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Abbreviations

DW Dry Weight
IMTA Integrated-Multi-Trophic-Aquaculture
TN Total Nitrogen

23.1 Introduction

Macroalgae and their extracts have a long tradition of being used in the coastal agri-
culture as the soil conditioners and enhancers of crop productivity (Nabti et al.
2016). Traditionally, seaweeds have been collected from the beach or harvested
from the sea. The raising demand for their use for food (Shama et al. 2019) or inter-
esting extracts (agar, alginate, carrageenin), however, resulted in their controlled
production, mainly in the coastal seas and in lesser extent in the land-based systems.

Algae cultivation in the wastewater as the parallel (1) bioremediation and (2)
biomass production presents an innovative industrial ecology model (Lawton et al.
2017). Nutrients, organic carbon and minerals that would otherwise be lost by the
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discharge into environment, are recovered by algae for their growth. In wastewater
cultivation, the large-scale production can be done without consuming large vol-
umes of quality water and expensive commercial growth media. The produced bio-
mass can’t be used for human consumption because of the health regulations, except
for algae grown in the Integrated Multi-Trophic Aquacultures (IMTA). It can still be
exploited for a variety of products, from the low-added-value biofuels, organic fer-
tilizers or biomaterials to the high-added-value compounds for pharmacy, cosmet-
ics, and agriculture.

Macroalgae are an attractive opportunity for multiple industries because they can
grow in various wastewaters and their production can be a source of additional jobs
and income. In comparison to microalgae, they have an advantage of lower separa-
tion and dry mass preparation costs (Lawton et al. 2013; Ge and Champagne 2017).
Harvesting is still one of the major setbacks for the large-scale microalgae produc-
tion due to the costly separation of microscopic cells from the fairly dilute substrate,
which usually requires expensive equipment and high energy consumption.

23.2 Wastewater Treatment with Macroalgae

The beginnings of algal cultivation in the wastewater can be traced back to the
middle of the last century when W.J. Oswald in H.G. Gotass (1957) suggested that
wastewater could be used for a large-scale algae production in the raceway ponds.
Indeed, algae can recycle many chemical substances that could cause eutrophication
or toxic effects if released into the environment. In the wastewater treatment plants,
algal ponds can be used as a final polishing step in the third treatment stage or even
as a combination of second and third stage due to the accompanying aerobic bacte-
rial community.

Algae-bacteria community that establishes itself in the wastewater has a symbi-
otic relationship: algae produce oxygen that aerobic bacteria use for the degrada-
tion, while bacteria provide the nutrients and organic carbon for the algal growth.
The produced oxygen considerably reduces costs of the energy-demanding techno-
logical oxygenation in the wastewater treatment process. Carbon dioxide is con-
sumed in the photosynthesis, decreasing green-house-gas emissions. The odors are
significantly reduced as well.

The removal efficiencies of nitrogen and phosphorus with macroalgae can reach
levels higher than 90% (Neori et al. 1991; Mulbry et al. 2008; Ge and Champagne
2017; Ross 2017; Ge et al. 2018). The nutrient removal from the environment with
macroalgae is most widespread in China where approximately 9,500 tons of phos-
phorus and 75,000 tons of nitrogen are removed annually by the coastal seaweed
aquacultures (Xiao et al. 2017). Nevertheless, their large-scale cultivation still needs
optimization. Wastewater is a highly variable medium and variations in the nutrient
composition strongly influence the effectiveness of bioremediation.

Nutrient uptake depends most notably on the nitrogen form (NO;~, NO,~, NH,*,
urea) and NO;/NH," and N/P relative molar ratios that can limit the primary
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production. Ammonium is usually preferred source over the nitrate (Wallentinus
1984; Pedersen and Borum 1997; Abreu et al. 2011; Fan et al. 2014). At the initial
NO;™ and NH,* concentration of 50 pM, Graciliaria vermiculophylla removed app.
40% of NO;~ and 100% of NH," in just 4 hours (Abreu et al. 2011). Ammonium was
removed preferentially also to urea, but the presence of urea enhanced uptake of
other co-existing N-forms in the study by Ross (2017). Fan and co-workers (2014)
observed that although Ulva prolifera preferred NH,*-N to NO;™-N when the
NO;-N/NH,*-N ratio was less than 2.2, the uptake of NO;-N was higher at the
ratios between 2.2 and 12.9. N-uptake rate (33.9 = 0.8 pmol-g=! DW h~!) was maxi-
mal at N/P ratio 7.5, while P-uptake rate (11.1 + 4.7 pmol-g=' DW h~') at N/P ratio
2.2 (Fan et al. 2014). NO;~ uptake was faster than NH,* at higher initial concentra-
tions (450 puM NO;~, 150 uM NH,*) by G. vermiculophylla (Abreu et al. 2011).

Uptake efficiency was shown to be much higher at lower nutrient concentrations
(Abreu et al. 2011). The nutrients’ uptake rate can thus be substantially improved by
adjusting the protocol of waste stream inflow dynamics, for example, by periodi-
cally applying lower nutrient concentrations. With step feeding Chaetomorpha
linum with 10% centrate wastewater, Ge and Champagne (2017) increased nitrogen
and phosphorus removal efficiencies from 72.3 + 0.4% and 80.0 = 0.3% to
86.8 = 1.1% and 92.6 + 0.2%, respectively.

The removal rates depend also on the algal species: the uptake of dissolved inor-
ganic nitrogen from the aquaculture effluents by different species can vary as much
as 16.9-96.6% (Ross 2017). Considerable research effort has therefore been put
into the identification of most promising species for the wastewater treatment. The
freshwater genera Rhizoclonium, Cladophora and Oedogonium (Cole et al. 2015,
2016b; Roberts et al. 2015a, b), and marine Ulva, Cladocera, Gracilaria, Caulerpa
and Sargassum (Neori et al. 1991; Ross 2017; Arumugam et al. 2018) are few exam-
ples of the most promising macroalgae for bioremediation.

The performance of macroalgae in the wastewater is influenced by several bio-
logical factors, for example thallus morphology. Wallentinus and co-workers (1984)
found that the species with filamentous, delicately branched, or monostromatic phe-
notypes had the highest rates of nutrient uptake because of the greater surface/vol-
ume ratio. These were short-lived, opportunistic algae like Cladophora glomerata,
Enteromorpha ahlneriana, Scytosiphon lomentaria, Dictyosiphon foeniculaceus
and Ceramium tenuicorne. Opportunistic macroalgae exhibit more rapid N uptake
to maximally exploit the pulses of nutrient availability, while slower-growing, per-
sistent species can have greater N-storage capacity (Pedersen and Borum 1997).
The lowest uptake rates thus occurred among the late successional, long-lived,
coarse species with a low surface/volume ratio (Fucus vesiculosus, Furcellaria lum-
bricalls and Phyllophora truncata). This might be especially relevant for the waste-
water input regime and retention times. Uptake of nitrogen and growth rates can be
higher following a period of N limitation in opportunistic species as algae strive to
replenish their internal N pools (“surge uptake”) (Pedersen and Borum 1997; Luo
et al. 2012).

Macroalgae have the capacity to accumulate metals from the environment and
can be employed in the wastewater treatment as a live (bioaccumulation) or dead
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(adsorption) biomass (Ross 2017; Michalak 2020). Good biosorption properties
result from the macromolecules in the cell wall (e.g., polysaccharides, proteins)
offering functional groups for binding metal ions (Michalak 2020). Biochar from
macroalgae can also be used for metal and dye removal from the wastewater. These
techniques can be used for the wastewater pre-treatment to enable more consistent
and controlled influent for the biomass production.

23.2.1 Integrated Multi-trophic Aquaculture

Integrated Multi-Trophic Aquaculture (IMTA) is defined as »Enhanced production
of aquatic organisms (with or without terrestrial organisms) of two or more func-
tional groups, that are trophically connected by demonstrated nutrient flows and
whose biomass is fully or partially removed by harvesting to facilitate ecological
balance« (Dunbar et al. 2020). Primary producers play a key role as they “biofil-
trate” inorganic nutrients from the waste of the primary culture, mitigating its
impact on the environment and providing a potentially valuable crop. In general,
seaweeds are favored over microalgae as the main primary producers of saltwater
IMTA for the reasons already mentioned in the introduction (Chopin et al. 2001).

IMTA can be regarded as wastewater treatment integrated into aquaculture; how-
ever, it is far more than that. IMTA encompasses a more holistic, ecosystemic
approach to aquaculture. Compared to other wastewater treatment systems, algae
grown in IMTA are considered safe for human consumption as they are growing in
effluent coming from the animal (usually fish) cultivation systems and not from
systems containing human waste. It can be viewed as analogous to fertilization of
terrestrial crops with manure.

The concept of IMTA has been known and practiced for centuries, albeit using
different terminology until the first decade of this century (Neori et al. 2007). In
many Asian countries, traditional practices show many examples of integrated
aquaculture, such as the integration of carp culture in rice fields. In more recent
years, seaweed and mollusk cultures in coastal areas have been integrated into the
existing shrimp aquaculture (Edwards 2009; Soto 2009).

IMTA systems can be divided into two main groups. The first group is on-land
IMTA, consisting of often compartmentalized systems that can be completely arti-
ficial (tanks) but more often comprise earthen ponds through which the water flow
is led from the higher trophic level culture (e.g., fed fish) to the lower trophic levels
(e.g., mollusks, seaweeds) (Fig. 23.1). The other group is at-sea IMTA (near-shore
and off-shore), where the lower trophic level cultures are grown in proximity to and
downstream from the higher trophic level cultures. Generally, algae associated with
on-land cultures are relatively small, filamentous or foliose seaweeds, such as Ulva,
Codium, Gracilaria, Porphyra, Asparagopsis; whereas seaweeds associated to at-
sea cultivation are more often kelp species, such as Saccharina latissima (for
instance with salmon farms; Chopin et al. 2001).
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Fig. 23.1 Schematic representation of CTAQUA’s pilot IMTA installation operating during the
INTEGRATE project (2018-2019). Water flows are driven by tidal oscillations, arrows indicate
direction. Fish (Sparus aurata, sea bream) and Pacific oysters (Magallana gigas) were grown in
the same pond, which was hydrologically connected to the seaweed pond. Photos clockwise from
top left: green seaweed Ulva sp., floating seaweed cages, red seaweed Gracilaria gracilis, Pacific
oyster, sea bream, oyster bag, floating oyster bags. (Photos courtesy of CTAQUA)

23.3 Macroalgae Biomass production in Wastewater

The large-scale cultivation of macroalgae monocultures in the wastewater predomi-
nantly occurs in the open pond systems similar to the microalgae cultivation
(Fig. 23.2): circular raceways with the paddlewheels for water circulation, main-
taining the macroalgae in constant suspension (Lawton et al. 2017). The other pre-
dominant culturing system is algal turf scrubber (Fig. 23.3), which has a mixed algal
community that is mostly self-seeded and uncontrolled (Mulbry et al. 2008; Lawton
et al. 2017).

Wastewater promotes growth of a mixed culture with alternating strain composi-
tion, but for the bioproducts a more consistent material is needed. Some control over
the culture composition can be provided by the wastewater pre-treatment, like bio-
char, filtration, dilution and macroalgae species with a tendency for dominant
growth in a dynamic substrate, resistance to herbivory and infections, possibly
exhibiting stable production rate and high nutrient uptake (Lawton et al. 2013; Ross
2017; Valero-Rodriguez et al. 2020).
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Fig. 23.2 Wastewater treatment pond for macroalgae cultivation in Townsville, Australia. (Photo
courtesy of Andrew J. Cole): Oedogonium sp. was cultivated in the treated municipal wastewater
containing mean concentrations of approximately 4 mg- 1! N and 0.8 mg-1-' P (Cole et al. 2016a).
Over a 12-months period, a tertiary treatment by Oedogonium reduced the concentrations of total
N and P by 36% and 68%, resulting in 491 kg DW which recovered 24.4 kg N and 4.8 kg P. The
algae were used as the feedstock to produce compost and biochar (Cole et al. 2016b)

The most commonly cultivated freshwater genera are currently Rhizoclonium,
Cladophora and Oedogonium, the latest being most beneficial for the wastewater
bioremediation and valorization (Cole et al. 2015, 2016b; Roberts et al.
2015a, 2015b). Oedogonium can have high biomass productivities (up to
35.7 g¢om~2d~' DW) when cultured in a variety of wastewater sources in Australia
(Fig. 23.2) (Kidgell et al. 2014; Cole et al. 2015, 2016a; Lawton et al. 2017). The
commonly researched seaweeds are from the genera Gracillaria, Ulva and
Sargassum (Neori et al. 1991; Arumugam et al. 2018). Peak production for the sea-
weeds under optimal conditions can exceed 50 g DW m~2d~' as was found for Ulva
lactuca growing in the fishpond effluent in Eilat, Israel (Neori et al. 1991).

23.3.1 Physical Parameters

Light limitation is one of the main controllers of algal performance in the open
systems, as the high concentrations of particulate matter in the wastewater effect the
intensity of photosynthetically active radiation reaching the algae (Fig. 23.2). High
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Fig. 23.3 First large-scale algal turf scrubber (ATS) system at the Patterson municipal wastewater
treatment plant, California. (Photo courtesy Rupert J. Craggs). ATS improves water quality by
passing a shallow stream of wastewater over the surface of a gently sloped flow-way (Craggs
2001). The system was 154.2 m long and 6.5 m wide, producing up to 62 g/m per day. Mat forming
species were mainly cyanobacteria (mostly Oscillatoria), with canopy of filamentous algae
(Ulotrix sp. and Stigeoclonium sp. prevailing in the summer) and diatoms (Craggs 2001)

concentrations of algae have a similar shading effect. This is why the inoculation
density, culturing and harvesting regimes all contribute to the consistent biomass
production. Lower inoculation density should result in a higher relative growth due
to the higher availability of light and nutrients. In the study by Neori and co-workers
(1991), the daily growth rates of Ulva lactuca ranged from 8.7% to 9.9% at a stock-
ing density of 2 kg-m=2, while they were considerably lower (0.6-4%) at higher
densities. Favot and co-workers observed best specific growth rates and biomass
production at Ulva sp. stocking density of 30 g-m~2 when studying a range between
15 and 60 g'm~2 (2019).

Light reaching the surface of the pond varies diurnally and seasonally. In the
temperate regions, illumination periods are significantly shorter in winter, while
summer months are critical due to the periods of high illumination causing photoin-
hibition and photodamage to the Photosystem II. A seasonal growth rates’ variation
of 1.78-6.23% was observed in Graciliaria vermiculophylla by Abreu and co-
workers (2011). Temperature is another important environmental variable. Fan and
co-workers (2014) found a considerable effect of temperature on the photosynthetic
efficiency and N uptake rates in Ulva prolifera: in the temperature range of 5-30 °C,
N uptake ranged from 177 to 543 mg-kg=! DW h=L
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The substrate depth in the pond is thus a balance among thermal stability, maxi-
mum illumination and photo-damaging effects. Although shallower ponds allow
better light availability through the water column, the resulting temperature varia-
tion and photoinhibition could reverse the resulting positive effects.

23.3.2 Chemical Parameters

Growth rate and algal biomass composition highly depend on the wastewater chem-
istry. Ross (2017) demonstrated that various nutrient regimes, characteristic of the
wastewaters, resulted in different daily growth rates, i.e., 4.75-11.2% in Cladophora
parriaudii and 3.98-7.37% in C. coelothrix. The presence of urea in the medium
enhanced growth and yielded a carbohydrate-rich biomass (38-54% DW) (Ross
2017). N/P relative molar ratios are important for the primary production although
Liu and Vyverman (2015) found no marked change in the growth under eight differ-
ent N/P ratios (ranging from 1 to 20): biomass productivities varied between 52.6
and 56.7 mg-L-'d”! DW in Cladophora sp. and 29.6-34.1 mg-L-'d~' DW in
Klebsormidium sp.

Algal productivity depends also on the wastewater nutrients’ loading rate. When
growing a consortium of freshwater algae, dominated by Microspora willeana,
Ulothrix ozonata, Rhizoclonium hieroglyphicum and Oedogonium sp. (Fig. 23.3),
Mulbry and co-workers found that the mean algal productivity values increased
from approximately 2.5 g-m~d~' DW at the lowest loading rate (0.3 g-m~2d~! TN)
to 25 g'm~2d~! DW at the highest loading rate (2.5 g-m~2d~' TN) (2008). Mean nutri-
ent contents in the dried biomass increased 1.5-2-fold with increasing loading rate
toamaximum of 7% N and 1% P (Mulbry et al. 2008). Step-feeding of Chaetomorpha
linum with 10% centrate wastewater increased the biomass productivity by 26.5%
compared to the single feeding of the total load (Ge and Champagne 2017).

pH and CO, application are significant as well. In Oedogonium cultures, main-
tained at a pH of 7.5 through the addition of CO,, the biomass productivity was
8.33 £ 0.51 g'm=2d~! DW, which was 2.5 times higher than in control cultures not
supplemented by CO, (3.37 + 0.75 g-m=2d~' DW) (Cole et al. 2014). The rate of
carbon fixation was 1380 g-m=2 year™' C and 1073.1 g:m~? year~! C for cultures
maintained at pH 7.5 and 8.5, respectively, and 481 g-m=2 year~! C for the control
(Cole et al. 2014).

23.3.3 Culture Rotation

A year-round production is imperative for the industrial applications. A combina-
tion of species and culture rotation was proposed and successfully applied to miti-
gate the seasonal changes in light and temperature (Valero-Rodriguez et al. 2020).
Valero-Rodriguez and co-workers found tropical Oedogonium sp. had highest
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specific growth rate in the summer conditions (36—40%), but the temperate
Stigeoclonium sp. and Hyalotheca sp. had higher growth in the winter conditions
(2020). When mixed, Oedogonium was dominant (>90%) in the warmer conditions,
while Stigeoclonium and Hyalotheca prevailed in the colder ones. Their calcula-
tions suggest that a monoculture of Oedogonium and Stigeoclonium would produce
14.1 and 23.9 t-ha~'year™!, respectively, while a mixed culture would reach
244 t-ha~'year~!, showing a substantial improvement.

23.4 Macroalgae valorization for Agriculture

The utilization of algal biomass depends highly on its composition and active com-
pounds. Both can be regulated by the cultivation conditions (Lawton et al. 2017,
Ross 2017). Although wastewater’s chemical composition is very variable, it can be
to some point regulated by the pre-treatment or addition of inadequate chemicals. In
any case, seaweed biomass cultivated in the wastewater should be examined for the
multielemental composition before the further utilization (Michalak 2020).
Potentially toxic elements are typical heavy metals such as As, Cd, Hg, Pb, but some
of them are microelements necessary for the proper growth and development, e.g.,
Zn, Cu, Mn, Co, (Tuhy et al. 2014; Michalak 2020).

23.4.1 Biomass Composition

The biomass composition varies extensively among the species as found by Atkinson
and Smith (1983) analysis of the C:N:P ratio in 92 macroalgae which varied from
183:9:1 to 3550:61:1. Smaller variations can be found also in the same species dur-
ing different seasons or depending on the N source (Abreu et al. 2011; Ross 2017).
The N and P content in biomass can also reflect the N/P ratio in the growth substrate
(Liu and Vyverman 2015).

The most obvious difference arises in different N-regimes: macroalgae generally
synthesize proteins and pigments when N is sufficient, and accumulate storage
polysaccharides, such as starch, when they are under N-limitation (Smit et al. 1997,
Cole et al. 2015). Freshwater macroalgae, growing in the nutrient replete media,
have high rates of biomass production (often exceeding 15 g-m~=2d~! DW) and nutri-
ent uptake (Mulbry et al. 2008; Cole et al. 2015). At high productivities, 50-85% of
the supplied nitrogen is incorporated into the algal biomass (Cole et al. 2015). Such
algae may be suitable for the food and fertilizer, whereas N-starved algae may be
better for the conversion into biofuels via digestion or fermentation processes
(Ross 2017).

Macroalgae cultivated in the wastewater from animal production can provide a
high-quality source of protein (Cole et al. 2015). Oedogonium biomass had an
equivalent or higher protein quantity and quality than many terrestrial crops
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currently used as a source of protein in the animal feeds in Cole et al. study (2015).
Additionally, Oedogonium accumulated calcium, potassium, magnesium and
phosphorous.

23.4.2 Fertilizers

Macroalgae used as fertilizers can improve soil water-holding capacity, reduce ero-
sion and nutrient leaching, increase soil organic matter, carbon, nitrogen, phospho-
rus and minerals, provide a substrate for the soil microbes, resulting in the increased
growth and resilience of crops (Lawton et al. 2013; Sharma et al. 2014; Cole et al.
2015; Roberts et al. 2015a, 2015b; Nabti et al. 2016). They have an advantage of
being biodegradable, non-toxic, non-polluting and non-hazardous to human, farm
animals and birds (Tuhy et al. 2014; Nabti et al. 2016; Badescu et al. 2017).

Macroalgae cultivated in the wastewater are an effective slow-release fertilizer
when applied as the untreated dried and milled biomass (Mulbry et al. 2008). Their
effects on the plant mass and nutrient content can be equivalent to the effects of
commercial fertilizers (Lawton et al. 2017) as they can have relatively high N and P
biomass content. Oedogonium intermedium cultivated in the wastewater treatment
plants, for example, recovered and concentrated in the biomass up to 5.4% N and
1.1% P (Cole et al. 2016a; Neveux et al. 2018).

Algal biomass with the recovered nutrients can be stabilized for the agricultural
use by composting or pyrolysis (Cole et al. 2016b). Slow pyrolysis transforms the
biomass into biochar. Biochar produced from Oedogonium biomass improved the
retention of nutrients from fertilizer (N, P, Ca, Mg, K and Mo) in the low-quality
soils and enhanced plant growth and the nutrient uptake (Roberts et al. 2015a,
2015b; Lawton et al. 2017). Radishes grown in the low quality, sandy loam soils
with added biochar had 35-40% higher growth rates and 10-50% higher concentra-
tions of the essential trace elements (Ca, Mg, K and Mo) and macronutrients com-
pared to the radishes grown without biochar (Roberts et al. 2015a, 2015b; Lawton
et al. 2017).

Algal biomass that was used as a biosorbent can be loaded with metal ions and
thus an excellent addition to microelements-depleted soils (Tuhy et al. 2014;
Badescu et al. 2017). Such biosorbents have additionally a high content of nitrogen
and phosphorus and are readily biodegradable material with a high content of
organic matter and other macronutrients (Ca, K) (Badescu et al. 2017). The bio-
availability of metals is higher than in the traditional organic fertilizers (Tuhy et al.
2014). When Ulva sp. with bound Zn(II) ions (29.6 mg-g~! of biomass) was used as
a fertilizer, the content of zinc in the soil increased four-times in 8 weeks (Badescu
et al. 2017). Similarly, Tuhy and co-workers prepared micronutrient fertilizer from
the Baltic seaweeds and post-extraction residues, previously used as biosorbents of
Zn(II) ions. Enriched biomass caused the biofortification of zinc and weight increase
of garden cress (Lepidium sativum).
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When the mature compost from the Oedogonium intermedium, cultivated in the
municipal wastewater, was added to a low fertility soil, it significantly increased the
production of sweet corn (Zea mays) (Cole et al. 2016b). Treatments receiving half
nutrients with compost and half with mineral fertilizers as well as 100% compost
treatment produced 4-9 times more corn biomass than when mineral fertilizer alone
was added to the low fertility soil. Additional 15% corn productivity was achieved
by addition of biochar, most likely due to its ability to bind labile N and P and pre-
vent its loss from the soil (Cole et al. 2016b).

23.4.3 Bioactive Compounds

Plant biostimulants can be found in the macroalgae extracts and are any products
that improve (a) nutrient use efficiency, (b) tolerance to abiotic stress, (c) quality
traits or/and (d) availability of soil or rhizosphere confined nutrients (EU 2019).
Additionally, several algae have been found to exhibit pesticidal activity (Nabti
et al. 2016; Hamed et al. 2018). Bioactive compounds are usually obtained by the
different methods of extraction and homogenization, which should be preceded by
the biomass pre-treatments like washing to remove particles and impurities, drying,
shredding, milling to get homogenous sample and sieving (Michalak and Chojnacka
2016). If enriched subfractions or purified preparations of seaweed extracts are used
instead of the crude extracts, the problem of accumulation of salts or metals can be
minimized (Nabti et al. 2016).

Macroalgae contain plant growth regulators including auxins, gibberellins and
cytokinin, the latter being regarded as the most important in marine algae (Sharma
et al. 2014; Michalak and Chojnacka 2016; Hamed et al. 2018). The extracts can
promote shoot and root elongation, stimulate seed germination and root develop-
ment, enhancement of frost and draught resistance, increased nutrient uptake and
control of phytopathogenic fungi, bacteria, viruses, insects or other pests and resto-
ration of the plant growth under high salinity stress (for more details see Sharma
et al. 2014; Nabti et al. 2016; Hamed et al. 2018).

23.5 Conclusions and Future Perspectives

The on-land cultivation of macroalgae, especially in the wastewater, is still in its
infancy. The scarce efforts nevertheless show a great promise. Macroalgae can eas-
ily grow in various wastewaters by recycling the nutrients and their productivity can
be fairly impressive. Biomass composition is suitable for a range of products and
can be further adjusted by the cultivation parameters.

Identifying the algae with best performance in a certain wastewater and environ-
ment is the first critical step in the wastewater cultivation, which usually starts with
a laboratory screening and should be finally tested in the outdoor conditions,
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preferably over a whole annual cycle (Borowitzka 2013; Fort et al. 2019). First suc-
cessful attempts of the annual macroalgae production in the seasonal climate areas
have already been made by the culture rotation and utilization of the dominant spe-
cies isolated from the local environment and should be further explored.

Using wastewater as the cultivating media is a sustainable way for nutrients’
recycling and could pave a way to marketable prices. The issue is its very variable
chemical composition. Although many strains of macroalgae can function well in
such an environment, it is difficult to provide the biomass of constant quality and
quantity, necessary for the marketable applications. Different pre-treatments can
enable more controlled biomass composition and yield, including a multistep-algal-
cultivation system where the biomass production ponds can be preceded by the
wastewater treatment ponds.

The IMTA concept encompasses innovative and sustainable idea of utilizing tro-
phically connected organisms to remove excess nutrients and waste from the aquatic
environment by valorizing their biomass for different products. IMTA validity and
great promise has already been thoroughly demonstrated. Its commercial imple-
mentation, especially in the western world, is nevertheless lagging. Improvements
in the up-scaling of tested systems, stimulation of innovations in the methods of the
different cultures, public outreach to improve general acceptance of aquaculture and
a specific eco-label certifying the sustainability of IMTA are the main measures that
could drive the industrial-scale adoption (Dunbar et al. 2020).

Macroalgae effectively uptake macro- and microelements from the wastewater,
which makes them a rich-nutrition substrate for agricultural production or con-
sumption, but such cultivation can also result in the biomass with toxic substances.
Regular chemical analysis of the produced biomass is thus necessary to ensure a
quality product. In the case of bioactive compounds, extraction and purification can
eliminate the unwanted compounds.

For the algal system optimization, continuous monitoring of the parameters like
oxidation-reduction potential, electric conductivity and oxygen concentration can
enable optimal application of wastewater. Physiology measurements can be used to
monitor algal performance, together with the nutrient concentrations, pH regulation
with CO, etc. to fine-tune the bioremediation and biomass production.

More research is needed to further understand the roles of influence parameters.
Recently developed kinetic models of algal and algal bacterial processes have high
predictive power and provide deep insight into the actual processes. Model based
control algorithms together with the information on environmental conditions
enable significant increase in the productivity of algal ponds (Casagli et al. 2021)
and can be used to further develop the large-scale high-production systems fed by
the waste streams.

Although there is still a lot of work before the viable and marketable large-scale
macroalgae cultivation in the wastewater is achieved, it is worthwhile goal to pur-
sue. The same approach is already widely researched and developed with the micro-
algae, rapidly gaining in importance as it is supporting the care for our health and
the environment.
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