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Introduction: The paper aims to examine the prospects of algae production as a 
source of protein in the European market. As well as highlighting the promising 
developments in the algae food industry in Europe. By 2027, it is expected that the 
algae protein market will be worth approximately USD 300 million.

Methods: We conducted thematic analysis and synthesis of scientific literature 
and conceptual documents at the European level.

Results: The studies reviewed show that the nutritional value of food products can 
be increased by using algae. The production of algae for food should be encouraged 
in Europe because it is a viable alternative protein source. To fully utilize algae as a 
source of protein, however, a number of technological, regulatory, and market-
related obstacles must be resolved despite the indicative advantages. Developing 
cost-effective and efficient methods for algae cultivation, harvesting, and processing 
are also necessary. Uniform and consistent regulations are needed to guarantee the 
safety and quality of products that contain algae, as well as consumer awareness 
campaigns and education about the advantages of algae protein.

Conclusion: In addition to providing evidence of the viability of algae production 
as a source of food, this study demonstrates that algae land needs are negligible 
compared to other protein sources—animal-based like pork, chicken and beef 
production but also plant-based alternatives such as nuts, pulses, grains and peas. 
Furthermore, results in this study may inspire a more targeted focus on algae 
production as a source of nutrition and inspire more organizations around the 
world to move ahead with the alternative protein source production from algae.
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1 Introduction

Algae offers many benefits for both natural ecosystems and human applications such as biofuel 
production, cosmetics or pharmaceuticals (Sáez et al., 2022; Zrimec et al., 2023). Also, algae are an 
important component of global food production. According to Ścieszka and Klewicka (2018), algae 
has been used in many industrial areas due to its varied chemical makeup and high bioactive 
component concentration. Agar, alginate, and carrageenan are a few examples of algae derivatives 
used due to their gelling, thickening, and stabilizing abilities. Algae are used in the food sector as 
functional foods and dietary supplements. They are also used to enhance the quality of meat products 
like patties, steaks, frankfurters, and sausages in addition to fish, fish products and oils (Ścieszka and 
Klewicka, 2018). More people are consuming macroalgae and microalgae meals hence driving the 
growing global demand for them for nutrition and health reasons.
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In recent years, algae have gained popularity as a substitute for 
animal protein due to their nutrient-dense nature, providing protein, 
vitamins, and minerals (Bygora, 2021). According to Chronakis and 
Madsen (2011), algae proteins are valued for their excellent nutritional 
profile, which includes high levels of essential amino acids. Almost 
every ecosystem contains algae due to their role as a component of the 
food chain. Additionally, their functional properties, like coagulation, 
water absorption and fat, emulsification and foaming, are similar to 
those of land-based plants (Leandro et al., 2020). This makes algae-
based foods versatile ingredients for use in a variety of food products.

This review contributes to the scientific literature on algae as a 
sustainable food source. Previous papers include research articles 
(Stengel and Connan, 2015; Kadam et al., 2017; Liao et al., 2021) and 
systematic literature reviews (Vilkhu et  al., 2008; Ścieszka and 
Klewicka, 2018; Lee et  al., 2020) focused on the algae production 
industry. Likewise, Araujo et  al. (2021) provide an overview of 
countries in Europe producing microalgae and macroalgae. Algae as a 
source of nutrients, specifically fibers, proteins, omega 3 and 6 
unsaturated fatty acids, vitamins, and minerals are reviewed in Leandro 
et al. (2020). Specific regions for seaweed production are also studied 
(e.g., Peru) (Avila-Peltroche and Padilla-Vallejos 2020). Risks related 
to algae capacity to biosorption were discussed in Sá Monteiro et al. 
(2019) or Filippini et al. (2021). However, there is little literature on the 
linkages between algae, protein content and environmental 
sustainability (Caporgno and Mathys, 2018; Diaz et  al., 2023). 
We conducted thematic analysis and synthesis of scientific literature 
and conceptual documents at the European level. The paper aims to 
examine the prospects of algae production as a source of protein in the 
European market. More specifically, we  established the following 
objectives: (1) to analyse the algae varieties as a source of protein; (2) 
to access algae food and protein production in Europe; (3) to identify 
technological, environmental and economic challenges and barriers to 
algae production in Europe.

2 Classification and cultivation of 
algae

Algae can be classified into nine large taxonomic groups called 
divisions. These are Chlorophyta, Xanthophyta, Bacillariophyta, 
Phaeophycophyta, Rhodophyta, Chrysophycophyta, Euglena 
Phycophyta, Cryptophycophyta, and Pyrrophycophyta (Ashwathi, 
2021). Conversely, some studies show three classes of algae: 
Chlorophyceae, Phaeophyceae, and Rhodophyceae (Ulvskov et  al., 
2013). Algae are photoautotrophic prokaryotic (cyanobacteria) or 
eukaryotic organisms that can use light, CO2, and water to transform 
nitrogen and phosphorus from the environment into biomass. Algae 
can exist as mixotrophs or facultative heterotrophs, or they can use 
sunlight for photosynthesis (Li-Beisson et  al., 2019). Some of the 
former developed into obligate heterotrophic parasites like 
Plasmodium and Toxoplasma (Plasmodium malarie, Plasmodium 
knowlesi, Plasmodium falciparum, Plasmodium vivax, and Plasmodium 
ovale) after losing the capacity to photosynthesize (Brodie et al., 2017). 
Green (Chlorophyta), blue-green (Cyanobacteria), yellow-green 
(Ochrophyta xanthophyta), and golden (Ochrophyta chrysophyta) 
algae, as well as diatoms (Bacillaryophyta), are examples of microalgae 
(Lee et al., 2020). Microalgae are also simple, one-celled, photosynthetic 
as well as occasionally heterotrophic microorganisms that are highly 

bioavailable. Microalgae are one of the oldest organisms on Earth, but 
their importance lies in the fact that they produce about 60 percent of 
the oxygen on Earth. Microalgae can be a source for the production of 
food, food supplements and further for industrial use (Piccolo, 2012).

Macroalgae include red, green, and brown algae (Ochrophyta). In 
Europe, the production of macroalgae concentrates mostly on brown 
algae such as Ascophyllim nodosum, Laminaria digitata, and Laminaria 
hyperborea, and is complemented by the production of other species 
on a small scale. Other most cultivated brown algae varieties include 
Saccharina japonica (Japanese kelp or kombu) and Undaria pinnatifida 
(Japanese wakame). While the least cultivated include red algae 
varieties like Eucheuma sp., Gracilaria spp., Kappaphycus spp., and 
Porphyra spp. (Japanese nori), and green algae varieties like 
Monostroma spp. and Enteromorpha spp.

Microalgae are common photosynthetic organisms, but they must 
be grown individually under ideal conditions to produce commercial 
quantities of biomass. They are generally grown in open ponds, 
stagnant water bodies, 20 to 30 cm deep (Arora et al., 2021). Similar 
to terrestrial plants, microalgae’s maximum performance is 0.5% PCE 
(photo-conversion efficiency) (Sun et al., 2018). Interestingly, their 
PCE can rise to 2% when CO2 and appropriate mixing are both 
present. The use of heterotrophic culture to produce industrial goods 
on a large scale has proven to be the most effective and does so by 
making carbon a suitable medium for light harvesting, and energy 
conversion (Sun et al., 2018). In contrast to photoautotrophic systems, 
these offer relatively higher volume growing conditions and better 
biomass productivity. Higher cell densities are provided via fed-batch 
cultures and membrane recycling systems, which also help to lower 
the extraction process costs. They use the respiratory metabolism 
process to generate energy from carbon substrates like acetate, 
glucose, and glycerol. This article further addresses an affordable 
carbon option for the use of wastewater and agricultural residues as a 
growth medium, such as starch hydrolysates, waste molasses, and rice 
straws (Morales-Sánchez et al., 2017; Xu et al., 2020).

3 Algae as a source of protein

Algae are a source of vital nutrients for humans. Algae are rich in 
iron and calcium because of their ability to absorb minerals and trace 
elements from the surrounding environment (Adluri et  al., 2010; 
Wells et al., 2017). A lot of algae contain high levels of beta-carotene 
and are rich in vitamins like vitamin C and B12 (García et al., 2017; 
Galasso et al., 2019). They contain little fat but a lot of protein. The 
abundant dietary fibre in algae are called β-glucans (Galasso et al., 
2019). β-glucans have been shown to provide a remarkable range of 
health benefits, and promote healthy cholesterol and blood glucose 
levels and enhance immune system functions. They are especially 
important against the two most common conventional causes of death 
in industrialized countries, i.e., cardiovascular diseases and cancer 
(Barsanti et al., 2011). Moreover, compared to plant sources like beans 
and grains, some algae species have been found to have a significantly 
higher protein content. While some also produce plenty of 
polyunsaturated fatty acids, like omega-3 (McHugh and Sinrod, 2019).

The commonly consumed algae are the green ones: Caulerpa 
racemosa, Codium, and Ulva, as well as the red ones: Porphyra (nori, 
kim, laver), Asparagopsis taxiformis (limu), Gracilaria, Chondrus 
crispus (Irish moss), Palmaria palmata (dulse), the Kelps laminaria 
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(kombu), Undaria (wakame), and Macrocystis and these are usually 
eaten fresh, dried, or pickled (Adluri et al., 2010; Xu et al., 2020). Agar-
agar and carrageenan, the two macroalgae with a high hydrocolloid 
content, are frequently used as stabilizers, thickeners, and gelling 
agents in the food industry (Wells et al., 2017; Liao et al., 2021). Even 
though 68% of macroalgae-producing units rely on wild stock 
harvesting, macroalgae aquaculture (in fresh or salt water) is growing 
in several European nations and accounted in 2005 for 32% of the 
macroalgae-producing units (Spolaore et al., 2006).

In addition to being a source of bioactive substances like amino 
acids, polysaturated fatty acids, vitamins, and minerals for the 
enrichment of traditional foods, algae offer an intriguing possibility 
for meeting the rising demand for protein (Borowitzka, 1998; Matos 
et al., 2022). A growing number of people are using microalgae as food 
ingredients, whether to add flavour, texture or as a nutrient source. 
Arthrospira platensis (Spirulina) and Chlorella vulgaris are the most 
popular microalgae species, and they also serve as vegan protein 
sources because of their high protein content (50%–60% of dry 
weight), along with corresponding levels of essential amino acids and 
vitamin B12 content (Khan et al., 2005; Chronakis and Madsen, 2011; 
Chia et al., 2019).

Algae are being pursued as a functional ingredient due to the 
rapidly expanding healthy and plant-based food sector (Khan et al., 
2005). Algae’s credibility as a potential source for novel food 
development is elevated by the numerous examples of new and 
sophisticated foods enriched with algae biomass, such as plant-based 
fish, meat, and dairy equivalents, as well as other innovative 
components (Ścieszka and Klewicka, 2018; Matos et al., 2022). Nestlé 
is one company that has collaborated with ingredient supplier Corbion 
to commercialize microalgae in plant-based products. While in July 
2020, Unilever and the biotech start-up Algenuity announced a new 
partnership in which they are using microalgae Chlorella vulgaris in 
producing plant-based products (Castim, 2022). These microalgae are 
ideal because of their quick growth ability, and provision of nutritional 
benefits ranging from healthy lipids and antioxidants to a variety of 
vitamins and minerals and have a low environmental footprint 
(Castim, 2022).

Conventionally, algae proteins are extracted using aqueous, acidic, 
and alkaline procedures. This is followed by many centrifugation 
cycles and recovery methods, including ultrafiltration, precipitation, 
or chromatography (Kadam et al., 2017). Ascophyllum nodosum, Ulva 
species, and Laminaria digitata proteins have been successfully 
extracted using chemical extraction techniques, such as two-phase 
acid and alkali treatments, as shown in Table  1. However, the 
availability of the protein molecules, which can be  significantly 
hampered by high viscosity and anionic cell-wall polysaccharides, 
such as alginates in brown seaweed and carrageenan in red seaweed, 
can have a major impact on the success of algae protein extraction 
(Fleurence et al., 1995).

Algae protein extraction can also be done using the following 
methods: (1) ultrasound-assisted extraction (UAE) which can 
be  applied to food sources for a number of different purposes. 
These include increasing the bioactivity of phenolics and 
carotenoids through targeted hydroxylation, increasing the 
bioavailability of plant micronutrients, simultaneous extraction 
and encapsulation, quenching radical sonochemistry to prevent 
bioactive degradation, and improving the bioavailability of plant 
micronutrients (Fleurence et al., 1995; Barbarino and Lourenço, 

2005); (2) pulsed electric field (PEF) where high electric currents 
are used to cause reversible or irreversible electroporation by 
piercing a cell wall or cell membrane (Vilkhu et  al., 2008); (3) 
microwave-assisted extraction (MAE) which involves heating a 
material to remove moisture, which produces bubbles under high 
pressure that may burst and disrupt the contents of cells (Vanthoor-
Koopmans et al., 2013; Barba et al., 2014).

As mentioned before, algae proteins have good nutritional value 
in terms of their protein content, amino acid purity, and nutritional 
acceptability (Chronakis and Madsen, 2011). Algae share similar 
functional properties with terrestrial plants, such as the capacity to gel, 
absorb water and fat, emulsify, and foam. The protein-rich microalgae 
Nostoc, Arthrospira (Spirulina), and Aphanizomenon have been staples 
of the human diet for thousands of years (Spolaore et  al., 2006). 
Table 2 summarizes the protein content of algae per 100 mg. Both 
Arthrospira and Chlorella have high-quality proteins with well-
balanced amino acid profiles that meet the WHO/FAO/UNU 
standards for the amount of essential amino acids that humans need 
(Kumar et al., 2021). While protein content per 100 mg is highest in 
Spirulina (Table 2).

Additionally, red algae varieties like Porphyra, Asparagopsis 
taxiformis, Gracilaria, Irish moss, and dulse; kombu, wakame, and 
Macrocystis; and green algae varieties Caulerpa racemosa, Codium, 
and Ulva have been consumed for a long time by people all over the 
world. These can be gathered from farms or outdoors (Conte and 
Payri, 2006; Sá Monteiro et al., 2019; Lozano Muñoz and Díaz, 2020; 
Kumar et  al., 2021) and can be  eaten fresh, dried, or pickled 
(Borowitzka, 1998). Hydrocolloids, like agar-agar and carrageenan, 
that are used as stabilizers, thickeners, and gelling agents in food 
products are also derived from many macroalgae (Häder, 2021).

Algae can also be used in a variety of ways in the food processing 
industry. It is used as a gelling agent, raw food, cooked ingredient, 
texture enhancer, and vegan egg substitute. Furthermore, it is added 
to products to improve their nutritional content (Ścieszka and 
Klewicka, 2018) and because they contain a significant amount of 
superior-quality protein, algae contribute important nutrients to the 
human diet. Algae proteins also have a good nutritional value in terms 
of protein amount, amino acid purity, and nutritional acceptability 
(Chronakis and Madsen 2011). Protein-rich microalgae Nostoc, 
Arthrospira (Spirulina), and Aphanizomenon have been staples of the 
human diet over the course of human history (Conte and Payri, 2006; 
Vanthoor-Koopmans et al., 2013).

As a source of bulk proteins, microalgae are a relatively new idea. 
Generally, microalgae-based proteins have several advantages over 
currently used protein sources, that could significantly contribute to 
meeting Europe’s population protein requirements. Moreover, 
microalgae-based proteins require less land than animal-based 
proteins. For instance, they require approximately 2.5 m2 of land per 
kilogram of protein as opposed to 47–64 m2, 42–52 m2, and 144–258 m2 
for the production of pork, chicken and beef, respectively, (Caporgno 
and Mathys, 2018). Compared to plant-based alternatives seems to 
be also favorable for algae, whereas nuts nees 7.9 m2, pulses 7.3 m2, 
grains 4.6m2 and peas 3.4m2 (Poore and Nemecek, 2018).

Arthrospira and Chlorella both boast high-quality proteins and 
well-balanced amino acid profiles which meet the WHO/FAO/UNU 
standards that humans need (Barba et al., 2014). In actuality, both 
these species of microalgae have amino acid profiles that are 
comparable to those of other conventional protein sources like eggs 
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and soybeans. However, plants and microalgae typically lack the 
sulfur-rich amino acids methionine and cysteine (Bikker et al., 2016). 
Additional studies show that some microalgae supplements are 
deficient in other amino acids (Becker, 2007).

Only a small percentage of microalgae and microbes are currently 
consumed as food. However, because of their rapid growth and 
independence from arable agricultural land, algae can offer an 
intriguing substitute for traditional crops (Becker, 2007). Due to their 
abundance in vitamins, beta-carotene, polyunsaturated fatty acids, 
and other nutrients, single-cell organisms like Dunaliella, Spirulina, 
and Chlorella, their potential for use in the food and feed industries is 
enormous (Ritala et al., 2017).

To measure the concentration of protein and amino acids in 
algae, nitrogen-to-protein conversion is often used. The total 
nitrogen-to-protein (NTP) conversion factors 6.25 and 5 are 
frequently used to estimate the protein concentration in algae 
based on the assumption that the majority of the nitrogen in them 
is present as protein. However, it was found that the most 
appropriate NTP conversion factor is 5, as the NTP conversion 
factor of 6.25 has been found to overestimate protein by 43% 
(Lourenco et al., 2002; Angell et al., 2015; Wells et al., 2017). For 
instance, in one study, the conversion factor for Chlorella vulgaris 
(walled) crude biomass was determined to be 6.35, yet it was 5.96 
based on direct protein extracts (Lourenco et al., 2002). Similar 
studies on 19 tropical marine algae produced even lower average 
factors, 4.59 for red algae, 5.13 for green algae, and 5.38 for brown 
algae (Angell et al., 2015). This may be because tropical surface 
waters receive less nitrogen at specific times of the year. The fact 
that these ratios change with the seasons based on the amino acid 
composition, highlights the need for protein and amino acid 
studies to determine the seasonal optimum for harvesting among 
algae foods (Zhou et al., 2012).

4 Algae food production in Europe

Many industries, including the agri-horticultural industry, the 
food and beverage industry, pharmaceuticals, nutraceuticals, and 
cosmeceuticals use biomass derived from microalgae and macroalgae 
as a source of chemical constituents. The extraction of valuable 
ingredients for nutraceuticals and dietary supplements is one of the 
frequent uses of algae biomass in Europe. The distribution of 
businesses involved in the utilization of biomass for food production 
is shown in Table 3 which is based on data from Araujo et al. (2021). 
Although there was only a small number of companies producing 
algae for food in Europe in 2020, there is a significant potential 
for growth.

According to the number of companies in Table 3, microalgae is 
the preferred type of algae for food production in Europe. Spirulina 
producers are also primarily found in France, Italy, Germany and 
Spain, as shown by the figure. The number of macroalgae food 
production units is highest in France, Norway, Denmark, Ireland, and 
Spain, while the number of microalgae food production units is 
highest in France, Germany, the Netherlands, Spain, and Italy. It is also 
critical to assess the proportion of businesses in the European algae 
sector that are engaged in the production of food from algae 
(Figure 1).

Based on information from Araujo et  al. (2021), Figure  2 
demonstrates that Spirulina has the highest proportion of food-
producing businesses out of all the businesses in the algae sector. 
This demonstrates that Spirulina is preferred in the European 
algae market. The share of businesses that produce food is 
typically under 20% in the macroalgae sector. This highlights the 
possibility of raising food production in Europe. According to the 
Figure  2, microalgae are the least preferred type of biomass 
food production.

TABLE 1 Summary of conventional methods of algae protein extraction.

Extraction method Species Extraction name Protein yield Reference

Enzymatic hydrolysis Palmaria palmata Polysaccharide degradation 11.57 ± 0.08 g/100 g (67% yield) Harnedy and Fitzgerald (2011)

Physical process Porphyra acanthophora Aqueous treatment and potter 

homogenization

8.9 g/100 g Barbarino and Lourenço (2005)

Sargassum vulgare 6.9 g/100 g

Ulva fasciata 7.3 g/100 g

Chemical extraction Ascophyllum nodosum Acid-alkaline treatment 59.76% yield Kadam et al. (2017)

Ulva rigida Two-phase system N/A Fleurence et al. (1995)

Ulva rotunda Two-phase system N/A

Palmaria palmata Alkaline and aqueous 4.16 g/100 g (24% yield) Harnedy and Fitzgerald (2011)

Source: Fleurence et al. (1995), Barbarino and Lourenço (2005), Harnedy and Fitzgerald (2011) and Kadam et al. (2017).

TABLE 2 Summarized protein content of algae in the food industry.

Algae name Commercial Product Commercial product brands Protein content (g) per 100  g

Dunaliella Antioxidants BioAstin, CaroCare, Betatene 7.4

Spirulina Food supplement DIC/Earthrise, BioAstin 62

Chlorella Food supplement Sun Chlorella, Organi Burst, NOW Food 58

Porphyridium Food additives, cosmetics Algatech, Solabia Group, Lipotec 34.1

Haematococcus Food color, fish food, dietary supplement Astaxin, AstaReal, BioAstin 29–45

Source: Chronakis and Madsen (2011), Angell et al. (2015), García et al., 2017 and Matos et al. (2022).
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Although there are few businesses in the algae food production, 
the market for protein in Europe as a whole was worth about USD 
193.271 million as at 2022. The predictions shown in Figure 3 were 
made using a trendline chart and historical data.

The size of the European algae protein market exceeded USD 193 
million in 2022 and is projected to increase, with a potential to reach 
almost USD 300 million by 2027. While the data for turnover 
specifically for the food industry is not available, the total turnover of 
firms in the algae industry in Europe is presented in Figure  4 
(European Commission, 2022).

Spirulina in some countries is used almost exclusively for food 
production (on average approximately 40%), and the turnover of firms 
in the food industry is approximately US$ 8 million (European 
Commission, 2022). Biomass from microalgae and macroalgae is 
globally recognized as a source of chemical constituents with different 
applications, such as in the agri-horticultural sector, as human food 
and food ingredients, as nutraceuticals, cosmeceuticals, and 
pharmaceuticals (Smetana et al., 2017). In Europe, algae biomass is 
generally used for applications involving food and food-related goods, 
such as the extraction of valuable ingredients for nutraceuticals and 
dietary supplements (Spolaore et al., 2006).

Furthermore, the European Commission began an online 
consultation period on its roadmap in 2020 with the title “Blue 

Economy: Towards a Strong and Sustainable Algae Sector,” to enhance 
the EU’s algae sustainable production, safe consumption, and algae 
innovation. The main goal of the initiative was to assist The EU in 
achieving the European Green Deal, which included a post-CO2 
recovery and the creation of a green, circular, and carbon-neutral EU 
(Zhou et al., 2012).

According to reports, there is a rising market for edible marine 
algae and seaweeds in Europe. Seaweeds have a variety of qualities that 
can satisfy the needs of European consumers. Rising demand for 
alternative proteins is driving growth in the edible seaweed market in 
Europe. However, many technological, regulatory, and market-related 
obstacles continue to restrict the production of algae in Europe. 
Additionally, the problems with society and the environment are still 
not sufficiently addressed (Becker, 2007).

5 Challenges of algae production in 
Europe

Accelerating microalgae growth and product synthesis, 
dehydrating algae cultures to produce biomass, pretreating biomass, 
and improving the fermentation process in the case of algae bioethanol 
production are the most common and significant challenges associated 

FIGURE 1

Total number of companies engaged in production of food macro/micro algae. Source of data: Araujo et al. (2021) own processing.

TABLE 3 Challenges of algae protein production.

Technological Economic and policy Environmental

Photobioreactor development Cost-effective biomass production Water usage

Systems and synthetic biology techniques Cost-effective biomass and downstream recovery Nutrient inputs and waste management

Food engineering Safety and regulatory issues Energy requirements

Consumer acceptance Biodiversity, invasive species

Marketing biomass Land use

Source: García et al., 2017 and Cai et al. (2021) and own collaboration.
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with algae production (Ritala et al., 2017). Being a relatively new field, 
protein extraction from algae like seaweed and microalgae is currently 
not feasible on a large scale (Harnedy and Fitzgerald, 2011; Bleakley 
and Hayes, 2017).

Algae production in Europe is also hampered by stringent 
regulations. Europe has strict legal restrictions for the safest 
possible exposure to heavy metals in foods intended for human 
consumption, such as mercury, arsenic, lead, and cadmium. 
Additionally, because algae supplements are not governed by any 
regulations, there are significant variations between batches even 
from the same producer (Görs et  al., 2009). Moreover, issues 

around quality and contamination during the production and 
processing phases are continually being brought up 
(GENIALG, 2021).

Large-scale cultivation of microalgae and cyanobacteria frequently 
results in serious problems with biological contamination because the 
contaminants can easily enter the environment through water or air 
(Zhu et al., 2020; Cai et al., 2021).

There are still many challenges faced by the sector that can 
be summarized according to García et al. (2017) and represented in 
Table 3. The challenges are divided into environmental, economic, 
policy-related and technological.

FIGURE 2

Share of firms in food production on total number of firms in the algae sector—various types of algae (Europe, 2020). Source of data: Araujo et al. 
(2021).

FIGURE 3

Europe algae protein market and its forecast from 2020–2026. Source of data: European Commission (2022).

https://doi.org/10.3389/fsufs.2023.1256473
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Procházka et al. 10.3389/fsufs.2023.1256473

Frontiers in Sustainable Food Systems 07 frontiersin.org

Potential solutions to environmental challenges are presented 
in the Table 4. When considering how food algae production in 
Europe will develop in the future, it is important to take them 
into account.

Using renewable energy sources for algae cultivation can reduce 
the carbon footprint of the process.

To encourage the use of algae for production and nutrition 
throughout Europe, a European algae stakeholder platform (EU4 
Algae), was established in 2021, it is a 3 years project. The project 
prompted a collaboration of the European Commission, sustainability 
consultants, the European Climate, Infrastructure, as well as other 
algae organizations including the European Union’s umbrella 
organizations like the European Union for the production of yeast, 
algae, and insects. The platform also aims to urge EU consumers and 
businesses to use algae for nutrition and other purposes and speed up 
the development of a European algae sector (European Commission, 
2021). The collaborative roadmap is focused on four key pillars: 
opening up regulatory opportunities, easing access to green 
investments, assisting with Research and Development initiatives, and 
creating joint promotion and communication activities (Araujo 
et al., 2021).

Noteworthy, the European Commission has funded several 
projects under its Horizon 2020 programme that focuses on advancing 
algae production technologies, improving algae biomass quality and 
developing new algae products and applications. Some examples of 
these projects are Algae for a Billion (ALGAE4A-B), Sustainable Algae 
Biorefinery for Agriculture and Aquaculture (SABANA) and Valuable 
Products from Algae Using New Magnetic Cultivation and Extraction 
Techniques (Araujo et al., 2021).

In developing standards and guidelines for algae production, the 
European Committee for Standardization (CEN) established a 
technical committee (CEN/TC454) that is responsible for developing 
standards and guidelines for algae cultivation, harvesting, processing 
and quality control. These standards and guidelines will help ensure 
the safety, quality and sustainability of algae products in Europe 
(European Commission, 2021).

6 Conclusion and discussion

The studies reviewed show that the nutritional value of food 
products can be increased by using algae. The production of algae for 

FIGURE 4

Algae production turnover firms in Europe (2016–2021) in million US$. Source of data: Araujo et al. (2021).

TABLE 4 Solutions to environmental concerns.

Solutions Details

Recycling and closed systems Closed bioreactor systems can help control water use, nutrient recycling, and reduce environmental impacts

Sustainable sourcing Using sustainable sourcing of nutrients, such as recycling waste nutrients or using natural nutrient cycles, can reduce the impact on water 

quality

Renewable energy Using renewable energy sources for algae cultivation can reduce the carbon footprint of the process

Efficient cultivation Improving the efficiency of algae growth and harvesting techniques can reduce energy and resource use

Waste utilization Finding valuable uses for waste products generated during algae production, such as biofuels or other bioproducts, can minimize waste 

and improve sustainability

Monitoring and regulations Governments and environmental agencies can play a role in setting regulations and standards for algae production to ensure that it is 

environmentally responsible
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food should be encouraged in Europe because it is a viable alternative 
protein source (Chronakis and Madsen, 2011; Lucas et al., 2018; Chia 
et al., 2019). Contrary to these studies, Araujo et al. (2021) did not 
demonstrate a linkage between algae and protein content. However, 
these findings were explained by the high variability of the amount of 
algae added during testing.

Beyond previous systematic literature reviews (Ścieszka and 
Klewicka, 2018; Lee et  al., 2020), the authors identified 
relevant contexts between algae and environmental policy. The 
production and consumption of algae can support the goals 
of the European Commission’s Green Deal in the blue 
economy, biodiversity protection and climate neutrality. The 
public sector and governments should recognize algae farming 
as a development priority and use mechanisms to reward the 
environmental benefits of algae farming and processing. FAO is 
one of the supporters of sustainable development and works to 
educate and develop algae cultivation. Among other things, he is 
working on a technical platform that will facilitate capacity 
building, technology transfer and knowledge sharing in this area, 
as well as market development for the use of algae as human food.

As has been advocated in several research papers, algae can 
be  grown in a variety of environments while requiring fewer 
resources than other protein sources like beef, pork and chicken 
(Häder, 2021).

The results indicate that Europe has considerable market growth 
potential to achieve. The growing popularity of algae is due to the 
demand for healthy, plant-based and vegan foods. The two main 
types of algae that can be  used as protein sources in Europe are 
microalgae (especially Spirulina) and macroalgae, which are 
discussed in detail in this article. The largest number of producers is 
in the large countries of the European Union (France, Italy, Germany, 
and Spain). The use of algae has the potential to be profitable and 
sustainable. These baseline observations are consistent with published 
literature (García et  al., 2017; Smetana et  al., 2017; Boukid and 
Castellari, 2021).

In the Czech Republic, although this data is missing in Araujo 
et al. (2021), microscopic algae are grown for human nutrition in 
Třebon at the Algatech company. This workplace participated in 
the development of medicinal preparations from microalgae and 
was also involved in the Interkosmos program, when in the last 
century it tested the Czech Republic. Cosmonaut Vladimír Remek 
growing chlorella in space. Today, research focuses on the use of 
algae for nutrition and as food supplements (BusinessInfo.
cz, 2019).

The present research confirmed technological factors that limit 
the algae sector (Bleakley and Hayes, 2017; Ritala et al., 2017; Galasso 
et al., 2019; Cai et al., 2021). There is a need for the development of 
new methods for processing and preserving algae for use in food as 
well as the creation of more efficient and cost-effective techniques for 
algae cultivation and harvesting. The proportions of protein and 
amino acids in algae vary according to geographical areas, seasons, 
and methods of harvesting, storage and processing. Of course, 
growing algae also has some environmental limitations. According to 
Cai et al. (2021), these are, for example, the spread of non-native 
species, the devastation of natural coastlines and, in the case of 
seaweed, the high consumption of drinking water for washing them. 
However, according to our study, the environmental benefits of algae 
cultivation prevail.

Despite the mentioned obstacles, the algae sector constitutes an 
opportunity to diversify food activities, fulfil consumer needs, and 
achieve current environmental sustainability goals.

This review has revealed several limitations and directions for future 
research. Future studies could focus in more detail on the environmental 
aspects of algae production. It would be  interesting to investigate 
individual consumer needs and behavior across European countries. 
Finally, further research should consider legislative regulation and quality 
management of algae production and processing in the European Union 
and individual countries.
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