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Abstract

:

Microalgae and cyanobacteria are diverse groups of organisms with great potential to benefit societies across the world. These organisms are currently used in food, feed, pharmaceutical and cosmetic industries. In addition, a variety of novel compounds are being isolated. Commercial production of photosynthetic microalgae and cyanobacteria requires cultivation on a large scale with high throughput. However, scaling up production from lab-based systems to large-scale systems is a complex and potentially costly endeavor. In this review, we summarise all aspects of large-scale cultivation, including aims of cultivation, species selection, types of cultivation (ponds, photobioreactors, and biofilms), water and nutrient sources, temperature, light and mixing, monitoring, contamination, harvesting strategies, and potential environmental risks. Importantly, we also present practical recommendations and discuss challenges of profitable large-scale systems associated with economical design, effective operation and maintenance, automation, and shortage of experienced phycologists.
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1. Why Cultivate Microalgae and Cyanobacteria?


1.1. Age of Algae and Novel Compounds


Microalgae and cyanobacteria are very diverse groups of organisms with under-explored and under-valued potential. There are thousands of species that thrive in marine, freshwater, and even terrestrial environments. A conservative estimate is that there are 44,000 scientifically described microalgal and cyanobacterial species [1]. This vast number of species naturally encompasses diversity in biochemical compounds as well. Environmental conditions also alter the biochemical composition and trigger the production of certain compounds, which means that the total biochemical potential for commercial exploitation is very high [2]. In this review, we evaluate the cultivation of both microalgae and cyanobacteria. These two groups are categorically different (e.g., microalgae are eukaryotic while cyanobacteria are prokaryotic). However, the cultivation principles and challenges overlap. Moreover, the valorization potential and the valorization routes are very similar between both groups. In addition, approaches to performing metabolic engineering are similar [3] (e.g., production of added value compounds), as well as application and features of accumulated biomass.



Microalgae and cyanobacteria are both groups of organisms with the capacity to perform photosynthesis. Therefore, from a technical perspective, both groups can be grown in photobioreactors and ponds, however often with a variation in specific cultivation conditions. Cyanobacteria, being prokaryotes, have relatively simpler nutrient requirements, and some species can fix atmospheric nitrogen, reducing the need for external nitrogen sources. However, condition requirements, growth parameters, downstream processes, etc., also differ significantly between species rather than between cyanobacteria and microalgae as groups.



Microalgae and cyanobacteria are cultivated for several products used in food, feed, nutraceutical/pharmaceutical and cosmetic industries. These products range from bulk components such as protein, carbohydrates, and lipids to more specific compounds that are present in much smaller concentrations but may have a significant value. These more specific compounds include pigments and colorants, long-chain polyunsaturated fatty acids (n-3 LC-PUFAs) commonly known as omega-3 fatty acids, phytohormones, enzymes, anti-oxidants, anti-fungal, anti-microbial, anti-virus, anti-inflammatory, anti-cancer and anti-obesity compounds, peptides, vitamins, and iodine [4]. In this sense, with the inclusion of algal species in aquafeeds, more than twenty species have been previously assessed, with well-documented benefits across a variety of fish species [5]. Indeed, trace elements (calcium, magnesium, phosphorous, iron, iodine, and zinc) are abundant in microalgae, and these health-promoting compounds make microalgae suitable for use as natural supplements in aquafeed. In particular, extremely high iodine concentrations present in the microalgae showed that these algae have a high ability to accumulate iodine [6]. Hence, presently these microalgal products are globally considered future sources of feed and novel food ingredients with the most potential. It is also obvious that microalgae as single-cell sources will soon constitute a realistic potential alternative or addition to animal feed globally.



Currently, commercial cultivation is dominated by the production of pigments, n-3 LC-PUFAs, and proteins. Large-scale cultivation of microalgae and cyanobacteria is a small industry worldwide, but the interest and number of biotech companies are rising. The European Algae Biomass Association (EABA) estimated the economic value of the microalgae sector to be around €850 million/year [7].




1.2. Microalgae for Production of Aquaculture as Live Feed and Feed Ingredient


Aquaculture, the fastest-growing animal production sector, is the driving force in the development of new animal protein sources as wild fisheries exceed their sustainable limits. In this regard, microalgae are mainly used for their nutritional value [8], and the current potential utility of these ingredients is considerable and growing [9].



It is important to distinguish between the use of microalgae as a live feed or as a component of formulated feed, e.g., salmonids and crustaceans. In a feed context, microalgae are used both directly as feed for the cultured organisms or, in some cases, indirectly as feed for feed organisms, typically invertebrates. By far, the most important use of microalgae for direct feed in terms of volume and value is for filtering mollusks—oysters, clams, mussels, and pectinids, followed by shrimp farming [10]. The direct use of microalgal feed to fish is limited to herbivorous plankton feeders, especially cyprinids and cichlids [10]. When microalgae are used as indirect feed organisms in aquaculture, they are primarily fed to rotifers and Artemia, which in turn are fed to fish. Many fish species, particularly marine finfish (excluding salmonids), rely on live feed in their larval stages [11]. However, neither rotifers nor Artemia are perfect as live feed in fish production, mainly because they do not have the right composition of n-3 LC-PUFAs, necessitating the use of enrichment of the feed organisms [11]. Another possibility is to use copepods with a composition of LC-PUFAs and other essential nutrients more suitable for fish feed [12]. Copepods are also fed microalgae [13].



Only a few species have gained widespread use in aquaculture, with the most popular ones being Tisochrysis spp., Diacronema lutheri, Tetraselmis suecica, Nannochloropsis spp., and Chaetoceros spp. [14]. Dunaliella and Haematococcus are also among the successful products based on their long-chain isoprenoid compounds, e.g., carotenoids [15,16].



Microalgae species for use in aquaculture must have rapid growth rates, balanced nutrient composition, and be easy to culture in large-scale facilities [14]. Within the aquaculture sector, the main focus is on fatty acids, especially n-3 LC-PUFA, amino acids, carotenoids, and vitamins [17]. The LC-PUFA profile of microalgae is under both genotypical and phenotypical control and so varies both among taxonomic groups and can be controlled, at least partly, by manipulating the growth conditions of the microalgae as well [18]. The vitamin content of different microalgae also varies significantly across taxonomic groups of algae, while the amino acid content and composition are much more constant [14].



In recent decades, some current investigations have reported the feasibility of sustainable microalgae production, both whole-cell and processed form used as feed ingredients formulating industrially compounded aquafeeds for salmonids, shrimp, tilapia, and many other marine species [9,19,20]. It is obviously seen that microalgae can be used in the feed industry as feed sources; however, the feed industry demands raw materials available in large volumes. With this regard, it is commercially important to produce microalgae in large-scale and lower-cost production methods.




1.3. Bioremediation


Research so far demonstrates that single-cell organisms (e.g., microalgae and cyanobacteria) can develop rapidly on a range of organic and inorganic inputs providing an economically rewarding and environmentally friendly strategy for reducing waste volume. Microalgae and cyanobacteria are effective at absorbing nutrients (nitrogen and phosphorus), carbon, and other contaminants (e.g., heavy metals and pharmaceutical compounds) present in their surroundings. These properties make them a suitable candidate for a phycoremediation. As the cells multiply, they consume nutrients and contaminants, which is effectively treating wastewater [21]. In addition, daytime photosynthesis produces dissolved oxygen allowing for effective biological oxygen demand (BOD) removal [22]. Bioremediation is typically performed with polycultures or entire consortia of a variety of microbes. Large-scale wastewater treatment (WWT) is an increasing commercial venue [23]. Integrating wastewater treatment with algae and cyanobacteria production provides cumulative benefits of water recycling, eliminating the need for external fertilizer while providing efficient wastewater treatment.





2. Species Selection


Phycologists must first decide on the target product or application and select the most suitable species or combination of species accordingly. As discussed earlier, the biochemical composition is known only in a relatively small number of species, and more research is needed. Species and strains may be isolated from their natural habitats or obtained from culture collections. Phycologists may perform bioprospecting first to screen several species for the best yield and best-growing conditions of the targeted compound [24]. The most frequently used commercial genera are Haematococcus, Dunaliella, Chlorella, and Arthrospira (commonly called Spirulina). Other commonly used species are Nannochloropsis spp., Isochrysis spp., Thalassiossira spp., Tetraselmis spp., Chaetoceros spp., etc. The number of microalgae-related applications to the EU Novel foods list (see the website) is slowly increasing. There are three additional microalgal species or their extracts (Phaedactylum tricornutum, Tetraselmis chuii, and Galdieria sulphuraria) on the application list. Application for Novel food regulation in Europe via European Food Safety Authority (EFSA) can be an expensive and long journey. However, the Qualified Presumption of Safety (QPS) status of some microalgae, as assigned by the EFSA, is a fast track to approval. In Europe, approval as Novel Food is needed for food that has not been consumed by humans in the EU before 15 May 1997. The Novel Food regulation came into force as Regulation (EU) 2015/2283. ‘Novel Food’ can be newly developed, innovative food as well as food produced via new technologies and production processes or food that is mainly (traditionally) eaten outside of the EU. In the USA, the GRAS regulation (Generally Recognized as Safe) is in place and allows several food ingredients on the market (e.g., Haematococcus pluvialis extract containing astaxanthin and the dried biomass of Arthrospira platensis [25]. Spirulina (Arthrospira) and Nostoc were already on the market before 15 May 1997. Spirulina has been used as a food source for hundreds of years in Mexico (by Aztecs) and Africa. Nostoc is a filamentous cyanobacterium traditionally consumed in China, Mongolia, Tartaria, and South America.



2.1. Genetic Modification


2.1.1. Genetic Adaption of Cells for Mass Production


Desirable properties of the selected species can also be enhanced via targeted genetic engineering or indirect mutagenesis approaches. Large-scale cultivation of genetically modified organisms (GMOs) remains a controversial and difficult topic in most countries, including the EU, and GMO mass commercial cultivations are still rare. Microalgae are eukaryotic organisms with complex genetic makeup, and the number of model species is still lacking. However, the number of genome-sequenced species is on the rise, and genetic engineering tools such as micro-RNA (miRNA), silence RNA (siRNA), and CRISPR-Cas technologies have already been applied to algae [3].



Meanwhile, genetic modification (GM) is much more robust for cyanobacteria, an advantage of being prokaryotic cells with increased transformant efficiency. Many algal biorefinery high-value compounds have been globally gaining momentum through genetic engineering by improving the mass cultivation of algae and cyanobacteria [26,27,28,29]. However, comprehensive approaches need to be addressed to achieve a thriving algal biorefinery with high efficiency.



GM efforts to improve photosynthetic efficiency for mass cultivation are also popular for the dual benefit of increased biomass productivity and higher titers for desired products unless a stress mechanism interferes with overall accumulation and biomass productivity. Adjusting the chloroplast antenna size is one of the most common GM methods to sustain high biomass productivity at a large scale, especially for products requiring higher light intensities [30,31]. GM of light-harvesting complex to increase capture efficiency even at low light conditions also contributes to higher product yields. Beneficial for large-scale applications, one particular example has shown that extending the absorption of photosynthetically active radiation (PAR) region from 700 nm to 750 nm increased the available photon amount by 19% [32].




2.1.2. Engineering to Increase Chemical Composition and Yield


For most GM applications, enzyme activity controlling the synthesis of bioproducts from microalgae and cyanobacteria is targeted to overcome rate-limiting steps, over-express synthesis, and decrease catabolic reactions. Controlling flux in competing pathways is also another strategy to achieve desired bioproduct yield. In our review of the literature, we found various bio-engineering applications to produce and increase the target compounds present in microalgae and cyanobacteria. For instance, the growth condition and strain selection can greatly affect cyanobacteria polyhydroxyalkanoates (PHAs) composition, polymers being used to generate biodegradable plastic [33]. In another case, RuBisCO, often considered an inefficient enzyme due to relatively low turnover rates in CO2 fixation at the core of the Calvin Cycle, can be can successfully engineered to boost photosynthetic efficiency in both microalgae and cyanobacteria [34]. Interestingly, targeted mutagenesis and/or overexpression of some of the genes reduced fatty acid toxicity and subsequently led to an increase in fatty acid production [27,29]. In biobutanol production, Shanmugam et al. [35] provide information about genome engineering techniques for the direct conversion of CO2 into biobutanol using solar energy harnessed by microalgae.



So far, significant advances in the development of genome engineering techniques (such as RNAi, ZFNs, TALENs, and CRISPR-Cas9) provide functional insight into genes and relevant proteins involved in central carbon metabolism [26,28,35]. Recently, Artificial Intelligence (AI)-assisted screening of microalgae species (selected based on high biomass production) and strains (selected based on commercial application in feed, nutrition, or cosmetics) provide pertinent information for the genome sequence, which can assist in optimization, detection, and alteration of gene expression. AI-based genomic bioinformatics was reviewed very recently by Teng et al. [26].





2.2. Genetic Engineering to Increase Growth under Limiting Conditions


Recent advancements in next-generation sequencing tools have also contributed to the algae and cyanobacteria biotechnology field especially high-throughput data obtained under several limiting cultivation conditions. Particularly RNA-Seq-based transcriptomics help unravel the expression of key synthesis genes under certain stress conditions. A study by Li et al. on Nannochloropsis oceanica strain IMET1 identified how nitrogen-limited conditions affect the flux of protein and carbohydrate pathways diverted onto lipid synthesis pathways and improved triacylglycerol (TAG) accumulation [29]. In another study by Chang and colleagues, the downregulation of triosephosphate isomerase led to improved fatty acid and starch synthesis in Neodesmus sp. UTEX 2219-4 [36]. Despite the improved metrics on overall lipid accumulation (especially for biofuel applications), nutrient stress conditions cause lower biomass yields and remain a challenge to be addressed.





3. Three Most Common Ways of Large-Scale Cultivation


Microalgae and cyanobacteria are among the most promising resources to provide multiple energy and environmental benefits, yet, the low productivity and high cost of algal cultivation impede advancement in their intensive applications. The state-of-the-art photosynthetic algae cultivation approaches have primarily focused on algal cultures in open ponds. Although these systems are easily built, they are susceptible to light limitations and stresses that hamper algal growth beyond a cell concentration of 0.5 g/L in open ponds and 2–6 g/L in photobioreactors [37]. Moreover, biomass harvesting and concentration are extremely costly due to these low algal cell densities [38]. There are systems, such as thin-layer cascade photobioreactors, that can reach a biomass density of more than 30 g/L [39]. However, these high-density systems face other challenges, such as light limitations. A similar system, such as Seeded Algal Turf Scrubber (sATS), can be used to grow different types of algae [40].



The mass production of microalgae and cyanobacteria can be divided into three main areas of operations: ponds, photobioreactors, biofilm systems, or a combination of all. The challenges and advantages of each system are summarized in Table 1, and examples of large-scale cultivation systems are shown in Figure 1. While ponds are relatively simple and inexpensive compared to photobioreactors, they require large land area, they are ineffective in CO2 efficiency, they are exposed to possibly unfavorable weather (rain, evaporation, etc.), and they can get contaminated easily, which is a drawback for certain applications such as food and feed. On the other hand, photobioreactors (PBRs) are more robust and significantly more expensive in CAPEX and OPEX. PBRs are built with a high ratio of surface area to culture volume to maximize illumination. However, the same principle allows heat loss in the absence of light. Understanding time-dependent heat balance within the PBR is critical for accurate productivity predictions [41]. Biofilms are a unique way to cultivate microalgae and cyanobacteria, which are relatively inexpensive, require very little or no dewatering, and are often dominated by polyculture and complex consortia, including bacteria that may impact the biochemical composition of the final harvested biomass.



There are many factors to consider when selecting the most suitable cultivation systems. These include species preference, application (cultivating for products versus bioremediation application), productivity target, land and water availability, climate, accepted contamination risk, CAPEX, and OPEX [42].



3.1. Ponds


In general, ponds are considered the cheapest method for microalgal production, both in terms of construction and operation. The simplest and most primitive method of producing microalgae in connection with aquaculture is the so-called green ponds or green-water ponds. In these ponds, dense microalgae blooms develop because of fertilization with chemical or manure fertilizers or simply because of nutrient release from feed utilization. The algal blooms contribute through a zooplankton food chain to the nutrition of larvae of fish or shrimp. In these systems, there is no control of the microalgae population and hence no ability to culture a specific microalgae species with a specific nutritional value [43,44]. In addition, green-water systems crashes, culture upsets, contaminations, and seasonal variability are common.



A more advanced option for microalgal production is to construct ponds specifically for this purpose. These are most often shaped as elongated ovals, lending them the name raceway ponds. Other shapes are also used, although less frequently. Even though constructed ponds are cheaper to construct than, e.g., PBRs [45], they still have a much larger physical footprint than these and take up larger land areas [46]. Several factors contribute to making production in raceways less efficient than in other types of industrialized microalgal production.



First of all, self-shading is a bigger problem in ponds than in PBRs because ponds have longer light paths than PBRs [46]. This is necessary for technical reasons: Ponds need a certain depth to avoid too rapid evaporation and for paddle wheels to operate efficiently. They are usually 20–40 cm deep [46]. In contrast, PBRs can have very short light paths depending on tube diameter or panel thickness of 5–6 cm is standard, but even shorter light paths have been used [47]. The longer light paths and the large self-shading mean that ponds must operate with lower algal cell densities than PBRs, giving them lower volumetric production rates. Raceway pond volumetric production rates are usually in the range of 0.010–0.12 g L−1 d−1, while PBRs have volumetric production rates in the range of 1.5–1.6 g L−1 d−1 [46,48]. In a recent review, the volumetric productivity of various microalgae was reported from 0.01 to 0.42 g L−1 d−1 [49]. Another review reports higher productivity or 0.1 to 3.8 g L−1 d−1 for microalgae and 2.7 g L−1 d−1 for Arthrospira (Spirulina) [50]. Similar values are reported by Chen et al. [51], demonstrating productivities from 0.01 to 7.4 g L−1 d−1.



Comparison of different photobioreactor configurations shows that for the same species (i.e., Nannochloropsis), biomass yield in raceway pond was lower 0.03–0.2 g L−1 d−1 (6.2 to 24.5 g m−2 d−1) compared to 0.12 to 0.85 g L−1 d−1 in horizontal tubes, 0.31 to 1.45 g L−1 d−1 in vertical tubes and 0.15–1.2 g L−1 d−1 in flat panel PBR [52]. In addition, mixing is generally less efficient in ponds than in PBRs, so it is usually necessary to install bafflers, etc., in the pond to improve water mixing and prevent the formation of an optical dark zone [53]. Finally, open ponds are prone to contamination and/or predation from other organisms, contributing to their low efficiency [54]. The latter factor may be prevented if the production is focused on microalgae tolerating extreme environments, such as high salinity, high or low pH, etc., in which case contamination and predation are limited due to the extreme environment in the ponds [55].




3.2. Photobioreactors for Photosynthetic Algae and Cyanobacteria


3.2.1. Tubular Photobioreactors


It is a known fact that the commercial value of bioproducts obtained from microalgae and cyanobacteria often require axenic cultivation systems with higher biomass productivity. As a result, enclosed PBRs are preferred for large-scale cultivation with improved CO2 capture and minimized contamination issues. Meanwhile, enclosed PBRs are more expensive compared to raceway ponds; therefore, economically feasible designs are popular such as transparent, cheaper plastic tubular bags with short replacement periods or more durable glass tubular PBRs. Tubular PBRs have the advantage of placement in various orientations, vertical, horizontal, tilted, etc., and are aligned for optimal capture of natural and/or artificial light. For large-scale operations, tubular diameters of 10 to 50 cm with recirculating culture are preferred to overcome the limitation of light diffusion as cultures mature, and the length is adjusted based on system aeration, degasser, and flow conditions to ensure well-mixed culture.



Troschl and colleagues have recently cultivated Synechocytis sp. strain CCALA192 in a 200-L tubular photobioreactor for poly-β-hydroxybutyrate (PHB) production over 75 days of production cycle and achieved 1.0 g/L biomass concentration with maximal PHB concentration of 12.5% dry cell weight (DCW) [56]. Tetraselmis sp. CTP4 was successfully scaled up from an agar plate to 35 and 100 m3 industrial-scale tubular PBRs by Pereira et al. in semi-continuous cultivation for 60 days during autumn-winter conditions where 0.08 g L−1d−1 volumetric and 20.3 g m−2d−1 areal biomass productivities were obtained attained in the 100 m3 compared to those of the 35 m3 PBR (0.05 g L−1d−1 volumetric and 13.5 g m−2d−1 aerial productivities) [57].



For large-scale applications, there are also examples of hybrid tubular systems. García-Galán and colleagues have successfully demonstrated an 8.5 m3 capacity semi-closed (hybrid) tubular horizontal photobioreactor (HTH-PBR) for the treatment of agricultural runoff [58].




3.2.2. Column Photobioreactors


Column PBRs are vertical tubes of varying diameters and heights. Column PBRs are relatively simple to make, easy to operate, and are regarded as cost-effective. However, the volume per column is limited. They are usually made of rigid transparent plastic material, although glass is sometimes applied. Vertical plastic bags can be considered as one type of column PBR. The diameter is restrained by the length of the light path and can vary from a few cm up to 30 cm or more, where 20 cm has been recommended as the maximum diameter. The height of the columns is mainly restrained by the pressure buildup in the column, and the maximum height is 3–4 m. Column PBR has a favorable volume-to-floor space ratio. Column PBR can be difficult to clean but is considered easy to sterilize [59,60,61].



Mixing is usually obtained by pumping in the air from the bottom, through a gas disperser and nozzles, in a bubble column or airlift configuration. The air can be mixed with CO2 or other gases. The airlift configuration can be formed in different ways, e.g., as a split column or as an internal loop [62,63].



Column PBR can be illuminated by sunlight or, more preferably, illuminated by artificial (electrical) lights, e.g., LED. If placed outside, the columns can be tilted to achieve effective light-angle [62].



In order to scale up, several columns can be added either as separate units or connected. Separate units can be controlled individually, and contamination is more likely to be limited to one or a few columns. Using the dimensions given above, a typical column can contain up to 400 L; however, a volume of 300 m3 has been used [64].




3.2.3. Indoor Production in Open Containers


While the production of microalgae for aquaculture in developing countries often takes place in green water ponds as described above [44], the most common method for large-scale production of microalgae for aquaculture in industrialized countries is the use of transparent, disposable, plastic bags [54]. The main advantage of this method is that it is cheap. The bags themselves are cheap, and this type of operation does not require very complex installations. They just require a support system to vertically hang the bags from, light, a system for aeration/mixing the bags with air with or without CO2 addition, and a system that allows filling and emptying the bags. The main disadvantage is that production in bags is, by definition, batch production—it does not allow for continuous microalgae production. Hence, it is necessary to maintain production in a number of bags containing microalgae in different stages of the production cycle. Since each bag is a separate batch production unit, economies of scale require that the units be large, with a large diameter and a large optical path. Therefore, the bags’ optimal cell density is small, resulting in a low cell density (cells L−1) and low volumetric productivity [54].





3.3. Biofilms


Biofilms are formed by the attachment of microorganisms on submerged surfaces in the aquatic environment. Biofilms in nature are complex microbial communities, continuously exposed to a diverse inoculum that includes bacteria, archaea, algae, fungi, protozoa, and even metazoa. Biofilm-based algal cultivation has received increased attention because of three major advantages: i. resistance to growth stresses, ii. high cell density, iii. low harvesting and concentration costs [38]. In addition, algal biofilm systems also have a variety of unique features, such as minimization of light limitation and enhancement of CO2 mass transfer. Separation of the algal cells and liquid medium also increases the retention time of the cells without being washed out [65]. Algal biofilm reactors were first reported in the 1980s used for removing nitrogen and phosphorus from municipal wastewater. To date, progress has been made in using microalgae biofilm for wastewater treatment and biomass production [38].



The algal biofilm system has its own unique factors that affect overall performance, including algal species, the properties of attachment material, the algal biofilm thickness, and the shear stress applied to the biofilm. Biofilm’s formation and growth depend on cell-surface properties, particularly pertaining to surface hydrophobicity and surface roughness/pattern. The selected materials for algal cell attachment need to be durable, inexpensive, easy to be obtained, and non-toxic to algal cells (cotton rope, membranes, stainless steel woven meshes, etc.) [66]. Some biofilm systems use attachment materials with many crevasses that create additional attachment areas, but this additional area does not have access to light. This system is commonly used in wastewater treatment [67], with a consortium of algae and bacteria involved [68]. Other biofilm systems use flat attachment materials that are designed to allow maximal light exposure to the biofilm. The biomass in these systems can be easily harvested [65].



Algae biofilm systems can be designed with multiple layers (horizontal, vertical, and rotating design), increasing the productivity per land area and the efficiency of land use [38]. A comprehensive summary of the different algal biofilm systems is provided by Gross et al. 2015 [65]. The authors categorized the different types of algal biofilm systems based on the relative movement of the algal biofilm to the liquid medium, e.g., stationary biofilm or rotating biofilm.





4. Water and Nutrient Sources


4.1. Seawater as Growth Medium


Seawater media can be obtained either from mixing the basic salts of seawater, from mixing commercial salts in either tap water or deionized water, or from natural seawater. There are a number of well-established recipes for artificial seawater available in the scientific literature [69], and mixing artificial seawater from the basic ingredients obviously gives full control of the composition of the medium. It is, however, a rather expensive and time-consuming approach for the production of large volumes of media. For this purpose, the use of commercial salt may be preferred. There are a number of various brands available [70] that can be mixed with either tap water or deionized water with little or no difference in their suitability for microalgal production [70]. However, it must be emphasized that the intended use of most of these commercial salts is for the use in keeping ornamental fish, not producing microalgae. Some commercial salts may therefore be deficient in certain nutrients and may require the addition of extra micro- or macro-nutrients [71]. The use of natural seawater may be preferred when available since using natural seawater in most cases will make the addition of micronutrients and vitamins unnecessary. The addition of macronutrients such as nitrogen, phosphorus, and potassium may, however, still be required.




4.2. Use of Agricultural Fertilizers as Nutrient Source in Microalgal Production


In the scientific literature, there are many recipes available for microalgae growth media [72]. Some are generic and may be generally used for the production of many different groups of microalgae; some are more specialized for specific groups of microalgae, taking into account their need for particular nutrients or growth factors. They have in common that they are expensive and time-consuming to use in large-scale microalgal production because they rely on laboratory-grade chemicals and laboratory procedures. Because of this, there has been an interest in testing the use of agricultural fertilizers for large-scale microalgal production, as these are relatively cheap compared to laboratory-grade chemicals and are available in large quantities. It is generally found that the use of agricultural fertilizers, such as those used in farming in general, yields production rates of biomass equal to or even better than traditional media [73,74,75] while at the same time providing equal or better production yields of the required end product [76]. This means that the use of agricultural fertilizers in microalgal production may reduce the costs of the growth medium by as much as 95% [77,78]. However, when using agricultural fertilizers, it should be kept in mind that they are meant for use in a soil matrix and, therefore, may be deficient in some micronutrients or trace elements. On the other hand, they may contain trace elements that potentially can accumulate to levels toxic for the microalgae.




4.3. Use of Wastewater as a Nutrient Source


Municipal wastewater (WW) is any water that has been contaminated by human use. WW is a complex matrix containing significant concentrations of solids, dissolved and particulate matter, microorganisms, nutrients, heavy metals, and micro-pollutants. Wastewater treatment (WWT), mainly implemented in the so-called activated sludge processes, is used to remove these contaminants from wastewater and convert it into an effluent that can be returned to the environment. WWT is an opportunity for microalgae production as providing satisfactory levels of organic/inorganic nutrients [79]. In this context, microalgae have a vital role in WWT in facultative systems, mainly high-rate algal ponds, to minimize the energy input and to utilize nutrient-rich effluent streams in WWT [80]. Microalgae production can thus be combined with WWT and industrial sources of organic carbon, inorganic phosphorus (P), or nitrogen (N, including ammonia) as nutrient removal [80,81,82]. However, algal production and recovery of wastewater nutrients are dependent on critical variables such as pH, temperature of the growth medium, macronutrients, micronutrients, and nutrient ratio (e.g., C:N:P). It is shown that Chlorella and Scenedesmus are effectively used in municipal wastewater in oxidation ponds and in high-rate algal ponds and have both been shown to grow in a broad range of wastewaters [80,82,83]. Moreover, there is interest in using microalgae for the remediation of industrial-derived wastewater containing metal pollutants (cadmium, chromium, zinc, etc.) rather than N and P [84,85]. However, there is limited use for the accumulated biomass. If microalgae and cyanobacteria are grown on wastewater feeds, the final biomass may contain a variety of contaminants and pathogens. This biomass is unsuitable for human consumption and is predominantly used for the production of biofuels [86].





5. Temperature Regulations


5.1. Outdoor Temperature and Climate


Even though there are psychrophilic (cold-loving) and psychrotolerant algal species, the majority are mesophilic with optimal growth temperatures at 10–25 °C. Thermophilic algae are relatively uncommon, and the majority of algal cultures crash above 40–45 °C. For large-scale outdoor cultivation, solar intensity levels at the production sites are vital as high intensities may create a risk for overheating during summer months, while lower intensities may not be sufficient to provide enough heat during cold seasons [63]. Another important issue for temperature regulation for large-scale operations is the diurnal fluctuations. Dessert/dessert-like climates usually experience high temperatures during the day, while temperatures drop sharply during the night, reaching more than 20 °C differences for outdoor cultivation systems.



With extended surface areas, open ponds have a certain tolerance to temperature variations, even though ponds readily suffer volume losses via evaporation in hot climates. Outdoor cultivation systems operated under natural sunlight may need to be supported with cooling and/or heating systems depending on the climate conditions of the cultivation site. These systems lead to higher CAPEX and OPEX, though some low-cost strategies, such as water spraying and shading systems, can be implemented. Circulating chilled or heated water within or around the cultivations systems are also widely implemented solutions for controlled temperature. There are also examples of submerging PBRs in larger ponds [87].



Another novel application that can be applied for temperature regulation for large-scale operations is designing PBRs with phase change materials (PCMs). By phase transitioning, PCMs basically absorb or release energy and enable control of heating/cooling. Among more than 150 different PCM, low-cost, non-corrosive, and non-toxic materials can be implemented to minimize the energy requirements used for active cooling and/or heating of large-scale PBR systems. Uyar and Kapucu have successfully demonstrated temperature control for 80 L capacity PBRs operating under sunlight with PCMs such as capric acid [88].




5.2. Indoor Temperature and Conditions


Indoor production of microalgae is more expensive than outdoor production as it requires investment in and maintenance of buildings. Furthermore, it is associated with expenses for artificial lighting and temperature control—heating and/or cooling. However, if the value of the product is sufficiently high, indoor production may be justified. Products of sufficiently high-value range from microalgae to be used in live feed aquaculture operations [89] and upwards in the market value pyramid. The main advantage of indoor production is that it gives superior control over temperature and lighting compared to outdoor production, which may result in higher productivity. The building used may be a greenhouse or just any industrial warehouse type of building of sufficient size. Using a greenhouse may reduce the need for artificial lighting. However, artificial lighting may still be needed to alleviate the reduction in growth during night-time and/or during the winter in the temperate climate zone. The use of greenhouses may, on the other hand, be associated with a more pronounced need for temperature control as greenhouses warm up during periods of intense sunlight and, in contrast, cool down during night and winter periods.



If using warehouses, all the light necessarily has to come from artificial sources. Still, the need for temperature control may be less pronounced due to the insulating effect of the building walls. However, arrangements for heating the building during cold periods and cooling during warm periods should be made. However, it must be emphasized that even in indoor production systems relying entirely on artificial lighting, the microalgal cultures may heat up as a consequence of illumination. This is due to the fact that biomass absorbs some 94–97% of the incident long-wave (thermal) irradiance, and only 7% of the short-wave irradiance is utilized in photosynthesis add [90,91]. The remaining irradiance is absorbed as heat, and the effect on the temperature of the microalgal production system can be significant [41]. Therefore it may be necessary to install cooling devices in the photobioreactor, even in indoor production [89].





6. Light Availability and Mixing


Light availability can be one of the main constraints of large-scale cultivation of photosynthetic microalgae and cyanobacteria. With increasing algal density, light attenuates very quickly, the cells start to self-shade, and less light is available per cell. For example, Wang et al. [92] demonstrated that in a 20 cm deep pond, algal cells were fully illuminated in the first 3 days of cultivation, however as the algae density increased from day 4 to day 10, the light could only effectively penetrate 46% of the open-pond depth.



The aim is to make the surface-to-volume ratio very high while maintaining the cultivation system’s cost-effectiveness. In large cultivation ponds, solar radiation is typically the only source of light, and therefore, the light availability is dependent on climate, seasonality, and local weather [82]. When artificial light is supplemented with PBRs, the external light reaching algal cells inside the cultivation system depends on (1) PBR material, (2) biofouling inside, (3) light attenuation of medium or wastewater, (4) inoculum density, (5) PBR depth, and (6) mixing efficiency [23]. The depth of an open pond is generally less than 30 cm, and very high-density systems (e.g., thin-layer cascade PBRs) are less than 5 cm deep [93]. This is because ponds are generally less dense (lower algal density), and therefore they can be deeper as the light reaches further into the culture.



Light and mixing are inherently tied. Optimized mixing of algal culture increases light availability per cell and nutrient and gas exchange. Mixing also prevents algae from settling, clumping, and creating unwanted films that can lead to bacteria accumulation and biofouling. Excessive mixing may generate harmful sheer stress or a turbulent environment that can damage sensitive cells. Extreme aeration can also produce unwanted foam and oxygen saturation, which may slow down photosynthesis. Suitable mixing is, therefore, critical for productive algae cultivation. On a large scale, mixing is generated by paddlewheels in ponds [94] and pumps in closed systems. As pumps are becoming more energy-efficient, their application increases even in ponds. Ponds with very large areas take advantage of flow rectifiers, baffles, delta wings, and deflectors [53] to optimize the mixing efficiency. Air and CO2 supplementation devices (carbonators), if placed strategically, can significantly improve mixing as well.




7. Monitoring


Monitoring a growing culture is necessary to evaluate progress, determine culture health, and establish harvesting plans. The variables that are commonly monitored are cell counts, optical density, dry weight, turbidity, pH, nutrient concentration, microscopic observations, and monitoring of target compounds such as lipids or pigments. The larger the cultivation system, the higher the chance of contamination and heterogeneity. Large systems may suffer from patchiness, localized fouling, and places where algae and cyanobacteria settle. The location of the sampling points is representative of the entire system, which is difficult to do on a large scale, so consistently sampling the same location (e.g., in the large pond) is key. Because monitoring can be expensive and time-consuming, scientists rely on established quick proxies such as optical density, pH, turbidity, and other sensors that can be automatically set up to sample. Automation can be expensive, and it still requires human oversight, but it significantly reduces the staff required, making the operation safer and potentially cheaper in the long run. Human input is still needed to calibrate and maintain the sensors, interpret the data, and troubleshoot the sensors. However, automation of the monitoring process can improve the capacity and sustainability of large-scale cultivation.




8. Production Modes


Algae cultivation methods differ based on their application and circumstances. The most prevalent approach is batch mode, where a significant portion of the culture is harvested and replaced with fresh medium, while some algae are left behind as an inoculum for the next batch. On the other hand, semi-continuous algae production involves more frequent harvests of only a portion of the culture. Continuous mode follows a similar principle, where harvesting is carried out continuously. Chemostats and turbidostats exemplify this mode of cultivation. In continuous cultivation, a specific parameter such as nitrate or turbidity is measured, and if the reading surpasses a predetermined threshold, only a small portion of the culture is replaced with fresh medium. Continuous cultures are typically more efficient in biomass production. For example, McGinn et al. [95] showed that algal productivities in chemostats were twice as high as the maximum rates observed in batch cultures. Continuous cultivation involves continuous harvesting and processing, which can be challenging on a large scale in terms of maintaining constant personnel oversight and covering equipment operational costs. Therefore, batch or semi-continuous modes are commonly used in large-scale cultivation systems. For example, Novoveska et al. [23] showed that frequent semi-continuous harvesting was more efficient than less frequent semi-continuous harvesting, likely due to improved mixing efficiency achieved through the harvesting process itself. Similar results were found on the small scale as well [96].




9. Contamination


9.1. Likelihood of Contamination


Biological pollutants become a significant constraint in mass cultivation, mainly in open systems like raceway ponds, but even enclosed PBR can suffer from contamination. Bacteria, zooplankton, (harmful) algae, and viruses are the main biopollutants that might constrain algae growth and impede the industrial process [97]. Contamination by biological pollutants is hard to avoid; open ponds evidently have a large open interface, while ‘closed’ photobioreactors have a weak spot because of the needed continuous aeration and light. Ecological principles such Theory of Island Biogeography [98] can be applied in this case as well because large area ponds enable the survival of many more contaminants when compared to small PBRs. Several mitigation methods have been proposed (e.g., filtration, chemical treatment with common pesticides such as Trichlorphon, Buprofezon, or other additives, and changing environmental conditions) [97]. Long-term open pond production can be sustained under extreme conditions such as high salinity, high alkalinity, low pH, etc., any condition that prevents competing organisms from thriving [99]. Biological contamination will always be a threat which implies that (safety) controls, monitoring, and early detection will always be needed for different applications and that adequate measures need to be taken for each particular use.




9.2. Sterilization of Medium


To avoid contamination, sterilization of growth media is required. For lab-scale work (≤20 L), autoclaving or filtration is usually the preferred method [13,100], while large volumes are generally treated using filtration and/or UV irradiation [89,101]. Common for filtration and UV irradiation is that there is no addition of chemicals and no toxic residues that negatively affect the microalgae [102]. However, filtration is not the same as sterilization, as small bacteria or viruses may pass through the filter, depending on the pore sizes. Autoclaving is an effective sterilization method, although it can raise the pH of seawater and cause precipitation of nutrients [103]. This may be countered by controlling pH during cultivation and adding sterilized nutrients after autoclaving. However, autoclaving is unrealistic in large-scale production, and UV radiation or ozonation is therefore widely used in these operations, including aquaculture, where pre-filtration is important for optimal effectiveness [101]. Filtration should primarily be used as a pretreatment before UV irradiation, as filtration alone has been shown not to be effective for longer-term cultivation [104].




9.3. Cultivation of Polyculture and Consortia


Large-scale commercial facilities generally focus on the mass cultivation of a single species with desirable traits. Maintenance of clean monocultures is, however, challenging and costly at large-scale. Cultivation of two or more species and the microbial communities at the same time may increase productivity via resource use efficiency and community stability [105,106]. Consortia occupy different functional niches and therefore maximize resource utilization. A community is also more stable under varying conditions. Lessons can be learned from agriculture, where herbicides, pesticides, and other exclusions are deployed to maintain monocultures, but these methods are expensive and may pose a risk to the environment. Wastewater treatment is one of the areas where consortia can be applied without sacrificing the product.



In biofilms, the presence of bacteria and extracellular polymeric substances (EPS) is inevitable and wanted. Bacteria and EPS can create a positive environment on which to seed an algal biofilm [107]. There are two challenges with this interaction: (1) algal-bacterial presence could produce low-value products due to the contribution of bacterial biomass to the final harvested biomass, and (2) the process cannot be controlled easily and may take a long time to develop on its own. Modern techniques such as scanning electron microscopy (SEM) and catalyzed reporter deposition fluorescence in situ hybridization (CARD–FISH) can be used to observe the presence of microbes and EPS within the biofilm without major disturbances [107].





10. Harvesting and Dewatering


10.1. Summary of Harvesting Methods


To harvest algal and cyanobacterial biomass from the medium, the culture is commonly concentrated through sedimentation, flocculation, flotation, filtration, and centrifugation. These multiple operations are time-consuming and often costly. In a recent techno-economic study of microalgae production for fuel, Davis et al. [37] estimated that biomass harvesting costs alone account for 21% of the total capital cost of an open pond cultivation system.



Harvesting biomass can be challenging due to the microscopic size of the cells. Some filamentous cells (e.g., Arthrospira platensis) can be easily harvested by filtration. Other very small cells (e.g., Nannochloropsis spp.) are more challenging to dewater. The selection of harvesting and dewatering methods depends on variables such as cell type, cell density, frequency of harvest, automation requirements, intended extraction and application process, and economic feasibility. While it is time-consuming, the initial passive (or flocculant-assisted) settling step can reduce some of the associated costs.



There has been a boom in the development of harvesting and dewatering methods. There is a variety of techniques available to the consumer ranging from passive settling, the addition of flocculants and coagulants to create biomass aggregates and expedited settling, filtering (belt filters, membrane filters, cross-filters, oscillating filters, etc.), dissolved air and suspended air floatation, hydrocyclones, electrocoagulation, centrifuging and use of microfluidics to harvest, separate and sort cells [108,109]. Magnetically responsive nanoparticles were also successfully used to enhance microalgae growth, harvesting, and efficient separation of biologically active compounds on a small scale [110,111]. However, the cost-effective harvesting method remains one of the bottlenecks of large-scale cultivation.




10.2. Milking Microalgae


As described above, harvesting microalgae is a major bottleneck in microalgal biomass production, especially due to the low biomass density in the culture medium. In many cases, the purpose of producing microalgae is to retrieve a secondary metabolite from the biomass. In those cases, it should be considered if it is possible to retrieve the secondary metabolite without the need to harvest the biomass destructively. This is referred to as milking microalgae. The analogy to dairy farming is obvious: In dairy farming, milk is produced by milking cows without the need to kill the cows. Similarly, in microalgae milking, secondary metabolites are retrieved without harvesting, killing, and extracting the microalgae, left in culture to continue production. The feasibility of milking microalgae has been demonstrated in the production of β-carotene from Dunaliella salina [112]. In this case, the microalgae in question is a species without a rigid cell wall [15], facilitating the extraction of β-carotene. However, microalgal milking has also been demonstrated for astaxanthin from Haematococcus pluvialis [113], a microalga with a rigid cell wall, especially in its red-cyst, astaxanthin-containing phase. For milking of microalgae, two-phase production systems need to be developed where the microalgae can easily be moved between the aqueous growth medium and the extraction solvent, that in most cases will need to be hydrophobic due to the hydrophobic nature of many secondary metabolites [112]. Furthermore, the extraction solvent has to be of low toxicity to the microalgae, and/or the contact time needs to be short to ensure the microalgae’s continued viability after milking [113].




10.3. Harvesting Biofilms


The immobilized cultivation of microalgae biofilm has particular benefits in reducing the costs related to harvesting. In the biofilm system, algae are attached to a material surface and harvested by scraping. The harvested algae have a solid content of 10–20% (dry basis), which is similar to that of the post-centrifuged biomass [65].



Commercialization of biofilm technology for algal biomass production requires new strategies in order to obtain a high biomass production performance. Recently Zhang et al. [66] proposed the cultivation of algal biofilm using lignocellulosic materials. The results showed that lignocellulosic materials could be efficient carriers for low-cost cultivation of algal biofilm and the enhancement of biomass productivity. This is the first attempt to develop a new biofilm technology using lignocellulosic materials as biofilm carriers, such as pine sawdust, rice husk, sugar bagasse, and oak sawdust, all of which are environmentally friendly, cheap, and renewable with a wide range of distribution around the world. Moreover, after cultivation, algal biomass can be harvested together with the lignocellulosic materials. Amazingly, the harvested blend (mixture of the lignocellulosic materials and algal biomass) can be directly utilized as a feedstock for bioenergy conversion [66].




10.4. Utilization of Biomass without Harvesting


When producing microalgae for aquaculture live feed, there is usually no need for harvesting the microalgae. If the aquaculture organisms are filter feeders, which will usually be the case if microalgae are natural feed components for them, once a sufficient cell density has been achieved in the microalgal culture, the microalgae can be pumped directly into the aquaculture operation. A suitable cell density of microalgae will usually be more than 1 × 106 cells mL−1. If the microalgal production takes place in batch culture (e.g., in plastic bags), the batches have to be emptied consecutively into the aquaculture production. If a continuous production, based on PBRs or similar, is used, a continuous feed regime can be established [89].





11. Environmental Risks of Large-Scale Cultivation


The environmental risks involving large-scale algae production are water quality and quantity, together with the impact on climate and biodiversity. The risks in closed and open cultivation systems are different. Concerning the quantity of water, large-scale systems consume a significant amount of water (fresh or salt water, depending on the species). Unlike closed systems, open systems are prone to significant evaporation (Table 1). Large-scale cultivation of microalgae usually requires the addition of nutrients such as phosphorus, nitrogen, silica, micronutrients, and trace metals [114], which may lead to an increase of nutrients in the effluent and receiving environments causing eutrophication. The aim is not to discharge valuable nutrients and either dose only sufficient nutrient concentration without any excess or recycle effluent and water [115]. An additional risk to water quality is the use of other chemicals such as pesticides, antibiotics, disinfectants, and other products used for cleaning purposes.



Large-scale cultivation may potentially impact the release of greenhouse gases (e.g., CO2, CH4, N2O). Although photosynthetic microalgae require and consume significant amounts of CO2 during growth, there may be a small release of greenhouse gases during the cultivation process, transport, and fertilizer application [116]. Depending on the type of system and the final product, the reduction in the emission of greenhouse gases varies. Open ponds, for instance, performed better than photobioreactors, along with the production of biodiesel and biomethane over ethanol production [117].



Large-scale cultivation may cause the release of the species that, in turn, may affect the receiving environment. The risk is more relevant nowadays due to the recent improvement in metabolic engineering, which leads to GM algae [118]. The effects of the possible release of genetically engineered organisms or elements need to be studied to determine the environment’s risks better [119]. The extent of the variant’s release and its fitness with regard to acquiring limited resources will determine the impact on the total biodiversity [120]. Bani et al. [121] clearly demonstrate that to maintain a specific inoculum, closed systems are preferred. Recent advances in molecular bioassessment could be used to assess microbial bioindices in receiving environments that indicate significant changes in the microbial community that could affect function [122]. In this sense, unintended biological and biochemical release from any bioprocess can be efficiently evaluated and environmental risks minimized.



A life cycle assessment refers to the cradle-to-grave estimation of the environmental impacts of any given process in a standardized way [123]. It takes into consideration raw materials and resources, energy consumption, and emissions in a holistic approach from the raw materials to final products [124]. To be able to adequately use LCA approaches, a certain maturity of the technology is needed to limit significant variability due to assumptions/extrapolations due to limited data at the industrial scale [125]. The advantages of large-scale microalgae production of Spirulina compared to meat production are well-documented in terms of land and water needs and greenhouse gases emitted (less than 1%) [126].




12. Challenges of Large-Scale Cultivation


Scaling up the cultivation of microalgae and cyanobacteria poses numerous challenges, including the optimization of both upstream and downstream processes. The most common challenges are highlighted in Figure 2. The high cost of producing microalgae biomass remains the primary barrier to its commercial utilization. The estimated costs range from €290 to €570 per kg dry weight, depending on the specific production method employed [127]. Medeiros and Moreira [128] and Maroušek et al. [129] showed that the costliest aspects of microalgae are capital expenses for production units and operational cost production expenses related to liquid movement, lighting, temperature control, cleaning, and harvesting. Profitability for cultivation companies is typically achieved only at a very large scale. Additionally, the industry is burdened by investor mistrust following the rise and fall of the algal biofuel sector. The EU inception impact assessment on the blue bioeconomy [7] further identifies market gaps and an overall unfavorable business environment with some barriers to the growth of the algae sector in the EU.



While lab-scale PBR can be operated by a single person, large-scale cultivation of microalgae requires a variety of expertise, e.g., engineers, technologist, chemists, and biologists, especially phycologists. The industry is confronted with a scarcity of algal expertise, with experienced phycologists in high demand and becoming increasingly rare. Yet, major universities now offer practical courses and programs to cultivate a new generation of algae experts and trained personnel, addressing the growing demand. The adoption of automation and cost reduction in labor will play a significant role in lowering cultivation costs. Despite this progress, social barriers persist, particularly in the acceptance of algae as a food source. The public remains hesitant to embrace new biomass feedstock like microalgae, although there is a growing trend towards vegetarian diets, with nearly 1.5 billion vegetarians worldwide [130]. Regulatory gaps remain a major obstacle as well.



The long-term success of large-scale cultivation systems depends on various factors. A crucial aspect is the availability of high-quality inoculum, or algae seed, to ensure reliable production. Not surprisingly, large-scale cultivation systems rely on smaller systems to generate enough inoculum and maintain backup inoculum. Operational challenges also include the adaptability of photobioreactors (PBR dimensions, mixing systems, baffles, etc.) and the need for customized medium, nutrients, and water recycling (with a focus on reducing culture media costs). Furthermore, there are several downstream processing considerations, such as selecting appropriate harvesting, cell disruption techniques, and extraction methods [131].



To overcome these challenges, various approaches have been proposed, including the utilization of continuous cultures, higher biomass densities, phycoprospecting, biorefinery concepts, genetic modifications (both indirect and direct), increased automation and computer control, and larger culture units. The latter aims to address the economy of scale and foster the professionalization of algal production. It has been estimated that with professionalization and scaling up of production, the cost of microalgal biomass in aquaculture operations could potentially decrease to as low as €43 per kg dry weight [127].




13. Conclusions


The cultivation of photosynthetic microalgae and cyanobacteria is gaining interest worldwide. These organisms provide societal benefits such as applications in food, feed, pharmaceutical, and cosmetic industries, as well as the wastewater treatment industry. In order to supply these industries with suitable quality and quantity of algal biomass, cultivation on a large scale is necessary. Commercial production of photosynthetic microalgae and cyanobacteria requires reliable cultivation on a large scale. The scale-up process is often expensive and frequently carries high risks. In this review, we aim to describe general design considerations, provide background information and discuss challenges associated with large-scale cultivation. We address all the aspects of large-scale cultivation, including motives for cultivation, species selection, types of cultivation (ponds, photobioreactors, and biofilms), water and nutrient sources, temperature, light and mixing, monitoring, contamination, harvesting strategies, and potential environmental risks. We also offer practical recommendations and discuss common challenges of large-scale systems associated with cost-effective design, operation, and maintenance, shortage of experienced staff (especially phycologists), and social barriers, such as wider acceptance of algae as a food source and regulatory gaps.







Funding


Orhan Tufan Eroldogan acknowledges the Research Unit of Cukurova University for their financial support to achieve this review (Project no. FBA-2020-13387). Berat Z. Haznedaroglu acknowledges Integrated Biorefinery Concept for Bioeconomy Driven Development (INDEPENDENT) Project (EuropeAid/140111/IH/SUP/TR). Stefano Fazi acknowledges Italian MUR Project SCN_00198 “SWarm—Smart Water Resource Management”.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


This publication is based upon work from COST action CA18238 (Ocean4Biotech), supported by COST (European Cooperation in Science and Technology) program 2019–2023.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Guiry, M.D. How Many Species of Algae Are There? J. Phycol. 2012, 48, 1057–1063. [Google Scholar] [CrossRef] [PubMed]

	



Ambati, R.R.; Gogisetty, D.; Aswathanarayana, R.G.; Ravi, S.; Bikkina, P.N.; Bo, L.; Yuepeng, S. Industrial Potential of Carotenoid Pigments from Microalgae: Current Trends and Future Prospects. Crit. Rev. Food Sci. Nutr. 2019, 59, 1880–1902. [Google Scholar] [CrossRef] [PubMed]

	



Patel, V.K.; Das, A.; Kumari, R.; Kajla, S. Recent Progress and Challenges in CRISPR-Cas9 Engineered Algae and Cyanobacteria. Algal Res. 2023, 71, 103068. [Google Scholar] [CrossRef]

	



Vernès, L.; Li, Y.; Chemat, F.; Abert-Vian, M. Biorefinery Concept as a Key for Sustainable Future to Green Chemistry—The Case of Microalgae. In Plant Based “GreenChemistry 2.0”. Green Chemistry and Sustainable Technology; Li, Y., Chemat, F., Eds.; Springer: Singapore, 2019; pp. 15–50. [Google Scholar]

	



Siddik, M.A.B.; Sørensen, M.; Islam, S.M.M.; Saha, N.; Rahman, M.A.; Francis, D.S. Expanded Utilisation of Microalgae in Global Aquafeeds. Rev. Aquac. 2023. [Google Scholar] [CrossRef]

	



Iwamoto, K.; Shiraiwa, Y. Characterization of Intracellular Iodine Accumulation by Iodine-Tolerant Microalgae. Procedia Environ. Sci. 2012, 15, 34–42. [Google Scholar] [CrossRef]

	



EC Blue Bioeconomy—Towards a Strong and Sustainable EU Algae Sector. Available online: https://ec.europa.eu/info/law/better-regulation/have-your-say/initiatives/12780-Blue-bioeconomy-towards-a-strong-and-sustainable-EU-algae-sector_en (accessed on 30 June 2023).

	



Fredriksson, S.; Elwinger, K.; Pickova, J. Fatty Acid and Carotenoid Composition of Egg Yolk as an Effect of Microalgae Addition to Feed Formula for Laying Hens. Food Chem. 2006, 99, 530–537. [Google Scholar] [CrossRef]

	



Glencross, B.D.; Huyben, D.; Schrama, J.W. The Application of Single-Cell Ingredients in Aquaculture Feeds—A Review. Fishes 2020, 5, 22. [Google Scholar] [CrossRef]

	



Muller-Feuga, A. Microalgae for Aquaculture: The Current Global Situation and Future Trends. In Handbook of Microalgal Culture: Applied Phycology and Biotechnology; Wiley: Hoboken, NJ, USA, 2013; pp. 615–627. ISBN 9781118567166. [Google Scholar]

	



Nielsen, R.; Nielsen, M.; Abate, T.G.; Hansen, B.W.; Jepsen, P.M.; Nielsen, S.L.; Støttrup, J.G.; Buchmann, K. The Importance of Live-Feed Traps—Farming Marine Fish Species. Aquac. Res. 2017, 48, 2623–2641. [Google Scholar] [CrossRef]

	



Van der Meeren, T.; Olsen, R.; Hamre, K.; Fyhn, H.J. Biochemical Composition of Copepods for Evaluation of Feed Quality in Production of Juvenile Marine Fish. Aquaculture 2008, 274, 375–397. [Google Scholar] [CrossRef]

	



Vu, M.T.T.; Douëtte, C.; Rayner, T.A.; Thoisen, C.; Nielsen, S.L.; Hansen, B.W. Optimization of Photosynthesis, Growth, and Biochemical Composition of the Microalga Rhodomonas Salina—An Established Diet for Live Feed Copepods in Aquaculture. J. Appl. Phycol. 2016, 28, 1485–1500. [Google Scholar] [CrossRef]

	



Brown, M.R. Nutritional Value and Use of Microalgae in Aquaculture. In Proceedings of the Avances en Nutrición Acuícola VI, Memorias del VI Simposium Internacional de Nutrición Acuícola, Cancún, Mexico, 3–6 September 2002. [Google Scholar]

	



Oren, A. A Hundred Years of Dunaliella Research: 1905–2005. Saline Syst. 2005, 1, 2. [Google Scholar] [CrossRef] [PubMed]

	



Pisal, D.S.; Lele, S.S. Carotenoid Production from Microalga, Dunaliella Salina. Indian J. Biotechnol. 2005, 4, 476–483. [Google Scholar]

	



Spolaore, P.; Joannis-Cassan, C.; Duran, E.; Isambert, A. Commercial Applications of Microalgae. J. Biosci. Bioeng. 2006, 101, 87–96. [Google Scholar] [CrossRef] [PubMed]

	



Guedes, A.C.; Amaro, H.M.; Malcata, F.X. Microalgae as Sources of High Added-Value Compounds—A Brief Review of Recent Work. Biotechnol. Prog. 2011, 27, 597–613. [Google Scholar] [CrossRef] [PubMed]

	



Adissin, T.O.O.; Manabu, I.; Shunsuke, K.; Saichiro, Y.; Moss, A.S.; Dossou, S. Effects of Dietary Nannochloropsis Sp. Powder and Lipids on the Growth Performance and Fatty Acid Composition of Larval and Postlarval Kuruma Shrimp, Marsupenaeus Japonicus. Aquac. Nutr. 2020, 26, 186–200. [Google Scholar] [CrossRef]

	



Gbadamosi, O.; Lupatsch, I. Effects of Dietary Nannochloropsis Salina on the Nutritional Performance and Fatty Acid Profile of Nile Tilapia, Oreochromis Niloticus. Algal Res. 2018, 33, 48–54. [Google Scholar] [CrossRef]

	



Li, K.; Liu, Q.; Fang, F.; Luo, R.; Lu, Q.; Zhou, W.; Huo, S.; Cheng, P.; Liu, J.; Addy, M.; et al. Microalgae-Based Wastewater Treatment for Nutrients Recovery: A Review. Bioresour. Technol. 2019, 291, 121934. [Google Scholar]

	



Butler, E.; Hung, Y.T.; Suleiman Al Ahmad, M.; Yeh, R.Y.L.; Liu, R.L.H.; Fu, Y.P. Oxidation Pond for Municipal Wastewater Treatment. Appl. Water Sci. 2017, 7, 31–51. [Google Scholar] [CrossRef]

	



Novoveská, L.; Zapata, A.; Zabolotney, J.; Atwood, M.; Sundstrom, E. Optimizing Microalgae Cultivation and Wastewater Treatment in Large-Scale Offshore Photobioreactors. Algal Res. 2016, 18, 86–94. [Google Scholar] [CrossRef]

	



Slocombe, S.P.; Zhang, Q.; Ross, M.; Anderson, A.; Thomas, N.J.; Lapresa, Á.; Rad-Menéndez, C.; Campbell, C.N.; Black, K.D.; Stanley, M.S.; et al. Unlocking Nature’s Treasure-Chest: Screening for Oleaginous Algae. Sci. Rep. 2015, 5, 9844. [Google Scholar] [CrossRef]

	



Enzing, C.; Ploeg, M.; Barbosa, M.; Sijtsma, L. Microalgae-Based Products for Food and Feed Sector: An Outlook for Europe; Joint Research Centre: Luxembourg, 2014; ISBN 9789279340376. [Google Scholar]

	



Teng, S.Y.; Yew, G.Y.; Sukačová, K.; Show, P.L.; Máša, V.; Chang, J.S. Microalgae with Artificial Intelligence: A Digitalized Perspective on Genetics, Systems and Products. Biotechnol. Adv. 2020, 44, 107631. [Google Scholar] [CrossRef] [PubMed]

	



Gudmundsson, S.; Nogales, J. Cyanobacteria as Photosynthetic Biocatalysts: A Systems Biology Perspective. Mol. Biosyst. 2014, 11, 60–70. [Google Scholar] [CrossRef] [PubMed]

	



Radakovits, R.; Jinkerson, R.E.; Darzins, A.; Posewitz, M.C. Genetic Engineering of Algae for Enhanced Biofuel Production. Eukaryot. Cell 2010, 9, 486–501. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Han, D.; Wang, D.; Ning, K.; Jia, J.; Wei, L.; Jing, X.; Huang, S.; Chen, J.; Li, Y.; et al. Choreography of Transcriptomes and Lipidomes of Nannochloropsis Reveals the Mechanisms of Oil Synthesis in Microalgae. Plant Cell 2014, 26, 1645–1665. [Google Scholar] [CrossRef]

	



Ort, D.R.; Zhu, X.; Melis, A. Optimizing Antenna Size to Maximize Photosynthetic Efficiency. Plant Physiol. 2011, 155, 79–85. [Google Scholar] [CrossRef]

	



Hu, G.R.; Fan, Y.; Zheng, Y.L.; Xu, F.; Zhang, L.; Li, F.L. Photoprotection Capacity of Microalgae Improved by Regulating the Antenna Size of Light-Harvesting Complexes. J. Appl. Phycol. 2020, 32, 1027–1039. [Google Scholar] [CrossRef]

	



Blankenship, R.E.; Tiede, D.M.; Barber, J.; Brudvig, G.W.; Fleming, G.; Ghirardi, M.; Gunner, M.R.; Junge, W.; Kramer, D.M.; Melis, A.; et al. Comparing Photosynthetic and Photovoltaic Efficiencies and Recognizing the Potential for Improvement. Science 2011, 332, 805–809. [Google Scholar] [CrossRef]

	



Saharan, B.S.; Grewal, A.; Kumar, P. Biotechnological Production of Polyhydroxyalkanoates: A Review on Trends and Latest Developments. Chin. J. Biol. 2014, 2014, 802984. [Google Scholar] [CrossRef]

	



Zhu, X.G.; Long, S.P.; Ort, D.R. Improving Photosynthetic Efficiency for Greater Yield. Annu. Rev. Plant Biol. 2010, 61, 235–261. [Google Scholar] [CrossRef]

	



Shanmugam, S.; Hari, A.; Kumar, D.; Rajendran, K.; Mathimani, T.; Atabani, A.E.; Brindhadevi, K.; Pugazhendhi, A. Recent Developments and Strategies in Genome Engineering and Integrated Fermentation Approaches for Biobutanol Production from Microalgae. Fuel 2021, 285, 119052. [Google Scholar] [CrossRef]

	



Chang, W.C.; Zheng, H.Q.; Chen, C.N.N. Comparative Transcriptome Analysis Reveals a Potential Photosynthate Partitioning Mechanism between Lipid and Starch Biosynthetic Pathways in Green Microalgae. Algal Res. 2016, 16, 54–62. [Google Scholar] [CrossRef]

	



Davis, R.; Aden, A.; Pienkos, P.T. Techno-Economic Analysis of Autotrophic Microalgae for Fuel Production. Appl. Energy 2011, 88, 3524–3531. [Google Scholar] [CrossRef]

	



Roostaei, J.; Zhang, Y.; Gopalakrishnan, K.; Ochocki, A.J. Mixotrophic Microalgae Biofilm: A Novel Algae Cultivation Strategy for Improved Productivity and Cost-Efficiency of Biofuel Feedstock Production. Sci. Rep. 2018, 8, 12528. [Google Scholar] [CrossRef]

	



Schädler, T.; Neumann-Cip, A.C.; Wieland, K.; Glöckler, D.; Haisch, C.; Brück, T.; Weuster-Botz, D. High-Density Microalgae Cultivation in Open Thin-Layer Cascade Photobioreactors with Water Recycling. Appl. Sci. 2020, 10, 3883. [Google Scholar] [CrossRef]

	



Salvi, K.P.; da Silva Oliveira, W.; Horta, P.A.; Rörig, L.R.; de Oliveira Bastos, E. A New Model of Algal Turf Scrubber for Bioremediation and Biomass Production Using Seaweed Aquaculture Principles. J. Appl. Phycol. 2021, 33, 2577–2586. [Google Scholar] [CrossRef]

	



Morita, M.; Watanabe, Y.; Saiki, H. Evaluation of Photobioreactor Heat Balance for Predicting Changes in Culture Medium Temperature Due to Light Irradiation. Biotechnol. Bioeng. 2001, 74, 466–475. [Google Scholar] [CrossRef] [PubMed]

	



Aitken, D.; Antizar-Ladislao, B. Achieving a Green Solution: Limitations and Focus Points for Sustainable Algal Fuels. Energies 2012, 5, 1613–1647. [Google Scholar] [CrossRef]

	



López-Hernández, J.F.; Kean-Meng, T.; Asencio-Alcudia, G.G.; Asyraf-Kassim, M.; Alvarez-González, C.A.; Márquez-Rocha, F.J. Sustainable Microalgae and Cyanobacteria Biotechnology. Appl. Sci. 2022, 12, 6887. [Google Scholar] [CrossRef]

	



Benemann, J.R. Microalgae Aquaculture Feeds. J. Appl. Phycol. 1992, 4, 233–245. [Google Scholar] [CrossRef]

	



Maroneze, M.M.; Queiroz, M.I. Microalgal Production Systems with Highlights of Bioenergy Production. In Energy from Microalgae; Green Energy and Technology Series; Springer: Cham, Switzerland, 2018; pp. 5–34. [Google Scholar]

	



Chisti, Y. Biodiesel from Microalgae. Biotechnol. Adv. 2007, 25, 294–306. [Google Scholar] [CrossRef]

	



Richmond, A. Biological Principles of Mass Cultivation. In Handbook of Microalgal Culture: Biotechnology and Applied Phycology; Richmond, A., Ed.; Blackwell Publishing Ltd.: Hoboken, NJ, USA, 2004; pp. 125–177. [Google Scholar]

	



Gojkovic, Z.; Guidi, F.; Bustamante, B.; Venuleo, M.; Clemente, A.; De Assunçao, J.; Portillo, E.; Bustamante, B.; Venuleo, M.; Assunçao, P.A.C.J.D.; et al. Scaling-Up and Semi-Continuous Cultivation of Locally Isolated Marine Microalgae Tetraselmis Striata in the Subtropical Island of Gran Canaria (Canary Islands, Spain). Processes 2021, 9, 1326. [Google Scholar] [CrossRef]

	



Yin, Z.; Zhu, L.; Li, S.; Hu, T.; Chu, R.; Mo, F.; Hu, D.; Liu, C.; Li, B. A Comprehensive Review on Cultivation and Harvesting of Microalgae for Biodiesel Production: Environmental Pollution Control and Future Directions. Bioresour. Technol. 2020, 301, 122804. [Google Scholar] [CrossRef] [PubMed]

	



Brennan, L.; Owende, P. Biofuels from Microalgae—A Review of Technologies for Production, Processing, and Extractions of Biofuels and Co-Products. Renew. Sustain. Energy Rev. 2010, 14, 557–577. [Google Scholar] [CrossRef]

	



Chen, C.Y.; Yeh, K.L.; Aisyah, R.; Lee, D.J.; Chang, J.S. Cultivation, Photobioreactor Design and Harvesting of Microalgae for Biodiesel Production: A Critical Review. Bioresour. Technol. 2011, 102, 71–81. [Google Scholar] [CrossRef]

	



De Vree, J.H.; Bosma, R.; Janssen, M.; Barbosa, M.J.; Wijffels, R.H. Comparison of Four Outdoor Pilot-Scale Photobioreactors. Biotechnol. Biofuels 2015, 8, 215. [Google Scholar] [CrossRef] [PubMed]

	



Sompech, K.; Chisti, Y.; Srinophakun, T. Design of Raceway Ponds for Producing Microalgae. Biofuels 2014, 3, 387–397. [Google Scholar] [CrossRef]

	



Zmora, O.; Richmond, A. Microalgae Production for Aquaculture. In Handbook of Microalgal Culture: Biotechnology and Applied Phycology; Richmond, A., Ed.; Blackwell Publishing Ltd.: Hoboken, NJ, USA, 2004; pp. 365–379. [Google Scholar]

	



Doan, Q.C.; Moheimani, N.R.; Mastrangelo, A.J.; Lewis, D.M. Microalgal Biomass for Bioethanol Fermentation: Implications for Hypersaline Systems with an Industrial Focus. Biomass Bioenergy 2012, 46, 79–88. [Google Scholar] [CrossRef]

	



Troschl, C.; Meixner, K.; Fritz, I.; Leitner, K.; Romero, A.P.; Kovalcik, A.; Sedlacek, P.; Drosg, B. Pilot-Scale Production of Poly-β-Hydroxybutyrate with the Cyanobacterium synechocytis Sp. CCALA192 in a Non-Sterile Tubular Photobioreactor. Algal Res. 2018, 34, 116–125. [Google Scholar] [CrossRef]

	



Pereira, H.; Páramo, J.; Silva, J.; Marques, A.; Barros, A.; Maurício, D.; Santos, T.; Schulze, P.; Barros, R.; Gouveia, L.; et al. Scale-up and Large-Scale Production of Tetraselmis Sp. CTP4 (Chlorophyta) for CO2 Mitigation: From an Agar Plate to 100-M3 Industrial Photobioreactors. Sci. Rep. 2018, 8, 5112. [Google Scholar] [CrossRef]

	



García-Galán, M.J.; Gutiérrez, R.; Uggetti, E.; Matamoros, V.; García, J.; Ferrer, I. Use of Full-Scale Hybrid Horizontal Tubular Photobioreactors to Process Agricultural Runoff. Biosyst. Eng. 2018, 166, 138–149. [Google Scholar] [CrossRef]

	



Huang, Q.; Jiang, F.; Wang, L.; Yang, C. Design of Photobioreactors for Mass Cultivation of Photosynthetic Organisms. Engineering 2017, 3, 318–329. [Google Scholar] [CrossRef]

	



López-Rosales, L.; Sánchez-Mirón, A.; Contreras-Gómez, A.; García-Camacho, F.; Battaglia, F.; Zhao, L.; Molina-Grima, E. Characterization of Bubble Column Photobioreactors for Shear-Sensitive Microalgae Culture. Bioresour. Technol. 2019, 275, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Ugwu, C.U.; Aoyagi, H.; Uchiyama, H. Photobioreactors for Mass Cultivation of Algae. Bioresour. Technol. 2008, 99, 4021–4028. [Google Scholar] [CrossRef]

	



Singh, R.N.; Sharma, S. Development of Suitable Photobioreactor for Algae Production—A Review. Renewable Sustain. Energy Rev. 2012, 16, 2347–2353. [Google Scholar] [CrossRef]

	



Pawar, S. Effectiveness Mapping of Open Raceway Pond and Tubular Photobioreactors for Sustainable Production of Microalgae Biofuel. Renew. Sustain. Energy Rev. 2016, 62, 640–653. [Google Scholar] [CrossRef]

	



Eilertsen, H.C.; Eriksen, G.K.; Bergum, J.S.; Strømholt, J.; Elvevoll, E.; Eilertsen, K.E.; Heimstad, E.S.; Giæver, I.H.; Israelsen, L.; Svenning, J.B.; et al. Mass Cultivation of Microalgae: I. Experiences with Vertical Column Airlift Photobioreactors, Diatoms and CO2 Sequestration. Appl. Sci. 2022, 12, 3082. [Google Scholar] [CrossRef]

	



Gross, M.; Jarboe, D.; Wen, Z. Biofilm-Based Algal Cultivation Systems. Appl. Microbiol. Biotechnol. 2015, 99, 5781–5789. [Google Scholar] [CrossRef]

	



Zhang, Q.; Liu, C.; Li, Y.; Yu, Z.; Chen, Z.; Ye, T.; Wang, X.; Hu, Z.; Liu, S.; Xiao, B.; et al. Cultivation of Algal Biofilm Using Different Lignocellulosic Materials as Carriers. Biotechnol. Biofuels 2017, 10, 115. [Google Scholar] [CrossRef]

	



Fitch, M.W.; England, E. Biological Fixed Film Systems. Water Environ. Res. 2002, 74, 1–87. [Google Scholar] [CrossRef]

	



Gullicks, H.; Hasan, H.; Das, D.; Moretti, C.; Hung, Y.T. Biofilm Fixed Film Systems. Water 2011, 3, 843–868. [Google Scholar] [CrossRef]

	



Morel, F.M.M.; Rueter, J.G.; Anderson, D.M.; Guillard, R.R.L. Aquil: A Chemically Defined Phytoplankton Culture Medium for Trace Metal Studies. J. Phycol. 1979, 15, 135–141. [Google Scholar] [CrossRef]

	



Jepsen, P.M.; Thoisen, C.V.; Carron-Cabaret, T.; Pinyol-Gallemí, A.; Nielsen, S.L.; Hansen, B.W. Effects of Salinity, Commercial Salts, and Water Type on Cultivation of the Cryptophyte Microalgae Rhodomonas Salina and the Calanoid Copepod Acartia Tonsa. J. World Aquac. Soc. 2019, 50, 104–118. [Google Scholar] [CrossRef]

	



Atkinson, M.J.; Bingman, C. Elemental Composition of Commercial Seasalts. J. Aquaric. Aquat. Sci. 1997, 8, 39–43. [Google Scholar]

	



Andersen, R.A.; Bergen, J.A.; Harrison, P.J.; Watanabe, M.M. Appendix A—Recipes for Freshwater and Seawater Media. In Algal Culturing Techniques; Andersen, R.A., Ed.; Elsevier: Amsterdam, The Netherlands, 2005; pp. 429–532. [Google Scholar]

	



Brito, D.; Cana, E.; Guevara, M.; Subero, J.; Colivet, J. Effect of Three Sources of Nutrients on Biomass and Pigment Production of Freshwater Microalgae Hyaloraphidium Contortum. Rev. Bio Cienc. 2016, 4, 15–26. [Google Scholar] [CrossRef]

	



Karuppan, R.; Javee, A.; Gopidas, S.K.; Subramani, N. Influence of Agriculture Fertilizer for the Enhanced Growth and Astaxanthin Production from Haematococcus Lacustris RRGK Isolated from Himachal Pradesh, India. SN Appl. Sci. 2019, 1, 532. [Google Scholar] [CrossRef]

	



Martínez-Córdova, L.R.; Campaña-Torres, A.; Martínez-Porchas, M.; López-Elías, J.A.; García-Sifuentes, C.O. Effect of Alternative Mediums on Production and Proximate Composition of the Microalgae Chaetoceros Muelleri as Food in Culture of the Copepod Acartia Sp. Lat. Am. J. Aquat. Res. 2012, 40, 169–176. [Google Scholar] [CrossRef]

	



Liu, J.; Bangert, K. Effect of Nitrogen Source in Low-Cost Media on Biomass and Lipid Productivity of Nannochloropsis Salina for Large-Scale Biodiesel Production. Environ. Prog. Sustain. Energy 2015, 34, 297–303. [Google Scholar] [CrossRef]

	



Camacho-Rodríguez, J.; Cerón-García, M.C.; González-López, C.V.; López-Rosales, L.; Contreras-Gómez, A.; Molina-Grima, E. Use of Continuous Culture to Develop an Economical Medium for the Mass Production of Isochrysis Galbana for Aquaculture. J. Appl. Phycol. 2020, 32, 851–863. [Google Scholar] [CrossRef]

	



Soares, J.; Kriiger Loterio, R.; Rosa, R.M.; Santos, M.O.; Nascimento, A.G.; Santos, N.T.; Williams, T.C.R.; Nunes-Nesi, A.; Arêdes Martins, M. Scenedesmus sp. Cultivation Using Commercial-Grade Ammonium Sources. Ann. Microbiol. 2018, 68, 35–45. [Google Scholar] [CrossRef]

	



Acién, F.G.; Molina, E.; Reis, A.; Torzillo, G.; Zittelli, G.C.; Sepúlveda, C.; Masojídek, J. Photobioreactors for the Production of Microalgae. In Microalgae-Based Biofuels and Bioproducts: From Feedstock Cultivation to End-Products; Woodhead Publishing: Sawston, UK, 2017; pp. 1–44. ISBN 9780081010273. [Google Scholar]

	



Pittman, J.K.; Dean, A.P.; Osundeko, O. The Potential of Sustainable Algal Biofuel Production Using Wastewater Resources. Bioresour. Technol. 2011, 102, 17–25. [Google Scholar] [CrossRef]

	



Dalrymple, O.K.; Halfhide, T.; Udom, I.; Gilles, B.; Wolan, J.; Zhang, Q.; Ergas, S. Wastewater Use in Algae Production for Generation of Renewable Resources: A Review and Preliminary Results. Aquat. Biosyst. 2013, 9, 2. [Google Scholar] [CrossRef] [PubMed]

	



Morillas-España, A.; Lafarga, T.; Sánchez-Zurano, A.; Acién-Fernández, F.G.; Rodríguez-Miranda, E.; Gómez-Serrano, C.; González-López, C.V. Year-Long Evaluation of Microalgae Production in Wastewater Using Pilot-Scale Raceway Photobioreactors: Assessment of Biomass Productivity and Nutrient Recovery Capacity. Algal Res. 2021, 60, 102500. [Google Scholar] [CrossRef]

	



Masseret, E.; Amblard, C.; Bourdier, G.; Sargos, D. Effects of a Waste Stabilization Lagoon Discharge on Bacterial and Phytoplanktonic Communities of a Stream. Water Environ. Res. 2000, 72, 285–294. [Google Scholar] [CrossRef]

	



De-Bashan, L.E.; Bashan, Y. Immobilized Microalgae for Removing Pollutants: Review of Practical Aspects. Bioresour. Technol. 2010, 101, 1611–1627. [Google Scholar] [CrossRef] [PubMed]

	



Mallick, N. Biotechnological Potential of Immobilized Algae for Wastewater N, P and Metal Removal: A Review. BioMetals 2002, 15, 377–390. [Google Scholar] [CrossRef]

	



Catone, C.M.; Ripa, M.; Geremia, E.; Ulgiati, S. Bio-Products from Algae-Based Biorefinery on Wastewater: A Review. J. Environ. Manag. 2021, 293, 112792. [Google Scholar] [CrossRef]

	



Rocca, S.; Agostini, A.; Giuntoli, J.; Marelli, L. Biofuels from Algae: Technology Options, Energy Balance and GHG Emissions; European Union: Luxembourg, 2015. [Google Scholar]

	



Uyar, B.; Kapucu, N. Passive Temperature Control of an Outdoor Photobioreactor by Phase Change Materials. J. Chem. Technol. Biotechnol. 2015, 90, 915–920. [Google Scholar] [CrossRef]

	



Vu, M.T.T.; Jepsen, P.M.; Jørgensen, N.O.G.; Hansen, B.W.; Nielsen, S.L. Testing the Yield of a Pilot-Scale Bubble Column Photobioreactor for Cultivation of the Microalga Rhodomonas Salina as Feed for Intensive Calanoid Copepod Cultures. Aquac. Res. 2019, 50, 63–71. [Google Scholar] [CrossRef]

	



Nobel, P.S. Physicochemical and Environmental Plant Physiology, 4th ed.; Academic Press: Amsterdam, The Netherlands, 2009; Volume 46. [Google Scholar]

	



Lehmuskero, A.; Skogen Chauton, M.; Boström, T. Light and Photosynthetic Microalgae: A Review of Cellular- and Molecular-Scale Optical Processes. Prog. Oceanogr. 2018, 168, 43–56. [Google Scholar] [CrossRef]

	



Wang, J.; Liu, J.; Liu, T. The Difference in Effective Light Penetration May Explain the Superiority in Photosynthetic Efficiency of Attached Cultivation over the Conventional Open Pond for Microalgae. Biotechnol. Biofuels 2015, 8, 49. [Google Scholar] [CrossRef]

	



Masojídek, J.; Sergejevová, M.; Malapascua, J.R.; Kopecký, J. Thin-Layer Systems for Mass Cultivation of Microalgae: Flat Panels and Sloping Cascades. In Algal Biorefineries; Prokop, A., Bajpai, R., Zappi, M., Eds.; Springer: Berlin/Heidelberg, Germany, 2015; pp. 237–261. ISBN 9783319202006. [Google Scholar]

	



Cunha, P.; Pereira, H.; Costa, M.; Pereira, J.; Silva, J.T.; Fernandes, N.; Varela, J.; Silva, J.; Simões, M. Nannochloropsis Oceanica Cultivation in Pilot-Scale Raceway Ponds—From Design to Cultivation. Appl. Sci. 2020, 10, 1725. [Google Scholar] [CrossRef]

	



McGinn, P.J.; Dickinson, K.E.; Park, K.C.; Whitney, C.G.; MacQuarrie, S.P.; Black, F.J.; Frigon, J.C.; Guiot, S.R.; O’Leary, S.J.B. Assessment of the Bioenergy and Bioremediation Potentials of the Microalga scenedesmus Sp. AMDD Cultivated in Municipal Wastewater Effluent in Batch and Continuous Mode. Algal Res. 2012, 1, 155–165. [Google Scholar] [CrossRef]

	



Isdepsky, A.; Borowitzka, M.A. In-Pond Strain Selection of Euryhaline Tetraselmis Sp. Strains for Reliable Long-Term Outdoor Culture as Potential Sources of Biofuel and Other Products. J. Appl. Phycol. 2019, 31, 3359–3370. [Google Scholar] [CrossRef]

	



Wang, H.; Zhang, W.; Chen, L.; Wang, J.; Liu, T. The Contamination and Control of Biological Pollutants in Mass Cultivation of Microalgae. Bioresour. Technol. 2013, 128, 745–750. [Google Scholar] [CrossRef]

	



MacArthur, R.H.; Wilson, E.O. The Theory of Island Biogeography; Princeton University Press: Princeton, NJ, USA, 1967. [Google Scholar]

	



Parmar, A.; Singh, N.K.; Pandey, A.; Gnansounou, E.; Madamwar, D. Cyanobacteria and Microalgae: A Positive Prospect for Biofuels. Bioresour. Technol. 2011, 102, 10163–10172. [Google Scholar] [CrossRef]

	



Arndt, C.; Sommer, U. Effect of Algal Species and Concentration on Development and Fatty Acid Composition of Two Harpacticoid Copepods, Tisbe Sp. and Tachidius Discipes, and a Discussion about Their Suitability for Marine Fish Larvae. Aquac. Nutr. 2014, 20, 44–59. [Google Scholar] [CrossRef]

	



Summerfelt, S.T. Ozonation and UV Irradiation—An Introduction and Examples of Current Applications. Aquac. Eng. 2003, 28, 21–36. [Google Scholar] [CrossRef]

	



Rhodes, M.A.; Sedlacek, C.; Marcus, N.H. Large-Scale Batch Algae Cultivation: Comparison of Two Seawater Sterilization Techniques. Aquac. Res. 2008, 39, 1128–1130. [Google Scholar] [CrossRef]

	



Filip, D.S.; Joe Middlebrooks, E. Evaluation of Sample Preparation Techniques for Algal Bioassays. Water Res. 1975, 9, 581–585. [Google Scholar] [CrossRef]

	



Thoisen, C.; Vu, M.T.T.; Carron-Cabaret, T.; Jepsen, P.M.; Nielsen, S.L.; Hansen, B.W. Small-Scale Experiments Aimed at Optimization of Large-Scale Production of the Microalga Rhodomonas Salina. J. Appl. Phycol. 2018, 30, 2193–2202. [Google Scholar] [CrossRef]

	



Cardinale, B.J.; Bennett, D.M.; Nelson, C.E.; Gross, K. Does Productivity Drive Diversity or Vice Versa? A Test of the Multivariate Productivity–Diversity Hypothesis in Streams. Ecology 2009, 90, 1227–1241. [Google Scholar] [CrossRef]

	



Gamfeldt, L.; Hillebrand, H. Effects of Total Resources, Resource Ratios, and Species Richness on Algal Productivity and Evenness at Both Metacommunity and Local Scales. PLoS ONE 2011, 6, e21972. [Google Scholar] [CrossRef]

	



Schnurr, P.J.; Allen, D.G. Factors Affecting Algae Biofilm Growth and Lipid Production: A Review. Renew. Sustain. Energy Rev. 2015, 52, 418–429. [Google Scholar] [CrossRef]

	



Fasaei, F.; Bitter, J.H.; Slegers, P.M.; van Boxtel, A.J.B. Techno-Economic Evaluation of Microalgae Harvesting and Dewatering Systems. Algal Res. 2018, 31, 347–362. [Google Scholar] [CrossRef]

	



Ozdalgic, B.; Ustun, M.; Dabbagh, S.R.; Haznedaroglu, B.Z.; Kiraz, A.; Tasoglu, S. Microfluidics for Microalgal Biotechnology. Biotechnol. Bioeng. 2021, 118, 1716–1734. [Google Scholar] [CrossRef] [PubMed]

	



Safarik, I.; Pospiskova, K.; Baldikova, E.; Safarikova, M. Magnetic Particles for Microalgae Separation and Biotechnology. In Food Bioactives: Extraction and Biotechnology Applications; Springer: Cham, Switzerland, 2017; pp. 153–169. [Google Scholar] [CrossRef]

	



Pádrová, K.; Lukavský, J.; Nedbalová, L.; Čejková, A.; Cajthaml, T.; Sigler, K.; Vítová, M.; Řezanka, T. Trace Concentrations of Iron Nanoparticles Cause Overproduction of Biomass and Lipids during Cultivation of Cyanobacteria and Microalgae. J. Appl. Phycol. 2015, 27, 1443–1451. [Google Scholar] [CrossRef]

	



Hejazi, M.A.; Holwerda, E.; Wijffels, R.H. Milking Microalga Dunaliella Salina for β-Carotene Production in Two-Phase Bioreactors. Biotechnol. Bioeng. 2004, 85, 475–481. [Google Scholar] [CrossRef]

	



Samorì, C.; Pezzolesi, L.; Galletti, P.; Semeraro, M.; Tagliavini, E. Extraction and Milking of Astaxanthin from Haematococcus Pluvialis Cultures. Green Chem. 2019, 21, 3621–3628. [Google Scholar] [CrossRef]

	



Kothari, R.; Pandey, A.; Ahmad, S.; Kumar, A.; Pathak, V.V.; Tyagi, V.V. Microalgal Cultivation for Value-Added Products: A Critical Enviro-Economical Assessment. 3 Biotech 2017, 7, 243. [Google Scholar] [CrossRef]

	



Borowitzka, M.A.; Vonshak, A. Scaling up Microalgal Cultures to Commercial Scale. Eur. J. Phycol. 2017, 52, 407–418. [Google Scholar] [CrossRef]

	



Rezaei Rashti, M.; Wang, W.; Moody, P.; Chen, C.; Ghadiri, H. Fertiliser-Induced Nitrous Oxide Emissions from Vegetable Production in the World and the Regulating Factors: A Review. Atmos. Environ. 2015, 112, 225–233. [Google Scholar] [CrossRef]

	



Weinberg, J.; Kaltschmitt, M.; Wilhelm, C. Analysis of Greenhouse Gas Emissions from Microalgae-Based Biofuels. Biomass Convers. Biorefinery 2012, 2, 179–194. [Google Scholar] [CrossRef]

	



Beacham, T.A.; Sweet, J.B.; Allen, M.J. Large Scale Cultivation of Genetically Modified Microalgae: A New Era for Environmental Risk Assessment. Algal Res. 2017, 25, 90–100. [Google Scholar] [CrossRef]

	



Henley, W.J.; Litaker, R.W.; Novoveská, L.; Duke, C.S.; Quemada, H.D.; Sayre, R.T. Initial Risk Assessment of Genetically Modified (GM) Microalgae for Commodity-Scale Biofuel Cultivation. Algal Res. 2013, 2, 66–77. [Google Scholar] [CrossRef]

	



Gressel, J.; van der Vlugt, C.J.B.; Bergmans, H.E.N. Environmental Risks of Large Scale Cultivation of Microalgae: Mitigation of Spills. Algal Res. 2013, 2, 286–298. [Google Scholar] [CrossRef]

	



Bani, A.; Fernandez, F.G.A.; D’Imporzano, G.; Parati, K.; Adani, F. Influence of Photobioreactor Set-up on the Survival of Microalgae Inoculum. Bioresour. Technol. 2021, 320, 124408. [Google Scholar] [CrossRef] [PubMed]

	



Sagova-Mareckova, M.; Boenigk, J.; Bouchez, A.; Cermakova, K.; Chonova, T.; Cordier, T.; Eisendle, U.; Elersek, T.; Fazi, S.; Fleituch, T.; et al. Expanding Ecological Assessment by Integrating Microorganisms into Routine Freshwater Biomonitoring. Water Res. 2021, 191, 116767. [Google Scholar] [CrossRef]

	



ISO 14040:2006; Environmental Management—Life Cycle Assessment—Principles and Framework. ISO: Geneva, Switzerland, 2022.

	



Mehmeti, A.; Angelis-Dimakis, A.; Arampatzis, G.; McPhail, S.J.; Ulgiati, S. Life Cycle Assessment and Water Footprint of Hydrogen Production Methods: From Conventional to Emerging Technologies. Environments 2018, 5, 24. [Google Scholar] [CrossRef]

	



Nilsson, A.; Shabestary, K.; Brandão, M.; Hudson, E.P. Environmental Impacts and Limitations of Third-Generation Biobutanol: Life Cycle Assessment of n-Butanol Produced by Genetically Engineered Cyanobacteria. J. Ind. Ecol. 2020, 24, 205–216. [Google Scholar] [CrossRef]

	



Tzachor, A.; Smidt-Jensen, A.; Ramel, A.; Geirsdóttir, M. Environmental Impacts of Large-Scale Spirulina (Arthrospira Platensis) Production in Hellisheidi Geothermal Park Iceland: Life Cycle Assessment. Mar. Biotechnol. 2022, 24, 991–1001. [Google Scholar] [CrossRef]

	



Oostlander, P.C.; van Houcke, J.; Wijffels, R.H.; Barbosa, M.J. Microalgae Production Cost in Aquaculture Hatcheries. Aquaculture 2020, 525, 735310. [Google Scholar] [CrossRef]

	



Medeiros, D.L.; Moreira, Í.T.A. Microalgae Biomass Production from Cultivation in Availability and Limitation of Nutrients: The Technical, Environmental and Economic Performance. J. Clean. Prod. 2022, 370, 133538. [Google Scholar] [CrossRef]

	



Maroušek, J.; Gavurová, B.; Strunecký, O.; Maroušková, A.; Sekar, M.; Marek, V. Techno-Economic Identification of Production Factors Threatening the Competitiveness of Algae Biodiesel. Fuel 2023, 344, 128056. [Google Scholar] [CrossRef]

	



Nezlek, J.B.; Forestell, C.A. Vegetarianism as a Social Identity. Curr. Opin. Food Sci. 2020, 33, 45–51. [Google Scholar] [CrossRef]

	



Harris, J.; Viner, K.; Champagne, P.; Jessop, P.G. Advances in Microalgal Lipid Extraction for Biofuel Production: A Review. Biofuels Bioprod. Biorefin. 2018, 12, 1118–1135. [Google Scholar] [CrossRef]








[image: Marinedrugs 21 00445 g001 550] 





Figure 1. Examples of large-scale cultivation of photosynthetic microalgae and cyanobacteria. (a) Open pond (Israel) (photo credit Soren Nielsen) (b) Floating offshore closed PBRs with capacity 8000 L each at Algae Systems LTD (USA) (photo credit Lucie Novoveská) (c) 1000 L pond (Turkey) (d–g) Large-scale 40,000 L tubular PBRs at Akvatek (Turkey). 
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Figure 2. Informatics highlighting the most common challenges associated with large-scale cultivation systems. 
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Table 1. Comparison of large-scale cultivation methods.
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	Critical Factors
	Open Ponds
	Closed PBRs
	Biofilms





	Land area required
	High
	Medium
	Medium



	Predator/debris exclusion
	No
	Yes
	No



	Thermal regulation
	No
	Medium
	No



	CO2 feed efficiency
	Low
	High
	Low



	Evaporation
	High
	Low
	Medium



	Mixing energy required
	Medium
	High
	Medium



	Additional light source
	None
	Yes
	None



	Volume throughput
	High
	Medium
	Low



	Cell density (for harvest)
	Low
	Medium
	High



	Contamination risk
	High
	Low
	High



	Capital cost
	Low
	High
	Low
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