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Abstract
Algae related industry is a fast-growing sector contributing to food-related applications such as the production of algae biomass with high nutritional value, or their extracts, to be included in foods. This strategy allows the enhancement of properties such as antioxidant, antidiabetic and anti-hypertensive among others, thus producing healthier foods. Analogues, the inclusion of algae biomass or their extracts in feed, especially aquafeed, have been demonstrated to provide benefits for animals being produced, and finally for final consumers. However, algae also have a large range of non-food/feed applications such as a source of chemicals including bioplastics, biofertilizers including biostimulants or biopesticides for agriculture use, wastewater treatment, or CO2 capture and biofuels production among others. Although scientific knowledge supports these applications, currently scarce industrial processes focused on them exist. The reasons for that are diverse including technical, industrial and regulatory issues. Overpassing these barriers will largely increase the contribution of algae to the EU Bioeconomy, thus contributing to both economic and social developments. In this work, a review of the most suitable non-food/feed-related application of algae is provided, analysing the major barriers to the development of industrial processes focused on them. The current markets and potential contribution of algae will be also quantified, in addition to regulatory aspects to be considered when focusing on these applications. This paper provides a realistic vision of the potential of algae to contribute to the EU bioeconomy and the challenges to be faced in the coming times to unlock this potential. 



1. Introduction
Algae are a very diverse group of organisms, found almost everywhere on the planet, including macroscopic multicellular species named seaweed and microscopic and mostly unicellular species named microalgae (Smith et al., 2021). Mankind has used algae for centuries as food and feed, in addition to soil amendment to enhance crop production. The demand and number of applications of these organisms have expanded in the last decades then technologies have been developed to accomplish the production capacity to the demand of this type of biomass. The production of seaweed in Europe is much larger than the production of microalgae, most of them corresponding to harvesting from wild stocks (68%) but the production of seaweed in oceans and land increasing continuously. Regarding microalgae, including cyanobacteria, all the systems are operated on land more than 50% of companies produce Spirulina (Araújo et al., 2021). The European algae sector produced a total of 287 390 tonnes in 2019, representing 0.8% of the global production. The vast majority of this production is based on macroalgae with a small fraction of less than 1 % originating from microalgae. 
The global algae market was valued at US$ 4,681.4 Million in 2022 and is expected to reach 7,927.1 Million during the forecast period (2023 to 2030), exhibiting a CAGR of 6.81 % (https://www.coherentmarketinsights.com/market-insight/algae-market-818). The major uses of seaweed biomass correspond to the food sector (50%), including direct use of the biomass or their extracts (hydrocolloid), feed applications being also relevant (10%). The other two more relevant uses include cosmetics and well-being (17%) in addition to agriculture-related uses (e.g., fertilizers and biostimulants) (11%), other applications such as biofuels, bioremediation or biomaterials have only a small share at the European scale. In the case of microalgae, the major uses correspond to food supplements and nutraceuticals (24%), cosmetics (24%), and feed (19%), although recently also the production of biostimulants and biopesticides has emerged as an interesting application. From these data, it is concluded that food and feed applications are the dominant areas in which algae are applied. However, many other applications have been described such as the production of chemicals including bioplastics, agriculture-related products such as biofertilizers/biostimulants/biopesticides, wastewater treatment, CO2 capture, biofuels (biomethane, bioethanol, biodiesel, etc.), etc… (Griffiths et al., 2016). The reasons why high-value applications such as food-feed-related are exploited are mainly related to (i) the scarce production capacity of the sector to provide enough biomass of stable quality to other industrial sectors, and (ii) the high production cost of algae biomass using the actual production schemes, although other issues related with regulation and marketability also limit the development of low-medium value applications. To solve these two problems it is necessary to enlarge the current production capacity, developing new production technologies capable of multiplying by several orders of magnitude the current production capacity, which in the end also allows for reducing the biomass production cost, thus facilitating the access to this type of biomass of the entire industrial sector. Anyway, in parallel with the increase of production capacity new technologies and developments are required to transform the algae biomass into suitable end products for non-food and feed applications. 
To better understand the current and future scenario of algae-related products it is important to analyse the relationship between the market size and the market value of algae biomass for each application, dividing them into high-medium-low value applications (Figure 1). The market size for high-value human-related applications ranges from 101 to 105 tonnes/year with a biomass value ranging from 10 to 1.000 €/kg. The current size of production facilities ranges from 1 to 20 ha, which means that the current production capacity of existing facilities is in the range of 40 to 800 tonnes per year, with an estimated production cost ranging from 5 to 100 €/kg depending on the strain and technology (Araújo et al., 2021). This production capacity is really low when compared with the production of other food materials such as cereals, vegetables, fruits, meat and fish, whereas the production cost is much higher, which means that algae can be only used in these applications as an additive and not replacing other major constituents. 
Otherwise, the most promising microalgae–related medium-value applications include feed additives as pre/probiotic in animal feeding (including aquaculture), agriculture-related products (i.e. biostimulants and biopesticides), biomaterials (i.e. bioplastics), commodities as industrial chemicals (i.e. paints, inks) and livestock feed (i.e. replacement of proteins/lipids from less sustainable sources as fish/soya). The market size for these applications is huge when compared with high-value related applications, up to 107 tonnes per year, whereas the biomass value is not so low, ranging from 1 to 100 €/kg. These applications are in the range of feasible both by production capacity and market value thus some examples of industrial processes already existing and demonstrating being profitable, especially those related to higher biomass value such as feed additives, biostimulants and biopesticides. In these applications production capacities in the range of 100 tonnes/year are enough to enter into the market and establish small-medium companies. The production of other commodities, bioplastics and livestock feed is still only marginal because both the required production capacity and biomass production cost of current facilities are not appropriate for them, thus to enter these markets the minimum production capacity must be higher than 103 tonnes/year with biomass production costs below 5 €/kg. In this case, the integration of algae biomass production with the recovery of nutrients from wastes or including direct waste treatment could provide the necessary inputs to reduce the production cost and increase the production capacity that is required to make these applications profitable. 
Finally, low-value applications such as the production of biofertilizers and biofuels require much higher production capacities, in the range of 105 tonnes/year to enter a global market of 108 tonnes/year, whereas the production cost must be much lower, below 0.5 €/kg which is extremely low when comparing with current algae biomass production cost. To make feasible the use of algae in these applications it is mandatory to couple the production of biomass with the treatment of wastes, thus saving costs and increasing the availability of resources, moreover, it is mandatory to develop biorefinery schemes capable of valorizing the whole biomass also avoiding the release of wastes. However, the concept of biorefinery must not be considered a “magic solution” capable of solving all the problems related to the algae sector. Thus, the production of several products requires more complex biomass processing systems that reduce the overall yield of the process, it being necessary for the final products to be similar in market size/value otherwise they will be not compatible at an industrial scale.
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[bookmark: _Ref161641048]Figure 1.-  Value of microalgae biomass and biomass demand as a function of application.
Despite these difficulties, recent examples of industrial processes related to medium and low-value applications of algae have been developed and demonstrated to be successful in the production of biostimulants and bioplastics, the treatment of wastewater and the production of biofuels (biomethane), thus opening the door for further developments. However, large advances are still required to expand the use of algae outside of the food/feed sector. These flagship examples deal not only with technical and economic problems but also with regulatory issues that difficult the expand this type of technologies. This document analyses the potential of these types of applications, their potential relevance and the major bottlenecks that they are facing. The challenge is to develop and validate robust and scaleable technologies to enlarge the contribution of algae to the bioeconomy in Europe.
2. Scientific knowledge about non-food/feed-related applications of algae
2.1. Algae as a source of chemicals including bioplastics
Definitions
Plastics are synthetic materials that are characterized by their malleability and ability to be moulded into different shapes when hot, and their durability and strength once they cool. They are composed mainly of polymers, which are long chains of organic molecules. Traditional plastics are mainly derived from non-renewable resources, such as oil or natural gas. On the other hand, bioplastics are a category of plastics that are manufactured from renewable resources, such as corn starch, sugar cane, and cassava, among others. These bioplastic materials can be completely biodegradable, meaning they can break down into natural components in a relatively short period under the right conditions, making them a more environmentally friendly option compared to conventional plastics. Bioplastics are not just one single material. They comprise a whole family of materials with different properties and applications. According to European Bioplastics, a plastic material is defined as a bioplastic if it is either biobased, biodegradable, or features both properties. 
Market
Global plastic use has continuously increased since 1980, reaching up to 460 million metric tons in 2019, with an average annual plastic consumption is around 150 kg per person in the EU (Figure 1) (Geyer et al., 2017). Only 9% of the plastics ever produced have been recycled and 12% have been incinerated, the remainder is still in use or has either been disposed of in landfills or released into the environment, including the oceans. Besides polluting the environment, plastic production contributes to climate change: annual emissions related to plastic production in the EU amount to around 13.4 million tonnes of CO2, or about 20% of the chemicals industry’s emissions in the European Union. Consumers are concerned about pastic-related impacts thus forcing policymakers and companies to find alternative solutions. In this sense, the EU’s plastics strategy adopted in January 2018 aims to transform the way plastic products are designed, produced, used and recycled in the EU (Nishimura, 2018). Among the different measures, one of them is scaling up support for innovation, developing smarter and more recyclable plastic materials, making recycling processes more efficient, and tracing and removing hazardous substances and contaminants from recycled plastics.
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[bookmark: _Ref161425216]Figure 1.-  Global plastics production into the world (2022) (Geyer et al., 2017).
Bioplastics currently represent roughly 0.5 per cent of the total plastic produced annually, thus global bioplastics production capacity is set to increase significantly from around 2.18 million tonnes in 2023 to approximately 7.43 million tonnes in 2028 (EuropeanBioplastics, 2023). Packaging is the largest market segment for bioplastics with 43% of the total bioplastics market. The main compounds being produced include polylactic acid (PLA), Polyhydroxyalkanoates (PHA), polyamides (PAs) and polypropylene (PP) (Figure 2). Among the alternatives for the production of bioplastics, the use of bacteria/yeast and algae is proposed (Samadhiya et al., 2022). The production of bioplastics from bacteria/yeast requires the use of organic carbon sources such as sugars using fermentation technologies, at this time it being the main source of bioplastics. However, algae have been also proposed as a potential source of bioplastics with the advantage of fixing inorganic carbon, such as CO2, thus contributing to the reduction of global warming (Akash et al., 2023).
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[bookmark: _Ref161563013]Figure 2.-  Main compounds and characteristics of plastics and bioplastics materials.
Bioplastics from seaweed
Starch and cellulose are the main polysaccharides of vegetal origin tested for packaging materials (Meritaine da Rocha et al., 2018). Starch occurs widely in nature as a reserve polysaccharide in plants; it has been considered for the development of biodegradable films as starch is easily obtained from natural sources, and is renewable, abundant, low cost, and can form an odourless, colourless, and transparent biofilm. However, seaweed has more potential as a source of bioplastics due to its higher biomass, fast reproduction, they are easily maintenance in all environments, and cost-effectiveness (Thiruchelvi et al., 2021). In addition to their biodegradability property, seaweed-derived biofilms might exhibit antimicrobial activities, as seaweeds produce antimicrobial compounds, identified as phenols, fatty acids, carbohydrates, proteins, and minor compounds (Lane et al., 2010), which take part in mechanisms of antibiotic defence developed to survive the harsh environments seaweeds inhabit. The integration of whole seaweed, or seaweed extracts, with antimicrobial activity in food packaging manufacture might increase the shelf-life of foods and prevent the development of foodborne pathogens. 
Seaweeds belonging to the genera Kappaphycus, Eucheuma, Gracilaria, Porphyra, Gelidium, Pterocladia for red seaweeds, Ulva, Codium, Enteromorpha for green seaweeds, and Macrocystis, Laminaria, Ascophyllum, Lessonia for brown seaweeds, have been investigated for their high polysaccharide content, which might allow the production of plastic biofilms (Freile-Pelegrín and Madera-Santana, 2017). In general, it is estimated that seaweed can produce between 5 and 30 metric tons of biomass per hectare per year, depending on the species and growing conditions. This biomass can contain between 10% and 30% polysaccharides, which are the main components for the production of bioplastics. As for the specific yield of bioplastics per acre, it can vary considerably depending on the extraction and purification process, as well as the type of bioplastic produced. Some studies have shown that up to 1,500 kilograms of bioplastics can be obtained per hectare of seaweed (Ayala et al., 2023).
Alginate, agar, carrageenan, and cellulose from seaweeds have shown excellent film-forming properties, and are very easy to process (Rinaudo, 2008). To produce seaweed bioplastics, hydrocolloids are extracted and processed into films. The common methods include washing, milling, drying, alkali, acid, neutralization formaldehyde, hot water, filtration, and precipitation. Before extraction, it is important to clean the seaweed to remove epiphytes, impurities, sand, debris, salts, and contaminants. Agar and carrageenan are submitted to alkali pre-treatment to improve gelling properties through the conversion of unstable sulfate molecules into 3,6-anhydro-L-galactopyranose (3,6-AG). Alginate undergoes formaldehyde pre-treatment to eliminate the colour pigments in the seaweed tissue and increase the alginate yield, and hydrochloric acid (HCl) pre-treatment to “clarify” the phenolic compounds and formaldehyde residue while promoting the conversion of insoluble alginate salts (calcium, magnesium, etc.,) into soluble salts. Hot water extraction is performed for agar and carrageenan and is followed by alkali extraction to obtain compounds with desirable properties and functionalities through the manipulation of various parameters, such as temperature, time, pH, solvent concentration, etc. For alginate, only alkali extraction is performed. All three compounds are further neutralized by removing excess chemicals and solvents; subsequently, through precipitation and filtration, the residuals are eliminated, and the pure compound is obtained; in the last steps, drying and milling are performed to obtain dry and purified final products ready for commercial purpose (Figure 3)(Abdul Khalil et al., 2018).
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[bookmark: _Ref161563090]Figure 3.-  Common extraction process for commercial seaweed hydrocolloids: carrageenan and agar (a) and alginate (b.
Among all green algae polysaccharides, cellulose was found to be the most suitable for developing biodegradable plastic; its properties make cellulose capable of forming hydrocolloids in a suitable solvent system, and thus able to exhibit excellent mechanical performance (Baghel et al., 2021). Among green seaweeds, ulvan extracts showed a film-forming property and can be used as a filler or reinforcement in pharmaceutical and cosmetic applications (Lakshmi et al., 2020). Ulvans are unique polysaccharides with high viscosity and gelling properties, which might make them potential agents for biofilm production. Even though there are no studies at present on the production of bioplastic from ulvan, these extracts exhibit high thermal resistance and mechanical strength, all properties in line with the characteristics of optimal bioplastics.
Bioplastics from microalgae
Microalgae, including cyanobacteria, have a higher production capacity in comparison with seaweed, with productivities up to 100 tonnes per hectare and year being reported. Considering a polysaccharide content ranging from 20 to 60% the potential of producing bioplastics from this type of microorganism achieves up to 60 tonnes/ha·year. However, these microorganisms can not be produced in oceans then requiring confined production systems on land either closed or open systems. Although green microalgae produce polysaccharides, cyanobacteria are more specialised in the production of this type of compounds. Cyanobacteria represent a sustainable source of polymers to be directly used in bioplastics or as an alternative source of sugars to produce selected polymers (Costa et al., 2019b; Suriyamongkol et al., 2007). The most interesting strategy is the direct production of polymers by cyanobacteria. Among the biopolymers that can be produced by cyanobacteria, polyhydroxyalkanoates (PHA) and polyhydroxybutyrate (PHB) are some of the most interesting. 
The production of polyhydroxyalkanoates (PHA) by heterotrophic chemosynthetic organisms growing in residues with a high content of organic carbon is well known and an extensive bibliography on the subject is available (Reis et al., 2003). However, the production of PHA from microalgae is much less known. Indeed, the only microalgae capable of producing and bioaccumulating these biopolymers are cyanobacteria (gram-negative prokaryotes). These PHA, synthesized and bioaccumulated by cyanobacteria, are linear polyesters of short-chain (4 to 16 carbons) which accumulate as intracellular granules. They are biodegradable and have physical characteristics similar to traditional plastic from the petrochemical industry (Abed et al., 2009). The richness in each of the monomers present in these chains (i.e. polyhydroxybutyrate (PHB) and polyhydroxyvalerate (PHV)) determines their properties. The capacity of cyanobacteria to accumulate PHA was already described in the 60’s. However, the possibility of industrial production was not put forward until the middle of the decade of the 2000s, using mixotrophic mixtures (Panda et al., 2006). The production and bioaccumulation of PHA in cyanobacteria is the result of an ecological competitive strategy which consists of their capacity to store energy and carbon (as PHA) when there is a shortage in the environment of any essential nutrient, or an unbalance between the nutrient relative ratios. 
Otherwise, PHB has become a promising alternative to petrochemical-based plastics, due to its high biodegradability, its good thermal and mechanical properties (similar to polypropylene) and its applicability in the packaging, agriculture and medical sectors (Sirohi et al., 2021). Cyanobacteria, such as Synechocystis, Nostoc and Synechococcus, among others, are capable of producing PHB using sunlight and CO2 (Agarwal et al., 2022; Carpine et al., 2020). Previous data confirm that these microorganisms have the metabolic pathways to accumulate these compounds under stress conditions such as nutrient limitation, unbalanced C/N ratio, excess illumination, and high conductivity, among others. However, the function of PHB in the cell and the exact conditions that stimulate cyanobacteria PHB metabolic pathways are still unclear (Koch et al., 2019). It is believed that PHB serves as an electron sink to rebalance the ATP/NADPH ratio during nutrient starvation. This process has an advantage over other fermentation processes, as in this case ATP is recovered while the intracellular carbon storage is conserved (Koch and Forchhammer, 2021). PHB may also serve as a structural component useful for cell recovery from nitrogen deprivation (Damrow et al., 2016). Although cyanobacteria present many industrial advantages compared to other cultures of microorganisms that produce PHB, such as heterotrophic bacteria, their native PHB content is generally low (usually less than 10% of the dry weight when produced autotrophically and limited to 40% when produced mixotrophically) (Drosg et al., 2015; Kamravamanesh et al., 2019; Panda and Mallick, 2007). Therefore, an optimization of the culture conditions to maximize PHB production is certainly required, to get a more competitive process. On the other hand, different cyanobacteria respond differently to stress conditions and thus, a specific optimization for each strain is required. 
Bottlenecks
The use of seaweed for biodegradable, safe, and hygienic packaging attracts the interest of the food industry for the development of sustainable packaging materials that preserve food and do not alter their properties, in a sustainable and eco-friendly way. Unfortunately, the traditional extraction of hydrocolloids has some disadvantages, which can be solved by the adoption of more eco-friendly extraction methods, which are already proven; however, they still need continuous research to reduce implementation costs and to persuade industrial investment and further studies to develop these sustainable technologies. The overall production capacity of the seaweed industry is sufficient to provide enough materials for this sector, at least for small and medium size applications, although still the production cost must be reduced to improve the profitability of this type of process. Otherwise, the use of seaweed from natural resources becomes more and more restrictive in the EU, with regulations limiting the number of species being collected and the periods on which they can be collected. As an alternative, the inland production of seaweed appears as the best option to expand the use of seaweed for this application because it allows continuous production of more productive strains whatever the period, although the investment and operation cost make the process more expensive. An example of this process is the company ERANOVA which produces bioplastics from Ulva in land reactors.
Similarly, the inland production of PHA-PHB-rich cyanobacteria can also provide enough materials for the production of bioplastics, including those with better properties that those obtained from Seaweed. However, no large processes focused on this application exist because of the lack of stability of large production systems using the cyanobacteria strains producing PHA/PHB- Contamination, crash and instability on the amount/quality of produced biomass make this type of processes still unfeasible at industrial scale. More efforts are required to solve these problems and make feasible this type of process at an industrial scale.
2.2. Algae as a source of biofertilizers, biostimulants or biopesticides
Definitions
[bookmark: _Hlk483835510]There is some uncertainty and confusion about the type of product that can be considered biostimulant or biofertilizer, this is because there is no agreed definition for either. According to the European Biostimulants Industry Council (EBIC), “Plant biostimulants contain substance(s) and/or microorganisms whose function when applied to plants or the rhizosphere is to stimulate natural processes to enhance benefit nutrient uptake, nutrient efficiency, tolerance to abiotic stress, and crop quality. The EBIC later elaborated on the effects that biostimulants can have on plants as follows. “Biostimulants foster plant growth and development throughout the crop life cycle, from seed germination to plant maturity in several demonstrated ways, including but not limited to: improving the efficiency of the plant’s metabolism to induce yield increases and enhanced crop quality; increasing plant tolerance to and recovery from abiotic stresses; facilitating nutrient assimilation, translocation and use; enhancing quality attributes of products, including sugar content, colour, fruit seeding, etc.; rendering water use more efficient; enhancing certain physicochemical properties of the soil and fostering the development of complementary soil micro-organisms”. Finally, the EBIC concept of biostimulants includes products with some nutrients, provided that the effect on plant growth is not through direct fertilization: “Biostimulants operate through different mechanisms than fertilizers, regardless of the presence of nutrients in the products” (European Biostimulants Industry Council, 2012). 
In the case of biofertilizers, the situation is even more complicated. There is no “official” definition for this term, and in some cases, the terms biostimulants and biofertilizers are mixed up. However, it is accepted that Biofertilizers are complex mixtures of biological origin such as manures, compost and digestates, obtained in mainly aerobic digestions of organic matter from vegetal residues. Due to its origin, the biofertilizers contain sufficient levels of plant nutrients (nitrogen, phosphorous, potassium, calcium, magnesium…) and microorganisms which can bring about nutrient enrichment of soil by enhancing the availability of nutrients to crops. In the scientific literature, the word biostimulant was first defined in 2007 as “materials other than fertilisers that promote plant growth when applied in low quantities”. According to a more recent definition, “A plant biostimulant is any substance or microorganism applied to plants to enhance nutrition efficiency, abiotic stress tolerance and/or crop quality traits, regardless of its nutrient content”. Three major groups of biostimulants are humic substances, amino acid-containing products, and hormone-containing extracts mainly from seaweed (du Jardin, 2015a). In the last years, products based on microalgae biomass have also been commercialized, especially based on Spirulina through enzymatic hydrolysis (Romero García et al., 2012).
Regarding biopesticides, nowadays we are already accumulating several decades where the use of chemical pesticides based on chlorinated hydrocarbons, organophosphates and carbamates has been the primary strategy employed to eliminate the destructive effects of a great variety of insects, fungi, weeds and nematodes, considered as pest in the modern agricultural and farming practices. Although the adopted strategies have been a big success in controlling these pests, potential hazards and risks have emerged with a substantial impact on the environment, mainly due to the indiscriminate and excessive use of these chemicals. Consequently, beneficial species have been lost and residual problems have increased, with subsequent impact on the food chain, groundwater contamination and pest resistance. To overcome the hazards associated with chemical pesticides the use of products derived from natural sources, such as animals, plants and microorganisms, is increasingly being adopted, and in the last years, focus on the development of solutions with zero residue and no safety period between the application and harvesting moments. Biostimulants have no direct action against pests, and therefore do not fall within the regulatory framework of pesticides” (European Biostimulants Industry Council, 2012). Biopesticides fall into three major classes: (i) biochemical pesticides are naturally occurring substances that control pests by non-toxic mechanisms, (ii) Microbial pesticides consist of a microorganism (e.g., a bacterium, fungus, virus or protozoan) as the active ingredient that can control many different kinds of pests, although each separate active ingredient is relatively specific for its target pest, and (iii) Plant-Incorporated-Protectants (PIPs) are pesticidal substances that plants produce from genetic material that has been added to the plant. Algae and their extracts correspond to the first type of biopesticides because they can display antimicrobial, nematocidal, herbicidal, and insecticidal/acaricidal properties against crop pathogens (Hamed et al., 2018).
Biostimulants Market
Since the first proposal to classify biostimulants (Filatov, 1951), seven more proposals have appeared in the last years (Calvo et al., 2014; Halpern et al., 2015; du Jardin, 2015b; du Jardin, 2015a; Kauffman et al., 2007; M. Ikrina, 2004; La Torre et al., 2016). Notwithstanding the previous classifications, biostimulants and biofertilizers include Microorganisms, Humic and Fulvic acids, Seaweed extracts and Protein hydrolysates and amino acids. The global biostimulants market size was valued at USD 3.5 billion in 2022 and is projected to reach around USD 10.25 billion by 2032, growing at a CAGR of 11.40% during the time frame 2023 to 2032 (Figure 5). The Europe market has accounted highest revenue share 38% in 2022. The Europe biostimulants market size was valued at USD 1.47 billion in 2023 and is expected to reach USD 3.86 billion by 2032, growing at a CAGR of 11.30% from 2023 to 2032. Food and farming creation frameworks all over the planet are confronting extraordinary difficulties because of rising food interest for a developing populace, rising yearning and hunger, negative environmental change impacts, overexploitation of regular assets, loss of biodiversity, and food misfortune and waste. There is a developing longing for reasonably created food that has less manufactured synthetic substances and more biologicals. Thus, biostimulants are assisting with reasonably settling this issue by offering pressure security and subsequently helping plant development. 
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[bookmark: _Ref161566302]Figure 5.-  Biostimulants market size.
The global market for non-microbial plant biostimulants, including those based on seaweed extracts, was estimated to be 2540 million dollars in 2021 and was projected to reach 2830 million dollars in 2022, with a cumulative aggregated growth rate of 11,3-11,6% (Anon, 2023a). Plant biostimulants based on seaweed extracts accounted for 758 million dollars in 2021 (Anon, 2023a), and roughly account for 29,8- 33,5% of the global plant biostimulants market. With the application of the new Fertilising Products Regulation in July 2022, which allows the placement of plant biostimulants in the European Union Single Market (Regulation EU, 2019), the use of seaweed-based plant biostimulants is expected to increase in the coming years. Regarding microalgae, the microalgae-related biostimulant market is one of the fastest-growing in the agriculture market. Microalgae biostimulants have enormous potential and the market is expected to rise in the coming years to reach a valuation of over USD 22 million eventually. The global microalgae biostimulants market is expected to witness a CAGR of 9.75% during the 2022-1018 period. The revenue generated by the global microalgae biostimulants markets in 2021 was over 11.3 million and is expected to generate revenue worth USD 22.3 million in 2028. Therefore the incremental growth opportunity offered by the global microalgae biostimulant market is estimated to be 120.3 million between 2022 and 2028.
Biostimulants from seaweed
Seaweeds are the macroscopic, multicellular marine algae that commonly inhabit the coastal regions of the world’s oceans. These macroalgae can be classified into three main groups based on their pigmentation. Phaeophyta corresponds to the brown specimens, Rhodophyta to the red seaweeds and Chlorophyta to the green macroalgae. Brown seaweeds are the type most commonly used in agriculture, Ascophyllum nodosum is the main ingredient of the formulations available in the market. Other brown algae such as Fucus spp., Laminaria spp., Sargassum spp. and Turbinaria spp. are also used as biofertilizers in agriculture (Hong et al., 2007). Numerous studies have revealed a wide range of beneficial effects of seaweed extract applications on plants, such as early seed germination and establishment, improved crop performance and yield, elevated resistance to biotic and abiotic stress and enhanced postharvest shelf-life of perishable products (Beckett and van Staden, 1989; Hankins and Hockey, 1990; Tuchy et al., 2013). However, the biostimulatory potential of many of these products has not been fully exploited due to the lack of scientific data on the growth factors present and their mode of action on plant growth. Nevertheless, it is widely accepted that seaweed components affect cellular metabolism in treated plants leading to enhanced growth and crop yield. Although many of the various chemical components of seaweed extracts and their mode of action remain unknown, it is widely believed that these components might exhibit a synergistic activity (Bulgari et al., 2015). Among these components, we can distinguish carbohydrates, minerals, trace elements, growth hormones, betaines and sterols.
Seaweeds, particularly the red and brown algae, are a source of unusual and complex polysaccharides not present in land plants. For example, the brown seaweeds Ascophyllum nodosum, Fucus vesiculosus, and Saccharina longicruris contain the polysaccharides laminaran, fucoidan, and alginate. Laminaran is a β-(1,3)-D-glucan with β-(1,6) branching. Although the precise structures of fucoidans are not fully established, fucoidan from A. nodosum consists primarily of sulfated fucose linked in α-(1,3) and α -(1,4) configurations. Alginate is a block copolymer structure composed of D-mannuronic and L-guluronic acids with β-(1,4) glycosidic linkages. Laminaran and fucoidan exhibit a wide range of biological activities (Rioux et al., 2007), although direct effects of fucoidan on plants have not yet been reported, conversely, Laminaran has been shown to stimulate natural defence responses in plants. The concentration of mineral nutrient elements present in commercial seaweed concentrates alone cannot account for the growth responses elicited by seaweed extract and it can only be justified with the presence of growth hormones. Furthermore, the wide range of growth responses induced by seaweed extracts implies the presence of more than one group of plant growth-promoting hormones (Craigie, 2011; Crouch et al., 1993). Cytokinins have been detected in fresh seaweeds and seaweed extracts. The cytokinins present in seaweed formulations include trans-zeatin, trans-zeatin riboside, and dihydro derivatives of these two forms. Liquid chromatography/mass spectroscopy (LC/MS) analysis revealed that zeatin (Z) and isopentenyl (IP) conjugates of cytokinins are the predominant cytokinins. Seaweed concentrates also contained aromatic cytokinins, BAP (benzyl amino purine) and topolin (6-[3-hydroxybenzyl-amino] purine) derivatives). Marine algae are also rich in auxins and auxin-like compounds. An A. nodosum extract has shown as high as 50 mg IAA per gram of dry extract. Similarly, an extract of Ecklonia maxima exhibited a remarkable root-promoting activity on mung bean, an effect reminiscent of auxins. In higher plants, IAA occurs as an inactive conjugate with carboxyl groups, glycans, amino acids, and peptides, which are converted to free active IAA upon hydrolysis. Four amino acids and three indole conjugates of IAA have been found in the extracts of two seaweeds, Ecklonia maxima and Macrocystis pyrifera. Biologically active auxin-like compounds other than IAA were reported in alkaline hydrolysates of A. nodosum, Fucus vesiculosus, and other seaweeds. The presence of ABA (abscisic acid) in seaweeds has also been reported in green algae A. nodosum.
The first seaweed extract, MAXICROP was developed for enhancing plant growth in 1940 (Craigie, 2010). Nowadays, several effective products are available on the market prepared mainly from marine brown macroalgae (Khan et al., 2009). Higher plants respond to seaweed extract treatment, among others, with increased root and shoot growth, higher nutrient uptake and as a consequence all these effects, with increased yield. Treated plants are also more tolerant against abiotic stress, like drought and frost (Crouch et al., 1993; Khan et al., 2009; Metting et al., 1990). Seaweed extracts are used as soil or leaf treatments in small amounts, therefore the beneficial effects cannot be explained by the macro- or micro-nutrients of the extracts. It was supposed and approved that the active ingredients are plant hormones, or elicitor molecules, for example, polysaccharides, which can influence plant growth and development in tiny concentrations (Craigie, 2010; Khan et al., 2009; Metting et al., 1990). Ecklonia maxima collected in South Africa to produce the seaweed extract KELPAK contains several plant hormones, which are present and active also in higher plants: cytokinins, auxins, gibberellins, polyamins and abscisic acid. It is supposed that all these plant hormones contribute to the positive biological effects of the KELPAK (Papenfus et al.,; Stirk et al., 2014). The bioactivity of seaweed extracts is explained mainly by their plant hormones.
Biostimulants from microalgae
Prof. Vince Odorg in collaboration with South African and Czech researchers published evidence, that microalgae also produce plant hormones (Stirk et al., 2002). Nowadays, it is well known that both marine and freshwater microalgae can produce plant hormones and other bioactive compounds, therefore the microalgae are also potential plant biostimulants (Stirk et al., 2013b; Stirk et al., 2013a). Microalgae products on the market are diluted suspensions of living microalgae, like nitrogen-fixing cyanobacteria, or green microalgae, for example, Chlorella or Chlamydomonas (Natur Plasma, Allgrow, EMEK, TerraDoc, MICRP, etc.). The beneficial effect of these products can hardly be explained by the living cells present in these products if they don’t release the bioactive compounds from the cells. Therefore, it is intended to introduce real microalgae products into the market by producing cheap dry biomass and spraying it in an effective, but reasonable quantity (0.5 to 2 kg ha-1) on the leaves of young (and older) plants at a pre-determined time. Microalgae dry biomass contains about 50% protein. Protein hydrolysates of microalgae demonstrate also a plant biostimulating effect because of their amino acids or di- and tripeptides content, but we don’t prefer to follow this way (Mógor et al., 2018).
Green microalgae genera like Nannochloropsis, Chlorella, and Scenedesmus produce phytohormones including indol acetic acid (IAA), cytokinins, gibberellins, abscisic acid (ABA) and/or jasmonic acid (Jirásková et al., 2009; Lu and Xu, 2015; Navarro-López et al., 2020) as well as other substances with biostimulant activity. In addition, the production of antibiotics and siderophores from Chlorella and Scenedesmus has been previously described. On the other hand, cyanobacteria like Arthrospira (Spirulina), Oscillatoria, Chlorogloea, Arthronema or Calothrix can produce IAA, cytokinins and/or jasmonic acid (Tarakhovskaya et al., 2007). Results from microalgae biomass sample experiments confirm the presence of these compounds (Figure 6). Generally, auxin-like and cytokinin-like effects are considered. The composition, and therefore the effect of these biostimulants is highly variable depending on the strain, thus it is mandatory to produce strain-specific cultures to produce valuable products. It is also necessary to apply adequate downstream processes. Moreover, adequate cell disruption and extraction processes are being identified, including the use of high-pressure homogenization and biocompatible solvents. Nonetheless, downstream processing needs to be optimised and the end-products validated. 
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[bookmark: _Ref161681098]Figure 6.-  Approximated values of phytohormones content of different microalgae, and the main types of phytohormones contained in them. 

Bottlenecks biostimulants
Producers of seaweed extracts face a difficulty, namely the limited availability of the specific seaweed. Seaweed to KELPAK production can be harvested for example in the seashore of South Africa only during a specific period of the year. Microalgae biomass production in large-scale mass culture systems depends only on the market demand, which is a great advantage compared to seaweed. What is more, the costs of mass cultivation can be decreased by the substitution of clean nutrient medium with nutrient-reach sewage water. Chlorella and Scenedesmus species are the most abundant green microalgae in pig manure and domestic sewage (Ayre et al., 2015; Ji et al., 2014). Therefore, the selection of plant biostimulating species/strains of these two genera and their production in pig manure or domestic sewage can result in cheap and effective products for plant production.
In the case of biostimulants, the high quantity of commercially available products is not solely justified by considering individually every product category. In an attempt to achieve a greater biostimulant effect, the leading agrochemical companies have embarked on a career of differentiation and innovation for the development of new products with ultra-enhanced biostimulant properties. This development has been approached by the combination of members of every category, seeking complementary or synergistic effects to enhance specific phenological conditions in all types of crops. For example, the protein deficiency of the seaweed extracts is easily corrected when mixed with protein hydrolysates or amino acids from synthetic or fermentative origin, combining in this case the phytohormonal effect of the former with the physiological benefits of the amino acids present in the protein source. Humic and fulvic acids can also be used in such a way. If we additionally consider the different macro and micronutrients of the traditional fertilizer market, as well as the metabolites with physiological action identified in the microorganism, and exudates, the potential formulations for the development of new biostimulants increase exponentially.
Nowadays, the biofertilizers market is controlled by a few players who have more than 50% of the market share. BASF, Arysta LifeSciences, Valent Biosciences Corp, Bayer CropScience AG, Dow AgroSciences, DuPont, Syngenta and Novozymes A/S have a large share of it. Nevertheless, the growing demand and low maturity of the market provide room for new companies, innovative products and research. This has materialized in the large number of SMEs emerging during the last few years. Europe is one of the most dynamic regions in the sector, jointly with the USA and India, where the proliferation of laboratories and enterprises completely dedicated to biorational products is remarkable. Examples of this high-spirited process are the last wave of mergers and acquisitions made by big companies such as the acquisition of AgraQuest by Bayer, the partnership between DuPont and Marrone Bio, the acquisition of Arysta LifeScience by Platform Specialty Products for $3,5 B, the creation of BioAg as a result of the partnership between Monsanto and Novozymes, the partnership between Arysta LifeScience and Laboratoires Goëmar, the acquisition of Becker Underwood by BASF for $1,02 B. and the recent most important movement for the industry: the acquisition of Monsanto by Bayer for €58,8 B. On the other hand, we find a large number of SMEs in the industry and newly created companies, which is evidence of a market characterized by low barriers to access and still youth. In this way, some of the most important players in the market were founded not too long ago, such as Marrone Bio (2006) or AgBiTech (2002). Furthermore, there is a remarkable number of spin-offs, for instance, the Norwegian BioCHOS (2013) and young companies which register great financial results and are taking positions in international markets like IdaiNature (2009), BioConsortia (2014) or Biorizon Biotech (2010).
Biopesticides market
The Biopesticides Market size is estimated at USD 6.06 billion in 2024 and is expected to reach USD 10.26 billion by 2029, growing at a CAGR of 11.11% during the forecast period (2024-2029). Biofungicides are the largest form, of commercial bio-fungicides available in the market and protect against various pathogens such as Pythium, Rhizoctonia, Fusarium, Sclerotinia, Thielaviopsis, and Botrytis. Bioinsecticides are the fastest-growing form, the application of Bioinsecticides in different pest-infested crops has significantly increased the mortality of harmful insects and decreased their progeny number (Research Nester Pvt. Ltd, 2021). Currently, the biological industry applied to agriculture is experiencing a continuous and fairly high increase and favourable forecasts for the following years. Proof of that is the positive forecasts for the biopesticide industry, which could equalize the conventional synthetic industry by 2050 (Figure 7). There is no question that crop protection is a growing market. Both synthetics and biopesticides will grow in the coming decades; however, the dominance of synthetic crop protection will wane at the same time. This tendency could be encouraged by further measures the European Parliament is studying to preserve the cultivation area. For instance, the ambitious Hogan’s draft regulation, already approved by the European Commission, has proposed 14 new measures to modify the Greening Legislation, one of them, the radical disposal of pesticides in areas of ecological and landscape interest for the year 2018 (70% of the cultivation area). 
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Biopesticides from seaweed
Biopesticides derived from seaweed are an increasingly popular option in sustainable agriculture. Thus, seaweed and its extracts display antimicrobial, nematocidal, herbicidal, and insecticidal/acaricidal properties against crop pathogens and can be used as biopesticides (Cheung et al., 2014). In this regard, seaweed components have been shown to efficiently suppress plant pathogenic bacteria, including the genera Agrobacterium, Pseudomonas, Xanthomonas, and Erwinia, which are associated with serious diseases of important crops that form the nutritional basis of most human societies, such as rice and potato plants (Esserti et al., 2017; Kumar and Rengasamy, 2000). Similar effects have been identified against the most common plant pathogens, fungi. Algal extracts can inhibit mycelial growth and induce resistance in plants against widespread fungal genera such as Fusarium, Verticillium, Rhizoctonia, Phytophthora, and Phoma (Esserti et al., 2017). Their antimicrobial activity also expands to viral pathogens, such as tobacco mosaic virus (TMV) and potato virus X (PVX), which are inhibited either directly or by inducing plant defence mechanisms (Sano, 1999). As well as effectively controlling pathogenic microorganisms, algal extracts have been tested with success against animal targets. These targets include soil-borne nematodes, plant or fruit-feeding insects (e.g., fruit fly larvae) and mites, as well as insects that mediate transmission of diseases (Viqar et al., 2011). Herbaceous weeds that hinder crop development, as well as algal species that grow uncontrollably resulting in harmful algal blooms, can also be treated with algal products. The effects in these cases are either based on cytotoxicity or the inhibition of photosynthesis (López‐gonzález et al., 2020).
Seaweed contains bioactive compounds that can act as natural pesticidal agents. Some of the most common compounds found in seaweed with pesticide properties are polyphenols, terpenoids and halogenates. An array of diverse chemical compounds from algae, including alkaloids, polyketides, peptides, polysaccharides, phlorotannins, diterpenes, sterols, quinones, lipids, and glycerols, have been found to exhibit antibacterial action (Hamed et al., 2018). However, in some instances, the specific compounds with antibacterial properties are not fully elucidated, and the activity is collectively attributed to algal extracts. Natural compounds from algae that exhibit antiviral properties include various polysaccharides, such as laminarins, agarans, alginate, carrageenans, and sulphated fucans, that can function as elicitors of defence mechanisms, as well as proteins, lipids, tannins, and terpenoids (Mayer et al., 2011). Polysaccharides are the most common compounds in algal extracts that induce antiviral responses in plants. For example, sodium alginate from marine algae exhibited strong inhibitory activity against the tobacco mosaic virus (TMV) that was isolated from systemically infected leaves of Nicotiana tabacum L. var bright yellow (Sano, 1999). Algal powders and a large variety of extracts, such as aqueous, methanolic, ethanolic, diethyl ether, acetone, ethyl acetate, benzene, and chloroform, have proven to be effective in protecting plants against pathogenic fungal species (Galal et al., 2011).
Biopesticides from microalgae
Regarding biopesticides, cyanobacteria are important sources of antifungal and partly antibacterial compounds (Borowitzka, 1995; Burja et al., 2001). Stewart et al. (1988) screened 700 cyanobacteria strains isolated from soil and freshwater or marine ecosystems and 9% of the strains were antifungal at least against one pathogen (Stewart et al., 1988). Kellam et al. (1988) screened 132 marine and 400 freshwater microalgae against 6 fungi and found 18 marine, but only 6 freshwater antifungal strains. There are more publications about the antimicrobial activity of marine than freshwater microalgae because of the higher shot number (De Jesus Raposo et al., 2013; Kadam et al., 2013). Researchers focus principally on the pharmaceutical industry because of economic reasons. However, the decreased tolerance of the public against synthetic pesticides gave an impetus to the research of natural compounds against plant pathogens, which is also supported by the European Union.
Numerous literature data confirm the antifungal effect of cyanobacteria against plant pathogens. Extracellular products of Nostoc muscorum inhibit Rhizoctonia solani (Caire et al., 1990). Filtrate of Spirulina platensis and Nostoc muscorum inhibit (60%) the growth of Fusarium oxysporum and Rhizoctonia solani (Tantawy, 2011). Cyanobacteria strains, Oscillatoria (18), Lyngbya (5), Nostoc (4), Anabaena (3), Phormidium (3) and Synechococcus (3) were screened and half of them were effective against at least one pathogen including Fusarium oxysporum (Pawar and Puranik, 2008). Tomato plants were protected with Anabaena laxa mixed into the compost against Fusarium oxysporum and F. moniliforme. According to Burja et al. (2001), the biologically active marine cyanobacteria, including fungicides belong mainly to Oscillatoriales (197) and Nostocales (126) (Burja et al., 2001). In summary, mainly filamentous marine cyanobacteria have been screened so far. However, there is no real reason to neglect the eukaryotic microalgae in such kind of work. Ördög found in his screening work 19 antifungal strains against at least one pathogen, but only 7 strains belonged to the Nostocales, the rest were eukaryotic strains (Ördög, 2015).
Nevertheless, referring to literate data it can be established, that cyanobacteria, especially Nostoc, Anabaena and Tolypothrix species/strains can produce antimicrobial compounds. Szechenyi Istvan University (University of Gyor) selected nearly 20 bioactive strains demonstrating antifungal effects against different plant pathogens during the last two decades. Production of these strains in diluted pig manure or domestic sewage and confirming the bioactivity of the harvested biomass can provide new biological tools for plant protection.
Microalgae and cyanobacteria have also been reported as suitable to produce antimicrobial compounds versus bacteria, fungi, viruses and as cytotoxic (Singh et al, 2016). These compounds are included in the group of polyketides, amides, alkaloids, fatty acids, indols and lipopeptides (Abarzua et a., 1999, Burja et al, 2001). It is well known that intracellular components of microalgae/cyanobacteria decrease the prevalence of Botrytis cinerea in berries, being also efficient against Erysiphe polygoni, a pathogen responsible for the deterioration of different vegetables including tomatoes. Other authors also reported the capacity of microalgae/cyanobacteria extracts to reduce the growth of different saprophytes: Chaetomium globosum, Cunninghamella blakesleeana and Aspergillus oryzae; in addition to other phytopatogens such as Rhizoctonia solani and Sclerotinia sclerotiorum (Kulik, 1995). In the H2020 SABANA project, up to six different microalgae strains capable of inhibiting the growth of phytopathogens with larger prevalence in greenhouse crops have been identified. The application of extracts from these microalgae reduced by more than 70% the growth of Alternaria alternata, Fusarium graminearum, Rhizoctonia solani and Botrytis cinerea at in vitro trials. In the AL4BIO project, the growth of these selected strains in wastewater effluent from secondary treatment will be tested, as well as the extraction of biopesticides to obtain bioproducts that will be evaluated in real field trials.
Concerning the biopesticides effects, the molecules behind them are mainly phytosterols and polysaccharides (Costa et al., 2019a). The strains to be used are critical on the final effect of microalgae extracts, green algae such as Chlorella and Scenedesmus are especially recommended for biostimulant effects, whereas cyanobacteria such as Nostoc and Anabaena are more recommended for biopesticide effects. Whatever the strain, the culture conditions on which it is produced largely influence the bioactivity of extracts finally produced. Thus, recent developments from the H2020 EU SABANA project led by the University of Almeria confirm that the composition of culture medium and dilution rate are major factors determining the bioactivity of extracts.
Biopesticides bottlenecks
The current global scenario is characterized by a boost in food demand (expected to grow by 70%, according to the FAO) and environmental consciousness-raising (reflected in demand and regulations), which conveys a great opportunity for expansion for biopesticides. These are the main market drivers:
· The demand of consumers and supermarkets for free-residue food, especially in developed Europe, where ecological trends and concerns about healthy eating are becoming particularly important even for the gross middle class.
· A tightening regulation for chemicals is highlighting the necessity for alternatives. For instance, at a European level, the neonicotinoid ban, the Directive 2009/128/EC for the sustainable use of pesticides, or the Regulation EC/1107/2009 for low-risk substances. It is remarkable the diverse national initiatives toward sustainable agriculture, such as the Biopesticide track in Belgium, the Green Deal Project in the Netherlands, and the “Eophyto” in France to reduce in 50% the usage of chemicals by 2023, among others. 
· The consolidation of the market, which is experiencing a wave of acquisitions and collaborations for further investments in R&D. Multinational corporations such as DuPont, Bayer, BASF, Monsanto, Valagro, Arysta, Novozymes, Valent and so on, are taking an active role in this process.
· The increasing and volatile price of synthetic crop protection is closely related to the exceedingly high cost and time of developing new conventional chemistries (250$ million and nine years of development and regulatory approval), versus the faster and cheaper relative cost of biopesticides and biostimulants; on average, less than 10$ million and 4 years for the same process. (Olson, 2010)
· Negative impact of chemicals on biodiversity. As a consequence, the Convention on Biological Diversity has required governments to place as the order of the day legislative reforms in this field. 
Nevertheless, the immaturity and absence of knowledge of the industry cause several limitations to its effective introduction and development. The main limiting factors can be summarized as follows: 
· Unclear or nonexistent regulation for different active ingredients and products creates a climate of uncertainty for potential investors, a lack of flexibility, and a harder process for international expansion.
· Reduction of governmental funding is highly needed for fundamental research.
· Slower adoption of biotechnologies due to the features of the sector and risks associated. Farmers are more reluctant to new products and highly risk averse, and they share a negative perception of cost and efficacy. To combat this problem, it is crucial to make the information available to farmers.
· Tough registration process as a consequence of the little change and adaptation of the current system, which is designed for synthetic pesticides.
In conclusion, factors such as the rise in demand for organic products, the high importance of biopesticides and biostimulants, competitiveness in terms of price and efficiency, and the ecological advantages offered by these kinds of products are expected to boost market growth. These factors are expected to have a high impact on the growth of the global biopesticides and biostimulants market during the forecast period. 
The main feature of the biopesticide industry, in contrast to the conventional one, is its fragmented and diversified structure. While the synthetic crop protection industry has been traditionally controlled by fewer than 10 companies, the biopesticides industry offers easy access to the market, with hundreds of companies contributing to research and more than 50 enjoying the 60% market share. This allows great opportunities for new entrants. However, large companies are demonstrating significant interest and they are becoming a potential competitor, in the rationals sector. This awareness is clearly shown in the last wave of acquisitions and collaborations among the traditional players to take an active role in the growing industry of biopesticides. 
In summary, biopesticides derived from seaweed and microalgae represent a promising and eco-friendly alternative in the fight against pests in agriculture. However, it is important to continue researching and developing these solutions to ensure their effectiveness and positive environmental impact. Biopesticides are mainly used to protect crops from phytopathogens, reducing the impact of pests by non-toxic mechanisms in a sustainable mode. In the case of biopesticides, the greatest effort to develop new products is aimed at identifying the active substances responsible for the biopesticide action of both plant extracts and microorganism exudates capable of pest control management. The identification of these substances allows companies dedicated to biological control management to develop new formulations with higher added value, either through new extraction methods or organisms. The formulations thus obtained are usually more concentrated in the active substances, and hence requiring lower application doses, without losing their natural origin.
2.3. Algae for wastewater treatment 
Definition 
Wastewater treatment is a process which removes and eliminates contaminants from wastewater and converts this into effluent that can be returned to the water cycle. Once returned to the water cycle, the effluent creates an acceptable impact on the environment or is reused for various purposes (called water reclamation). Each type of wastewater requires specific treatment schemes and facilities. For domestic wastewater (also called municipal wastewater or sewage), the treatment plant is called a Sewage Treatment. For industrial wastewater, treatment either takes place in a separate Industrial wastewater treatment or a sewage treatment plant (usually after some form of pre-treatment). Further types of wastewater treatment plants include Agricultural wastewater treatment and leachate treatment plants. Processes commonly used in wastewater treatment include phase separation (such as sedimentation), biological and chemical processes (such as oxidation) or polishing. The main by-product from wastewater treatment plants is a type of sludge that is usually treated in the same or another wastewater treatment plant. It is important to remark that conventional wastewater treatment plants require high investment and operating cost, the treatment cost ranging from 0.2 to 0.5 €/m3 with an associated energy consumption of 0.5 to 1.0 kWh/m3. That means that conventional wastewater treatment is very intensive in energy and resource consumption, with alternative technologies being necessary to improve the sustainability of this type of process. In this scenario, the development of algae-related wastewater treatment facilities has emerged as a reliable technology in the last few years.
Market
Volumes of wastewater have been steadily increasing over time with the growing population, improvements in water supply, enhanced living standards and economic growth. Each year, 380 billion m3 of municipal wastewater is generated globally. Wastewater production is expected to increase by 24% by 2030 and 51% by 2050. However, as the common perception remains that wastewater is a source of pollution that needs to be treated and disposed of, wastewater is perceived as a growing problem rather than a valuable and sustainable source of water, energy and nutrients. A paradigm shift is currently underway, with developed countries taking a proactive interest in going beyond pollution abatement and seeking to obtain value from wastewater. Despite the opportunities that wastewater presents, the global reality is that only a very small portion of the total wastewater produced is collected and treated, let alone exploited for the recovery of resources. It is estimated that, globally, over 80% of all wastewater produced is discharged into the environment without adequate treatment although the level varies across different regions. According to UN Water, high-income countries treat on average about 70% of the wastewater they generate. This ratio drops to 38% in upper-middle-income countries and to 28% in lower-middle-income countries. In low-income countries, only 8% of wastewater generated undergoes treatment of any kind. Special attention must be paid to small and medium-sized cities for which conventional technologies are not efficient. In this scenario, the use of decentralized wastewater management (DWM) systems is recommended.
Decentralized wastewater management (DWM) systems are often the only option in rural areas where there are no sewage transport networks. There is a growing interest in decentralized wastewater management (DWWM) as a potential alternative to centralized wastewater management (CWWM) in developing countries (Jung et al., 2018). Common extensive treatment includes the construction of anaerobic reactors, wetlands, or a combination of both (Fernández del Castillo et al., 2022), with the combination seeming the more promising. As an alternative to these decentralized technologies, the use of microalgae raceway ponds has been proposed. In microalgae-related processes the direct nitrogen removal process is the absorption of nitrogen constituents into algal biomass, in these processes, negligible N2O emissions take place, which means a substantially lower notorious GHG emission compared to other wastewater treatment processes. Algae growth in wastewater contributes to the removal of nutrients from the liquid phase. This nutrient-rich biomass can be used after separation from the liquid can be used as biofertilizers or for the production of biofuels (Mehariya et al., 2021). Recently the first demonstrator of algae-based technologies for wastewater treatment was installed in Spain by Aqualia (Figure 8). Up to four different facilities from 3.000 m2 to 20.000 m2 are currently in operation for the treatment of urban wastewater, demonstrating the accomplishment of regulation in terms of treatment criteria and stable operation all year around (Arbib et al., 2022). Moreover, recent studies confirm the sustainability of this type of technology versus conventional wastewater treatment processes (Garfí et al., 2017) and the feasibility of using both the microalgae biomass and the regenerated water for food production by agriculture (Cunha–Chiamolera et al., 2024; Morillas-España et al., 2022). 
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Wastewater treatment with seaweed
The use of seaweeds in wastewater treatment (WWT) is increasing around the world, being one of the most employed biotic systems to reduce the nutrient eutrophication pressure caused by wastewater. However, the physicochemical characteristics of the seaweeds used in the WWT limit their commercialization. Consequently, this biomass is mainly discharged or used for energy production (where the risk is considered to be low). However, such biomass has the potential to be used by several industries, with an increased value, aiming for a circular economy. Nonetheless, there is a need to develop technologies or methods to guarantee that seaweeds used in WWT can be employed in general uses, to surpass the present bottleneck in biomass recovery.
Wastewater treatment with microalgae
Microalgae-related wastewater treatment processes are currently performed at scales from 0.1 to 1.0 ha. This scale is relevant for commercial applications, because at 1 ha the wastewater from 5,000 inhabitants can be treated, releasing up to 1,000 m3 of clean water every day, in addition to biogas and fertilisers while saving energy in comparison with conventional processes. According to the National Institute of Statistics (INE), in Spain, there are 8,131 municipalities, of which 7,974 have less than 10,000 inhabitants. This means that 98% of Spanish municipalities are considered small. Up to 8.4 million people live in these municipalities, which represents 17.9% of the total population of Spain. Thus, microalgae-related technologies can be suitable to contribute to the treatment of up to 17.9% of wastewater produced in Spain. These cities produce up to 1.68 Mm3/day of wastewater that if treated with wastewater can produce up to 1,680 tons/day of biomass in a distributed manner. 

2.4. Algae for CO2 capture and biofuels production
Definitions
Carbon capture and storage (CCS) is a process in which a relatively pure stream of carbon dioxide (CO2) from industrial sources is separated, treated and transported to a long-term storage location (Intergovernmental Panel on Climate Change, 2023).  For example, the burning of fossil fuels or biomass results in a stream of CO2 that could be captured and stored by CCS. Usually, the CO2 is captured from large point sources, such as a chemical plant or a bioenergy plant, and then stored in a suitable geological formation. The aim is to reduce greenhouse gas emissions and thus mitigate climate change. For example, CCS retrofits for existing power plants can be one of the ways to limit emissions from the electricity sector and meet the International Agreement goals. Among the different technologies for CO2 capture, the use of photosynthetic systems is envisaged as one of the more sustainable although its low velocity and large surface required to impose difficulties for the development of this type of process. Algae are the most efficient and faster-growing photosynthetic organisms, yielding from 60 to 100 tonnes/ha·year, which considering a net consumption of 2 kg CO2 per kg of algae biomass produced allows us to estimate that algae could represent CO2 fixation rates up to 120 to 200 tonnes/ha·year.
Otherwise, biofuels are liquid or gaseous transport fuels, such as biodiesel and bioethanol, made from biomass. They serve as a renewable alternative to fossil fuels in the EU's transport sector, helping to reduce greenhouse gas emissions and improve the EU's security of supply. Biofuel is any fuel that is derived from biomass—that is, plant or algae material or animal waste. Since such feedstock material can be replenished readily, biofuel is considered to be a source of renewable energy, unlike fossil fuels such as petroleum, coal, and natural gas. Biofuel is commonly advocated as a cost-effective and environmentally benign alternative to petroleum and other fossil fuels, particularly within the context of rising petroleum prices and increased concern over the contributions made by fossil fuels to global warming. Many critics express concerns about the scope of the expansion of certain biofuels because of the economic and environmental costs associated with the refining process and the potential removal of vast areas of arable land from food production. Liquid biofuels are of particular interest because of the vast infrastructure already in place to use them, especially for transportation. The liquid biofuel in greatest production is ethanol (ethyl alcohol), which is made by fermenting starch or sugar. Unlike the “first-generation” ethanol biofuel produced from food crops, “second-generation” cellulosic ethanol is derived from low-value biomass that possesses a high cellulose content, including wood chips, crop residues, and municipal waste. The second most common liquid biofuel is biodiesel, which is made primarily from oily plants (such as the soybean or oil palm) and to a lesser extent from other oily sources (such as waste cooking fat from restaurant deep-frying). The use of algae and cyanobacteria as a source of “third-generation” biodiesel holds promise but has been difficult to develop economically. Some algal species contain up to 40 per cent lipids by weight, which can be converted into biodiesel or synthetic petroleum. Some estimates state that algae could yield between 10 and 100 times more fuel per unit area than second-generation biofuels.
Market
The commitment of Europe to decarbonise all economic sectors is declared through the European Green Deal (European Commission, 2019). 2030 and 2050 constitute two significant milestone years for reducing GHG emissions by 55% (compared to 1990) and achieving climate neutrality. To this end, it is mandatory to adopt green technologies and establish sustainable industrial practices. The global CO2 emissions in 2022 were approximately 37.5 Gtons, of which 2.7 Gtons alone were produced in EU-27 (IEA, 2022). Notably, the EU achieved a significant decrease in GHG emissions between 1990 and 2022 (32.5%); a small increase was observed for the post-CoViD-19 era, mainly because of the transportation sector. The 1990-2022 trends indicate that the achieved reduction in emissions is insufficient to meet the objectives of 2030/2050 (Figure 8) Specifically, transport emissions grew between 1990 and 2022 at an annual average rate of 1.7%, faster than any other sector and similar to industry. To get on track with the Net Zero Emissions (NZE) by 2050 Scenario, transport-related CO2 emissions must fall by >3% per year (up to 2030); overall, emissions need to decrease by 2/3 (up to 2050) to meet the 60% GHG reduction target of the 2011 Transport White Paper (Figure 8)(EEA, 2021).
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[bookmark: _Ref155351349]Figure 8.- Historical trends and future projections of GHG/CO2 emissions in the EU-27 and annual EU-27 CO2 emissions and future projections for the transportation sector.
Presently, only around 2 Mtons/yr of bio-CO2 emissions are captured, mainly in biogas applications, while new facilities announced in 2022 are expected to capture <15 Mtons/yr bio-CO2 together (Anon, 2023b). A realistic projection for 2030 estimates the carbon removal via bioenergy/biomass with carbon capture and storage (bio-CCS) plants could reach just under 50 Mtons/yr, falling short of the 190 Mtons/yr to be removed in the same year according to the NZE Scenario. So, new efficient bio-CCS or utilization (bio-CCU) solutions are needed to reduce the quantity of CO2 in the atmosphere, especially in regions under energy transition, where CO2 removal is of paramount importance. Beyond the environmental benefits, these technologies can at least partially cover the constantly increasing demand by European industries for CO2 (estimated at 49.5 Mtons/yr for 2030 and 73.6 Mtons/yr for 2050) (Energy et al., 2022).
The attention to CO2 as a potential feedstock, e.g. for the production of RECs, is not new. However, the technology readiness remains -in most cases- at low levels, because of the complexity of CCU methods and the high investment and operational costs (CAPEX/OPEX). In this regard, direct CO2 capture and photosynthetic biofixation, also known as biologically-mediated CCU, ranks high among the most cost-effective and sustainable technologies (Daneshvar et al., 2022). Specifically in bio-CCU cases, where the concentration of CO2 in the flue gasses varies usually between 5 and 15% -depending on the combustion process and the fuel type- algae-based technologies maximize the utilization and sustainability potential since they can tolerate and grow on feedstock with such CO2 content. At the same time, algae are already recognised as a promising renewable feedstock for the production of advanced biofuels, but with up-to-date large costs for production and downstream processing; these are the major obstacles to deploying competitive biofuels from algae (European Commission, 2022a). On the other hand, the urgent and dynamically increasing need to reduce Europe’s energy dependence on imported fossil fuels and to diversify clean energy supplies has brought renewed attention to alternative feedstocks such as algae for biofuel production. Thus, the path for advanced biofuels must be set, enabling this technology to directly contribute to the REPowerEU (European Commission, 2022a), according to which renewable fuels are significant for the envisioned energy transition, particularly for the harder-to-ameliorate sectors, such as aviation and maritime transportation.
In this framework, the focus is given to the reduction of CO2 emissions from transport, as this sector represents >25% of the EU’s emissions. For aviation and maritime transportation or even heavy road vehicles, electrification and fuel cell engines do not provide the necessary performance. Therefore, liquid renewable fuels are of paramount importance in decreasing GHG emissions. The solution for aviation and shipping is using biofuels, as they are C-neutral and could potentially be C-negative, provided that they are produced from biogenic emissions. The latter case can also assist in addressing issues with the selection of resources to be converted to biofuels, i.e. the competition with food/feed production, the (arable) land change and in some cases even the destruction of the natural environment (Energy Agency, 2021). The significance of transport biofuels can be highlighted by acknowledging that >91% of EU-27 transport (via roads, rail, sea or air) in 2022 was still reliant on fossil fuels (European Environment Agency, 2022). More importantly, projections for 2050 suggest that aviation and maritime transportation will be responsible for 10% and 33% of global CO2 emissions, respectively. To reach a stringent reduction of GHG emissions, biofuel consumption needs to triple by 2030 to track with the Sustainable Development Scenario (SDS).

The potential application of microalgal biomass for biofuels has been investigated, and previous data established that stand-alone biofuel production was not feasible due to the unfavourable energy balance and high production cost. However, recent advances in the integration of microalgal biomass with nutrient recycling, e.g. from wastewater treatment, allow the production of large amounts of biomass sustainably. Moreover, the use of microalgae-based facilities for wastewater treatment allows the development of distributed production systems capable of providing large amounts of biomass for biorefineries. In addition, for certain biofuels, e.g. aviation kerosene, microalgae represent a better bio-based solution than other traditional biomass feedstocks in terms of energy balance and GHG savings, if certain production conditions are met, such as high process optimisation, nutrient recycling and use of renewable energy to meet input demand (Sarwer et al., 2022a). An option to improve the feasibility of 3G biorefineries is to produce multiple products besides biofuels. In 2022, the EC published two documents about the algae framework (European Commission, 2022b), specifically for a strong and sustainable EU algae sector (SWD(2022) 361; COM(2022) 592), emphasizing microalgae as a source for biofuels.
Despite that the production of microalgae biomass is a fast-growing sector, still, the current production capacity is limited, the associated costs are high and, thus, the produced microalgal biomass is mainly used in high-value applications, such as cosmetics, nutraceuticals and food sectors (Kandasamy et al., 2022). However, recent advances allowed to increase the size of single open reactors up to 1 ha and at the same time reduce the installation cost below 20 €/m2 and the energy consumption below 5 W/m2 (SABANA project), which largely reduced the microalgae biomass production cost. In this sense, the current technologies allow the development of industrial processes for wastewater treatment at a demonstration scale of up to 3 ha (FCC Aqualia). The last developments open the door for the production of almost zero-cost microalgae biomass when integrating with the treatment of residues also allowing the recovery of nutrients contained in these effluents as an example of circular economy. This is the scenario needed to consider the production of biofuels from microalgae (Brennan and Owende, 2010). Additionally, relevant advances have been also performed in the knowledge of the biology of the process that allows defining operational conditions to modulate the composition of microalgae biomass such as nutrient availability and imposed dilution rates. Finally, advances in simulation and control of these processes allow for optimisation of the performance of the systems in real-time according to environmental conditions and targets. In summary, the technology is now ready to afford new challenges related to the production of microalgae for low-value applications such as commodities and biofuels.
To make feasible the production of biofuels from microalgae still it is necessary to perform a step forward in the development and demonstration of the latest technologies related to the production of microalgal biomass for low-value applications. Special attention will be paid to the use of microalgae bioreactors for the direct capture of biogenic CO2, for that the improvement of mass transfer capacity will be required. Because the integration of biomass production with nutrient recovery is mandatory to achieve sustainable processes, strains tolerant to the composition of effluents must be selected, otherwise, the required pretreatment of these effluents must be defined. Moreover, the influence of operation and environmental conditions on biomass production, and especially on the composition of the biomass must be elucidated. Finally, the operation of the systems must be optimized considering the environmental, biological and engineering aspects of the processes, for that the use of artificial intelligence-based tools such as neural networks or machine learning is proposed. The challenge is to produce tailored biomass only using biogenic CO2 and effluents at rates of 100 tons(d.wt.)/ha·year at close to zero cost due to the benefits of services provided (CO2 capture, wastewater treatment).
Once the biomass is produced still challenges remain about the transformation of the biomass in biofuels. In the past, the production of biodiesel was pursued then strains with high lipids content were isolated or included and developed using genetic modifications (Rawat et al., 2013). The challenge was to increase the regular lipids content of microalgae biomass by 30%. The production of these strains requires closed photobioreactors imposing much higher production costs, and limiting the integration with nutrient recovery processes. Moreover, the lipids contained in the microalgae biomass are not all saponifiable, on average only 50% of lipids correspond to saponifiable fatty acids (Navarro López et al., 2015). Thus, whatever the technology for transesterification is optimized the overall yield of the process makes it unfeasible. On a similar trend, the production of bioethanol from carbohydrates contained in the microalgae was also proposed (Demirbas and Ayhan Demirba, 2010). Microalgae contains up to 50% of fermentable carbohydrates, thus by adapting the technology for saccharification and fermentation it is possible to produce bioethanol. This strategy allows the use of fast-growing strains and the integration of nutrient recovery processes, thus contributing to reducing biomass production costs and enlarging the production capacity. However, the yield of the process is also low (30%), the final product being also of low commercial value. Both strategies have the disadvantage of using only part of biomass components, disregarding others such as proteins and others. For this reason, the use of anaerobic digestion of the whole biomass to produce biogas was also proposed. This strategy was demonstrated to be more efficient in converting up to 60% of the biomass into biogas, but again it is a low-value product with limited industrial interest (Tasca et al., 2019). As an alternative, the development of biorefineries capable of valorizing all the components of the biomass was proposed. However, the largely different nature of these components and of the markets related to the final products to be obtained make this alternative also difficult to perform at an industrial scale.
In the last years, advanced technologies for the transformation of whole biomass into valuable products have been proposed, especially hydrothermal liquefaction (Patil et al., 2008). These technologies can manage wet biomass and thus don’t require the drying of the biomass and their associated costs, transforming up to 70% of the whole biomass into final products, mainly bio-oil and biochar. Bio-oil can be transformed into final liquid fuels by appropriate refining, for that the development of catalysts and processes capable of removing heteroatoms and achieving adequate properties of final fuels is still required. Biochar is also a valuable product for other uses such as agriculture (Sarwer et al., 2022b). This strategy seems to be the most appropriate for the conversion of microalgae biomass into valuable final products, but still, it has not been demonstrated and more research is required in this field.
The relevance of developing microalgae-related biofuels can be assured considering that the global biofuels market size accounted for $116.5 billion in 2022 and it is estimated to reach around $201.2 billion by 2030, growing at a CAGR of 8.3% (Garside, 2020). The global advanced biofuel market size was valued at $63.6 billion in 2022 and is anticipated to witness a major CAGR of 41.2% (https://www.coherentmarketinsights.com/market-insight/advanced-biofuel-market-960). It is noted that advanced biofuels from (micro)algae account for the largest market share, due to the oil content present in their biomass: the global market was valued at $7.2 billion in 2021 and is expected to reach $11.3 billion by 2029, registering a CAGR of 5.8% (Data Bridge Market Research, 2023). Complementary, the global biochar market was valued at $1.5 billion in 2022 and is anticipated to grow at a CAGR of 14% (Anon, 2023c).
1. Major challenges for the development of related industrial applications
1.1. Algae biomass production capacity and cost
Algae biomass production. Strains being produced, technologies being used. Algae production capacity and cost. Production capacity and cost required for different applications. Examples of industrial production cases.
Microalgae are microscopic organisms that produce biomass from sunlight, water and carbon dioxide, in addition to nutrients. They have several advantages over conventional crops, such as high productivity, fast growth, wide adaptability and low land and water requirements. However, microalgae production also faces some challenges, such as high capital and operating costs, low energy efficiency and environmental impacts. The microalgae biomass production capacity and requirements vary depending on the specific species of microalgae being cultivated, the production methods used, and the intended applications of the biomass (Grima et al., 1999). The capacity for microalgae biomass production can be influenced by factors such as the size of the cultivation facility, the availability of nutrients (such as nitrogen, phosphorus, and micronutrients), the quality and intensity of light, temperature, pH levels, and carbon dioxide availability. Requirements for microalgae biomass production typically include suitable growth medium (water enriched with nutrients), appropriate lighting (natural sunlight or artificial light in indoor facilities), temperature control, and carbon dioxide supply for photosynthesis. Additionally, monitoring and control systems may be needed to maintain optimal growth conditions and prevent contamination. It's important to note that the production capacity and specific requirements for microalgae biomass can vary widely based on the goals of the production (e.g., biofuel production, food supplements, wastewater treatment), the scale of production, and the specific strains of microalgae being cultivated.
The most typical production mode is the autotrophic in outdoor reactors. In this case, natural sunlight is the energy source and the design of the reactor is defined to maximize the capture of light. Two major types of outdoor reactors are operated, the open raceway reactors and the closed tubular photobioreactors. The open raceway is the most extended technology and typically it consists of large surfaces of land covered by plastic sheets to isolate from the soil, on which the microalgae culture is recirculated using a low-energy demand system named paddlewheel. The water depth inside the reactor ranges from 0.2 to 0.4 m, with a liquid velocity of 0.2 m/s being used to maintain the power consumption below 5 W/m2. The maximum size of each reactor is 5.000 m2 although recently reactors up to 1 ha have been built and are in operation. The total size of the facilities has been increasing in the last few years, thus in the past, the maximum size was in the order of 10 ha but today there are facilities up to 50 ha, especially in China, India and Malaysia (Figure 9).
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[bookmark: _Ref155284193]Figure 9.- Images of some companies producing microalgae in open raceway reactors
The major drawback of open raceway reactors is the low control of contaminations, thus it is only possible to produce extremophile strains such as Spirulina and Dunaliella or to produce fast-growing strains such as Chlorella or Scenedesmus that grow faster than other contaminants.
The strains more frequently produced in Europe include Spirulina, Chlorella, Haematococcus, Dunaliella and Nannochloropsis (Figure 9). The first four are accepted for human consumption because they are recognized as safe (GRASS). Recently the company Phytoplankton Marino obtained the approval of Tetraselmis chuii as Novel Food, then this strain is also not part of the catalogue of microalgae strains accepted for human consumption. Nannochloropsis is not yet accepted although it is in the process of being accepted, equal to others such as Phaeodactylum and T-ISO among others. however, this is not an easy process, it requires one year and more than 1 M€ to complete the processes. However, around the world, other additional microalgae strains are produced, not for food applications but for agriculture or aquaculture-related applications. These include cyanobacteria such as Aphanizomenon, Nostoc and Anabaena, but also green algae such as Euglena and Botryococcus (Figure 10). Eugelena is a particular case because this large microalga is produced in Asia for human consumption although it is not approved in Europe. To remark on the complexity of regulatory aspects related to the consumption of certain microalgae strains in different regions around the world. Regarding strains produced heterotrophically, in addition to Chlorella, the most extended is Schizochytrium which is currently the source of DHA for the nutraceutical and food sector. Recently the heterotrophic production of acidic strains such as Galdieria has been proposed. This strain grows at extremely low pH (2-3) thus reducing the possibility of contamination by other microorganisms, producing valuable compounds such as phycocyanin among others (Figure 11).
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1.2. Processing technologies for algae biomass 
Algae processing technologies. Processing capacity and processing cost. Reliability of current processes. Requirements for new processes/applications. Examples of industrial processing cases.
1.3. Algae biorefinery
Algae biorefinery as a concept. Advantages of algae biorefineries. Examples of existing algae biorefineries. Potential algae biorefineries. Bottlenecks for algae biorefineries (technical? Markets? Regulators?)
2. Current and potential contribution to the EU bioeconomy
2.1. Current and potential markets
Description of actual algae industrial sector. Current production capacity and turnover. The market of potential applications and requirements to enter these markets (production capacity, production cost). Analysis of the potential contribution of algae in the next 10 years and required improvements…. 
2.2. Regulatory barriers
Current regulation about algae. Regulation affecting new applications such as existing regulation for different applications. Analysis of regulation out of EU. Recommendations for modifications.
2.3. Programmes supporting the algae sector
The political framework of the algae sector. Programmes and initiatives supporting the algae sector. The expected contribution of the algae sector to the EU bioeconomy. Recommendations for policymakers and related…
3. Conclusions
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