper and cardboard. https://ihempwa.org/paper-cardboard/. Accessed 27 Oct 2021.
Irakli M, Tsaliki E, Kalivas A, Kleisiaris F, Sarrou E, Cook CM. Effect οf genotype and
growing year on the nutritional, phytochemical, and antioxidant properties
of industrial hemp (Cannabis sativa L.) seeds. Antioxidants. 2019;8:491.
Izzo L, Pacifico S, Piccolella S, Castaldo L, Narváez A, Grosso M, et al. Chemical
analysis of minor bioactive components and cannabidiolic acid in commercial hemp seed oil. Molecules. 2020;25:3710.
Jang E, Kim H, Jang S, Lee J, Baeck S, In S, et al. Concentrations of THC, CBD, and
CBN in commercial hemp seeds and hempseed oil sold in Korea. Forensic
Sci Int. 2020;306:110064.
Korus J, Witczak M, Ziobro R, Juszczak L. Hemp (Cannabis sativa subsp. sativa)
flour and protein preparation as natural nutrients and structure forming agents in starch based gluten-free bread. LWT – Food Sci Technol.
2017;84:143–50.
Kotecka-Majchrzak K, Sumara A, Fornal E, Montowska M. Oilseed proteins–
properties and application as a food ingredient. Trends Food Sci Technol.
2020;106:160–70.
Latif S, Anwar F. Physicochemical studies of hemp (Cannabis sativa) seed oil using
enzyme-assisted cold-pressing. Eur J Lipid Sci Technol. 2009;111:1042–8.
Leonard W, Zhang P, Ying D, Fang Z. Hempseed in food industry: nutritional value,
health benefits, and industrial applications. Compr Rev food Sci food Saf.
2020;19:282–308.
Magna Intelligence. Asia Industrial Hemp Market Databank - market size estimates and forecasts 2019-2029. 2020.
Malomo SA, He R, Aluko RE. Structural and functional properties of hemp seed
protein products. J Food Sci. 2014;79:C1512–21.
MarketsandMarkets. Industrial hemp market by type (hemp seed, hemp seed oil,
hemp fiber, and cbd hemp oil), application (food, beverages, personal care
products, textiles, and pharmaceuticals), source (organic and conventional),
and region - global forecast to 2025. 2019. https://www.marketsandmarke
ts.com/Market-Reports/industrial-hemp-market-84188417.html. Accessed
15 Sept 2021.
Marzocchi S, Caboni MF. Effect of harvesting time on hemp (Cannabis sativa L.)
seed oil lipid composition. Ital J Food Sci. 2020;32:1018–29.
Matthäus B, Brühl L. Virgin hemp seed oil: an interesting niche product. Eur J Lipid
Sci Technol. 2008;110:655–61.
Mattila PH, Pihlava J-M, Hellström J, Nurmi M, Eurola M, Mäkinen S, et al. Contents
of phytochemicals and antinutritional factors in commercial protein-rich
plant products. Food Qual Saf. 2018;2:213–9.
Messina M, Venter C. Recent surveys on food allergy prevalence. Nutr Today.
2020;55:22–9.
Nissen L, di Carlo E, Gianotti A. Prebiotic potential of hemp blended drinks
fermented by probiotics. Food Res Int. 2020;131:109029.
Norajit K, Gu B-J, Ryu G-H. Effects of the addition of hemp powder on the
physicochemical properties and energy bar qualities of extruded rice. Food
Chem. 2011;129:1919–25.
Ntone E, Bitter JH, Nikiforidis CV. Not sequentially but simultaneously: facile
extraction of proteins and oleosomes from oilseeds. Food Hydrocoll.
2020;102:105598.
Oomah BD, Busson M, Godfrey DV, Drover JCG. Characteristics of hemp (Cannabis sativa L.) seed oil. Food Chem. 2002;76:33–43.
Pahole I, Pal M, Razboršek B, Belca U, Belšak A. The necessary reconstruction
of combine for accurate harvesting of industrial hemp seed. Hmelj Bilt.
2018;25:96–107.
Pihlanto A, Nurmi M, Mäkinen S. Hempseed protein: processing and functional
properties. Sustain Agric Rev. 2020;42:223–37.
Pojić M, Dapčević Hadnađev T, Hadnađev M, Rakita S, Brlek T. Bread supplementation with hemp seed cake: a by-product of hemp oil processing. J Food
Qual. 2015;38:431–40.
Potin F, Lubbers S, Husson F, Saurel R. Hemp (Cannabis sativa L.) protein extraction conditions affect extraction yield and protein quality. J Food Sci.
2019;84:3682–90.
Potin F, Saurel R. Hemp seed as a source of food proteins. Sustain Agric Rev 42
Hemp Prod Appl. 2020;42:265.
Ranalli P, Venturi G. Hemp as a raw material for industrial applications. Euphytica.
2004;140:1–6.

Page 12 of 13

Ross SA, Mehmedic Z, Murphy TP, ElSohly MA. GC-MS analysis of the total
Δ9-THC content of both drug- and fiber-type cannabis seeds. J Anal Toxicol.
2000;24:715–7.
Rupasinghe HPV, Davis A, Kumar SK, Murray B, Zheljazkov VD, Rupasinghe HP,
et al. Industrial Hemp (Cannabis sativa subsp. sativa) as an emerging source
for value-added functional food ingredients and nutraceuticals. Molecules.
2020;25:1–24.
Russo R, Reggiani R. Variability in antinutritional compounds in hempseed meal
of italian and french varieties. Plant. 2013;1:25–9.
Rusu IE, Mureşan CC, Mureşan AE, Mureşan V, Pop CR, Chiş MS, et al. Hemp (Cannabis sativa L.) flour-based wheat bread as fortified bakery product. Plants.
2021;10:1558.
S&P Global Market Intelligence. CBD companies look overseas to source hemp as
US, Canada growing rules relax. 2019. www.spglobal.com/marketintellige
nce/en/news-insights/latest-news-headlines/cbd-companies-look-overs
eas-to-source-hemp-as-us-canada-growing-rules-relax-55507665. Accessed
6 Sept 2021.
Schluttenhofer C, Yuan L. Challenges towards revitalizing hemp: a multifaceted
crop. Trends Plant Sci. 2017;22:917–29.
Schultz CJ, Lim WL, Khor SF, Neumann KA, Schulz JM, Ansari O, et al. Consumer and health-related traits of seed from selected commercial and
breeding lines of industrial hemp, Cannabis sativa L. J Agric Food Res.
2020;2(January):e100025.
Shen P, Gao Z, Fang B, Rao J, Chen B. Ferreting out the secrets of industrial hemp
protein as emerging functional food ingredients. Trends Food Sci Technol.
2021;112:1–5.
Singh P, Arora A, Strand TA, Leffler DA, Catassi C, Green PH, et al. Global prevalence
of celiac disease: systematic review and meta-analysis. Clin Gastroenterol
Hepatol. 2018;16:823–36.
Small E. Dwarf germplasm: the key to giant Cannabis hempseed and cannabinoid crops. Genet Resour Crop Evol. 2018;65:1071–107.
Statista. Eating meat is the norm almost everywhere. 2020. https://www.statista.
com/chart/24899/meat-consumption-by-country/. Accessed 30 Aug 2021.
Struik PC, Amaducci S, Bullard MJ, Stutterheim NC, Venturi G, Cromack HTH.
Agronomy of fibre hemp (Cannabis sativa L.) in Europe. Ind Crops Prod.
2000;11:107–18.
Suriyong S, Krittigamas N, Pinmanee S, Punyalue A, Vearasilp S. Influence of storage conditions on change of hemp seed quality. Agric Agric Sci Procedia.
2015;5:170–6.
Tang C-H, Ten Z, Wang X-S, Yang X-Q. Physicochemical and functional properties of hemp (Cannabis sativa L.) protein isolate. J Agric Food Chem.
2006;54:8945–50.
Tang K, Fracasso A, Struik PC, Yin X, Amaducci S. Water-and nitrogen-use efficiencies of hemp (Cannabis sativa L.) based on whole-canopy measurements
and modeling. Front Plant Sci. 2018;9:951.
Technavio. Global textile market 2019-2023. 2019.
Technavio. Global plant-based protein products market 2021-2025. 2021.
Teh S-S, Birch EJ. Effect of ultrasonic treatment on the polyphenol content and
antioxidant capacity of extract from defatted hemp, flax and canola seed
cakes. Ultrason Sonochem. 2014;21:346–53.
The Farmer Magazine. Hemp industry set to thrive. 2020. https://thefarmerm
agazine.com.au/hemp-industry-set-to-thrive/. Accessed 6 Sept 2021.
United Nations. World population prospects 2019: total population (both sexes
combined) by region, subregion and country, annually for 1950-2100 [Data].
2019. https://population.un.org/wpp/Download/Standard/Population/.
Accessed 28 Sept 2021.
Vonapartis E, Aubin M-PP, Seguin P, Mustafa AF, Charron J-BB. Seed composition
of ten industrial hemp cultivars approved for production in Canada. J Food
Compos Anal. 2015;39:8–12.
Wang Q, Jiang J, Xiong YL. High pressure homogenization combined with pH
shift treatment: a process to produce physically and oxidatively stable hemp
milk. Food Res Int. 2018;106:487–94.
Welling MT, Shapter T, Rose TJ, Liu L, Stanger R, King GJ. A belated green revolution for Cannabis: virtual genetic resources to fast-track cultivar development. Front Plant Sci. 2016;7:1113.
Whitney Economics. The field of dreams - an economic survey of the United
States Hemp Cultivation Industry. 2019.
Xu Y, Li J, Zhao J, Wang W, Griffin J, Li Y, et al. Hempseed as a nutritious and
healthy human food or animal feed source: a review. Int J Food Sci Technol.
2021;56:530–43.

Burton et al. Journal of Cannabis Research

(2022) 4:45

Page 13 of 13

Yang Y, Lewis MM, Bello AM, Wasilewski E, Clarke HA, Kotra LP. Cannabis sativa
(hemp) seeds, Δ 9 -tetrahydrocannabinol, and potential overdose. Cannabis
Cannabinoid Res. 2017;2:274–81.
Zahari I, Ferawati F, Helstad A, Ahlström C, Östbring K, Rayner M, et al. Development of high-moisture meat analogues with hemp and soy protein using
extrusion cooking. Foods. 2020;9:1–13.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

