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Abstract Wastewater generation has concomitantly increased with the growth of
world human population in the last century. The uncontrolled discharge of waste-
water may result in serious social, environmental and health problems. At the same
time, the use of microalgal-based systems has been widely studied for a variety of
residual effluents treatment since the early 1950s. In this context, different technol-
ogies have been developed, and new strategies to cope with specific needs have been
investigated worldwide. There are several advantages of microalgal-based systems
compared to traditional wastewater treatment technologies, namely, (1) pollutants
and pathogen decrease, (2) nutrient recovery in the form of valuable biomass,
(3) energy savings and (4) CO, emissions reduction. In spite of all these advantages,
there are still many challenges to overcome before attaining the real implementation
of this technology. Those challenges include (1) land requirement, (2) effect of
wastewater characteristics, (3) environmental and operational condition influence
and (4) biomass harvesting and valorization. This chapter will explore and discuss
the main advantages and limitations of using this green technology for wastewater
treatment based on our expertise and the latest insights on this topic.

Keywords Microalgae - Wastewater - Advantages and limitations - Green
technology

1 Introduction

Microalgae are a group of photosynthetic microorganisms mostly developed in
aquatic habitats and capable of converting light energy and inorganic carbon sources
(carbonate and CO,) into biomass while releasing O, to the atmosphere. The term
microalgae is generally considered as a general term and often includes
cyanobacteria (blue-green algae) as both, microalgae and cyanobacteria, are
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commonly found in microalgal-based systems for wastewater treatment. However, it
is important to underline that cyanobacteria are photosynthetic prokaryotes and
microalgae are photosynthetic eukaryotes. In this chapter, the term microalgae will
be referred to both groups.

Microalgae biotechnology has been developed for different commercial applica-
tions, but in recent years, development of microalgae-bacteria consortia for waste-
water treatment has received more attention as an efficient alternative to
conventional wastewater treatment plants, based on the avoidance of external oxy-
gen supplementation for heterotrophic bacteria, decreasing energy costs and recov-
ering nutrients as valuable biomass (Hernandez et al. 2016). During photosynthesis,
microalgae capture light using pigments (chlorophylls and carotenoids) as electro-
magnetic energy source to break down H,O (light phase) and to reduce inorganic
carbon to glucose (dark phase) through the Calvin cycle, releasing O,. The
photosynthesis-respiration process can be represented by the following equation
(Eq. 20.1):

6 CO; + 6H,0 + Energy (llght) — CgH 206 + 60, (201)
The presence of inorganic carbon forms (CO,, H,CO5;, HCO5;™ and CO372) in

wastewater is governed by the following equations (Egs. 20.2, 20.3 and 20.4)
(Andersen 2002):

H,0 < H" + OH"~ pKW = 14 (20.2)
CO, + H,0 < H,CO; <> HCO;~ + H*  pKl = 6.38 (20.3)
HCO3;™ < CO3; 2 +H,0+H" pK2 = 10.37 (20.4)

During the photosynthesis process, algae capture high amounts of CO,, causing a
gradual increment of pH. When microalgal biomass concentration is high, CO,
concentration decreases, and carbonate/bicarbonate species dissociate into CO,
with the subsequent alkalinity drop, so that culture medium losses stability. There-
fore, the lack of CO, triggers carbon sequestration from atmosphere to the water. In
this manner, microalgal biomass culture shows to be a suitable tool to capture
carbon, fixing it in the form of valuable biomass.

As previously mentioned, mitigation of pollutants in photobioreactors is usually
made by consortia of microalgae and bacteria. Interactions between both groups of
microorganisms can support an efficient removal of organic and inorganic carbon,
nitrogen, phosphorus, heavy metals and other pollutant compounds, as they play a
complementary or competitive role in the consortia. Due to this interaction, organic
matter mineralization by aerobic bacteria produces the inorganic carbon needed by
the microalgae. In turn, the O, required for bacterial degradation is produced
photosynthetically by microalgae (Gonzélez-Ferndndez et al. 2011). In the case of
nutrient removal, nitrogen assimilation into microalgal-bacteria biomass is the most
common removal mechanism observed in microalgae-bacteria cultures. The
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Table 20.1 Microalgae species in different wastewaters

Substrate Microalgae References

Swine manure Chlamydomonas sp., Microspora sp., Chlorella sp., de Godos et al.
Protoderma sp., Selenastrum sp., Oocystis sp., (2009)
Ankistrodesmus sp., Nitzschia sp., Achnanthes sp.

Digested swine | Oocystis sp., Chlorella sp., Protoderma sp., Molinuevo-

manure Chlamydomonas sp. Salces et al.

(2010)

Fish processing | Ankira sp., Chodatella sp., Microspora sp., Scenedesmus | Riafio et al.

wastewater sp., Chroococcus limneticus, Cyanophyta cocal, (2011)
Dactylococcopsis sp., Phormidium sp., Stigeoclonium sp.

Slaughterhouse | Chlamydomonas subcaudata, Teilingia sp., Anabaena Hernandez et al.

wastewater sp., Phormidium tergestinum Pinnularia sp., (2016)

Nitzschia sp.

preferred N source in microalgal cultures is NH, " as it is easily assimilated into
amino acids to produce microalgae-bacteria biomass. However, NH; can result toxic
and inhibit photosynthetic activity in some microalgal species (Park and Craggs
2010).

Microalgal species growing on wastewater treatment systems are especially
tolerant to pollution. It has been reported that Chlorella, Nitzschia and Scenedesmus
are the most tolerant genera with a high presence in wastewater systems (Mufioz and
Guieysse 2006; de Godos et al. 2009). Other species such as Ankira, Microspora,
Chroococcus limneticus, Cyanophyta cocal, Dactylococcopsis sp., Phormidium
sp. and Stigeoclonium sp. have been reported in microalgal-based systems treating
fish processing wastewater (Riafio et al. 2011); and Chlamydomonas subcaudata,
Teilingia sp., Anabaena sp., Phormidium tergestinum, Pinnularia sp. and Nitzschia
sp. have been reported in open ponds for slaughterhouse wastewater (Hernandez
et al. 2016) (Table 20.1).

As in other wastewater treatment systems, microalgae community composition is
influenced by different variables that act as a key selection pressure. These variables
produce changes in the community composition from the initially inoculated
microalgae to the steady-state period, changing microalgae species diversity and
its abundance. The main factors responsible for microalgae community structure are
related to wastewater characteristics, species interaction, variations in the environ-
mental conditions, photobioreactor configuration and operational conditions.
Diverse species with differential interactions/competition also contribute to the
system stability with enhanced biomass growth and efficient removal of nutrients
(Hernandez et al. 2016).

Microalgal cultivation can be carried out in fully contained photobioreactors or in
open ponds and channels (Molina Grima et al. 2003). Open ponds, namely, raceway
ponds or high-rate algae ponds (HRAPs), are the most widespread systems for
microalgal cultivation. They consist of rectangular basins or channels where the
wastewater is kept in constant motion with a powered paddle wheel. Closed systems
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are mainly designed as a column or with tubular shape, although there are different
designs and configurations seeking to combine high productivity and low-energy
consumption for large-scale application (Gouveia 2011). Open and closed reactors
present pros and constrains; some of them are the following, according to Gouveia
(2011): open systems need more area-to-volume ratio, water loss through evapora-
tion is high, gas transfer and light utilization efficiency are poor, harvesting cost is
high and contamination by other microorganisms is high. In a closed system, the
control of growth conditions is easy, capital investment and operating cost are high
but harvesting cost is lower and scale-up technology for commercial level is more
difficult than in open systems. As pointed out, in open systems, maintenance of
microalgae population is complicated due to external contamination of small and
rapidly growing microalgae; therefore, some authors have proposed the use of
enclosed photobioreactors since they support more effective species control (Tredici
1999). In the case of wastewater treatment, mixed open ponds are the only large-
scale implemented technology, probably due to the high-energy costs to operate
closed photobioreactors.

Regarding to the scale-up of this technology, the main challenge is the recovery
of the produced biomass, called the harvesting process. Biomass concentration in
photobioreactors is usually low, between 0.5 and 5 g/L dry weight (Gouveia 2011);
consequently it is necessary to remove water to concentrate and harvest the biomass
for its further valorization. Harvesting is still considered one of the bottlenecks of
wastewater treatment with microalgae, as these microorganisms’ cells have a small
size (5-20 pm) and they are very stable in colloidal suspension. Different harvesting
methods have been explored, which include gravity sedimentation, centrifugation,
filtration, flotation, coagulation and flocculation, as well as several combinations of
them. The harvesting process is considered the major limiting factor for wastewater
treatment development by microalgae (Molina Grima et al. 2003); for that reason,
the choice of the harvesting method is of vital importance for the economic feasi-
bility of microalgal-based wastewater treatment systems. The harvested biomass
from wastewater treatment systems is mainly used for energy, biofertilizers and
animal food production (Acien et al. 2017). Specifically, microalgae biomass grown
in wastewater is characterized by high-protein content, being successfully used as
protein source for rainbow trout feed (Tomas-Almenar et al. 2017; Tomdas-Almenar
et al. 2018; Larran et al. 2017). This chapter will explore and discuss the main
advantages and limitations of using microalgae-based technology for wastewater
treatment, from the recovery of nutrients for biomass production, considered one of
the main advantages of these systems, to the biomass harvesting and valorization
processes; all are based on our expertise and the latest insights on this topic.
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2 Advantages of Microalgae for Wastewater Treatment
2.1 Pollutants and Pathogen Decrease

2.1.1 Nutrient Removal During Wastewater Treatment by Microalgae-
Bacteria Consortia

Most wastewaters are rich in ammonium, nitrates and phosphorus, and treatments
are usually aimed at removing them. In conventional activated sludge treatment
plants, carbon is oxidized to CO,, nitrogen (N) is stripped to the atmosphere in the
form of N, and phosphorus (P) is usually precipitated, avoiding nutrient valorization
(Adav et al. 2008). Microalgae-bacteria consortia are capable to remove nutrients
while producing valuable biomass, so that their use for wastewater treatment has
been widely studied during the last two decades. During photosynthesis, microalgae
liberate O, to the medium, which is used by the aerobic bacteria to degrade organic
matter into CO,, soluble phosphorus and different inorganic N sources (NH4™,
NO; ™ and NO, ). Then, microalgae uptake inorganic carbon (CO,) and solubilized
macro- and micronutrients to grow, resulting in a clean effluent and a valuable
biomass. Therefore, if compared to conventional wastewater treatment plants, the
use of microalgae-bacteria consortia for wastewater treatment presents the advantage
of nutrient recycling (Adav et al. 2008; Hern4ndez et al. 2016).

Table 20.2 shows total nitrogen (TN) and total phosphorus (TP) removal effi-
ciencies in microalgal-based systems treating different wastewaters. Wastewater
characteristics and microalgae species determine nutrient removal efficiency in
microalgal-based systems. The overall wastewater composition affects nutrient
uptake, existing an optimal C:N:P ratio, which differs between microalgae species.
Moreover, nutrient uptake also depends on environmental factors that affect
microalgae growth such as pH, temperature, light intensity, turbidity and
watercolour, among others. Therefore, a wide variation in TN and TP removal
rates, in ranges of 22—100% and 20-98% of the initial TN and TP in the wastewater,
respectively, has been reported (Table 20.2). According to the results presented in
Table 20.2, the main genera present in photobioreactors used for wastewater biore-
mediation are Chlorella and Scenedesmus. In many occasions, a consortium of
different microalgae (i.e. freshwater algae) is used to treat wastewater. Freshwater
algae are composed of several species, being most of them unable to acclimate to
wastewater polluting conditions and, subsequently, dying. On the contrary,
depending on the particular characteristics of each wastewater, some genera grow
and become the main species (Herndndez et al. 2016).



B. Molinuevo-Salces et al.

510

e c:.m_\%mmw 86—LY 1 001-6L LT 101ema)sem [ediotuniy | snnbyqo snuisapauadg
9102) 191eMI)SBM WNUSIS42]
‘[e 39 Zopupuloy 16 'l €8 6v1 osnoyIaIySnels wnipuLioyd
I91eMA)SEM
(1107) 'Te 19 oyery (44 | S6< LT=¥1 Surssaooxd ysty ds sus€200
wmniodoonu
(S107) T8 10 997 68 %Y 88 (% Tapemasesm [edorunpy wnjsvja07)y
(L66T1) IoremAIseM
[e 10 Z9[pZUOD) $S-0¢ 48! S6-0¢ 9¢—¢ Ansnpur Arecy SLDSIA D]]24014D)
(€100
‘[e 19 ZopuRwIo 8¢S S €8 e amuew Jid A1epuodds | pupIUIY0.40S D]]240]Y)
(€102) I91eMI)ISeM
‘Te 19 ZOpuBUIoOH 18 0 S6< '€ Surssaoold o1el0d | pupIULYOL0S DJJ2L0]Y)
(010T) 'Te 12 Suep SL=€9 0¢=C1 £8-9L 0001 amueur paysasI( ds vyja10py)
(1107) 'Te 10 Suaq 96 14 L6 [44 191emalsem [eI0YIIY SLDSIA D]]240]4D)
(2002
AIqInIA pue amy[Im IS ST 6¢ STe amuew Arrep pa)sasiq se3[e dyuag
AQUARJY (%) (7/3w) (%) (7/3w) pasn 19)emASe N Je3[eOIOTW UTRIA]
PoAOWIAL J, | UONBNUIOUOD [BNIUI J,| PIAOWAI N, | UONBNUIIUOD [eNIul NI,

SJUQUIIEAI) JOJRMIISEM JUIIQJIP JOJ SW)SAS paseq-oegreoror Jursn (d1,) snioydsoyd [ejo) pue (NI) ueSoniu [ejo) Jo [eAowdy ¢ 0T dqelL



511

20 Microalgae and Wastewater Treatment: Advantages and Disadvantages

(1102) ‘Te 10 99100g 9z 00S-01 w 0€SH001 Ioyemalsem [ediotunpyl | 9eS[OIOTU JOJeMYSAL]
(€102) 191eMA)SBM

‘Te 19 sepesod S8 09-SC 0L 0S8-00T oNsowop ATewlld | 9eS[eoIdNU JJeMUSAL]

(01020

‘Te 10 Awreseuury) G6< 16 G6< op—¢¢ syuongyo [ur 3odre) | oeJ[eOIOIW IJEMYSAL]
(¥102) IoTEMAISEM

‘Te 30 sepesoq pu €90 G8—C¥ -8 Surssaoold ysL | oeT[eoIoTW 10)EMYSIL]
#102) 191eMI)SBM

‘Te 10 sepesod pu 09-9 08 99/—L1 Surssaooid 99jj0) | oeS[eOIOTW JOYRMUSAL]

(¥100) wnjjayomd

‘[e 12 puepIRyINg % L9V 6L 6L—19 I0JEMA)SEM ON)SAWO( wintivydsopronpy

(L661) IolEMI)SEM snydiounp

‘[e 19 Zo[eZUOon) $S—0T 711 06< €9¢ Ansnpur Amreq SNUISIPIUIOS




512 B. Molinuevo-Salces et al.

2.1.2 Organic Pollutants Removal During Wastewater Treatment by
Microalgae-Bacteria Consortia

Microalgae and bacteria symbiotically carry out organic pollutants’ elimination. In
the presence of light, microalgae (autotrophs) produce the O, required by hetero-
trophs to oxidize the organic pollutants. In this way, high organic matter removal
rates have been reported for different wastewaters treated by microalgae-bacteria
consortia. For instance, 62, 85 and up to 92% of total chemical oxygen demand
(TCOD) was removed when treating piggery effluents, potato processing waste and
slaughterhouse wastewater, respectively. The initial TCOD concentrations in these
wastewaters corresponded to 616, 1536 and 1621 mg TCOD/L, respectively. Dif-
ferent removal rates were attributed to variations in the biodegradability of the
different wastewaters (Herndndez et al. 2013, 2016). Moreover, the symbiotic
relationship between bacteria and microalgae has resulted in an efficient bioremedi-
ation of oil spills in marine environments or in the increase water quality in
aquaculture hatcheries (Paniagua-Michel 2017). Even though heterotrophic activity
has been traditionally associated to bacteria, the occurrence of a mixotrophic algal
metabolism and a key role of microalgae during organic matter removal have been
recently highlighted (Olguin et al. 2015).

2.1.3 Pathogen Removal During Wastewater Treatment by Microalgae-
Bacteria Consortia

Wastewaters often contain a variety of microorganisms such as Escherichia coli,
which can potentially contribute to disease transmission. In fact, the absence of
E. coli and faecal coliforms after wastewater treatment is included as an indicator
parameter for effluent discharge to public water bodies. Pathogen removal in
microalgae-bacteria systems is mainly determined by dissolved oxygen (DO) and
pH in the culture broth (Posadas et al. 2015, 2018). The photosynthetic activity of
microalgae results in an increase in the DO and pH of the cultivation broth. High
temperature and pH reduce pathogen survival, while high DO concentrations pro-
moted photo-oxidative damage of cells, resulting in pathogen removal. Moreover,
sunlight may inactivate bacteria cells due to both the UV-B radiation, which causes
damage on the bacterial DNA structure, and the UV-A radiation, which results in the
damage of cell organelles (Al-Geethi et al. 2017), boosting pathogen removal.
Finally, the excretion of inhibitory metabolites by microalgae to compete with
bacteria also contributes to pathogen removal. For example, Mezrioui et al. (1994)
reported high removal efficiency of Vibrio cholerae due to the toxic products
secreted by Chlorella sp. when treating domestic wastewater. Although pathogen
removal during wastewater treatment by microalgae-bacteria systems has been
widely reported in literature, there is little information about the removal mecha-
nisms and the survival of pathogens such as viruses or intestinal parasites.
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2.1.4 Heavy Metals and Organic Pollutant Removal During Wastewater
Treatment by Microalgae-Bacteria Consortia

During wastewater treatment by microalgae-bacteria consortia, heavy metals are
removed from wastewater, being assimilated into the biomass. However, the effi-
ciency of this process is determined by the wastewater characteristics, since the
activity of microorganisms can be diminished due to the presence of certain heavy
metals. Bacteria are often much more tolerant to these toxic compounds than
microalgae, which are severely inhibited in the presence of a few milligrammes
per litre of toxicants. More specifically, heavy metals in wastewater may inhibit
photosynthesis of microalgae, since metals are able to substitute the metal atoms in
the prosthetic groups for specific photosynthetic enzymes.

Microalgae and bacteria are able to accumulate heavy metals from polluted
effluents, being a cost-effective and sustainable wastewater treatment alternative to
traditional methods (Paniagua-Michel 2017). The main heavy metals in wastewater
are Cu, Cd, Cr, Hg, Zn, Pb and Ni. The principle of metal removal from wastewater
is mainly based on the relationship between heavy metals and negatively charged
groups contained in the carbohydrates and exopolysaccharides of the bacteria and
microalgae cell surface (Subashchandrabose et al. 2011). The microorganisms carry
out these removal mechanisms as a response of the presence of heavy metals in their
growth media (i.e. wastewater). Different mechanisms including adsorption, ion
exchange, covalent bonding or heavy metal precipitation have been reported for
heavy metal removal in wastewaters (Ozturk et al. 2014; Chojnacka et al. 2005;
Posadas et al. 2018). Simultaneously, those metals are bioaccumulated
(i.e. bioabsorpted) in cell vacuoles, by a metabolically active biological process of
diffusion (Pereira et al. 2013; Gonzélez et al. 2017). In this way, several commercial
biofilms have been developed based on the microalgae capacity for accumulating
heavy metals. Some examples are (1) ALGASORB™, produced by Bio-Recovery
System, Inc. (USA). It consists in Chlorella vulgaris immobilized in silica gel
polymer matrix. It can be used for a wide range of heavy metal concentrations
(1-100 mg gfl) and (2) BV-SORBEX™, produced by BV Sorbex, Inc. (Canada).
This adsorbent contains Sphaerotilus natans, Ascophyllum nodosum, Halimeda
opuntia, Palmyra pomata, Chondrus crispus and Chlorella vulgaris, and it is able
to recover up to 99% of metal in the solution.

2.2 Nutrient Recovery in the Form of Valuable Biomass

Microalgae need a great amount of nutrients (N and P) to successfully grow.
According to Oswald (1988), microalgal biomass 1is composed by
COg.48H1 §3No.11Po.o1- Thus, N and P are essential elements for their growth. The
use of commercial fertilizers as nutrient source for microalgae growth would lead to
an increase in cost production, making food market unstable (Chisti 2008). In this
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context, the use of agro-industrial wastewaters, rich in nutrients, is an interesting
alternative as nutrient source to produce microalgal biomass according to life-cycle
analysis studies (Christenson and Sims 2011). Removal efficiency is mainly related
to microalgal productivity; thus, the higher amount of N and P removed from the
wastewater, the higher biomass productivity. This biomass has been proposed for
different applications like biofuel production, biofertilizer and feed additive in the
commercial rearing of many aquatic animals, both freshwater and marine (Mata et al.
2010; Larran et al. 2017; Tomas-Almenar et al. 2017).

2.2.1 Nitrogen Recovery

Nitrogen has a key role in amino acids, nucleic acids and pigment synthesis
(Richmond 2008). During the last years, many studies have evidenced that when
using microalgal-based systems, the assimilation of N is the main mechanism to
remove this nutrient from wastewater. Other mechanisms, such as ammonia strip-
ping or denitrification, have less importance in the nitrogen balance in microalgal-
based wastewater systems (Cai et al. 2013). The preferred inorganic nitrogen source
for microalgae is NH4 ", although they are also able to use NO3; ™~ and, in a lesser
extent, NO, ™~ (Jia and Yuan 2016). The assimilation processes need active transport
to incorporate N forms to the cell, but since a reduction to N3~ state is required
before assimilation, the energetic cost for NO3;~ and NO, ™ assimilation is higher
than the one for NH, " (Cai et al. 2013). The assimilation of inorganic nitrogen is
governed by the equation represented in Fig. 20.1, where “Fd” corresponds to the
enzyme ferredoxin (Richmond 2008).

The presence of bacteria in the wastewater presents several advantages for
nitrogen assimilation by microalgae. When microalgae are used for agro-industrial
wastewater bioremediation, aerobic bacteria oxidize proteins and nucleic acids to
NH, ™", which is assimilated by microalgae. However, when NH, " concentration is
higher than 100 mg/L and pH is higher than 8, the proportion of NH, " that turns to

Nitrate Nitrite Glutamine
reductase reductase synthetase

n NO, — > NH,' n P L-glutamine

NADH +H*  NAD'+H,0 ardﬂ-sn 6Fd,, + 2H ATP+Glu  ADP+PO}*

N O;-

Plastid

Cytosol

Fig. 20.1 Assimilation of different inorganic nitrogen sources in eukaryotic algae



20 Microalgae and Wastewater Treatment: Advantages and Disadvantages 515

NH; could result toxic for algae inhibiting their growth (Park and Craggs 2010).
Moreover, under these conditions, an important part of NH; could volatilize to the
atmosphere, diminishing nitrogen recovery. On the other hand, nitrifying bacteria
helps to avoid NHj; stripping and therefore contribute to mitigate nitrogen losses by
volatilization. Nitrifying bacteria comprise ammonium-oxidizing bacteria (AOB)
and nonoxidizing bacteria (NOB) (Egs. 20.5, 20.6 and 20.7). They grow slower
than microalgae and aerobic bacteria present in the wastewater; thus, they require
higher HRT than typical operational conditions in microalgal-based systems, which
usually ranges between 2 and 10 days. According to de Godos et al. (2014), when the
hydraulic retention time (HRT) ranges from 2 to 10 days, most AOB and NOB are
washed out, and the nitrification process does not take place. In order to enhance
AOB and NOB growth, and help aerobic bacteria to avoid NHj stripping,
microalgae-bacteria sludge retention time should be controlled and the settled
biomass continuously pumped to the HRAP to increase retention time, allowing to
grow and to nitrify to the AOB and NOB organisms, so that nitrification process only
occurs when hydraulic retention time (HRT) is higher than 10 days or when settled
biomass is recirculated into the system (de Godos et al. 2014).

3
NH, " + (2> 0, — NO,™ +2H" + H,0 (20.5)
_ /(1 _
(1 _ /1 2
NO; ™ + <§) CH;0H — NO, ™ + (§> CO, + (§> H,0 (20.7)

Finally, the activity of denitrification bacteria (Eq. 20.8) is avoided by the
presence of oxygen in the media, since it is an anoxic process. The concentration
of dissolved oxygen is usually higher than 1 mg/L, as microalgae release oxygen
during photosynthesis. In this way, nitrogen recovery by microalgae is favoured.

1 1 1 1
NO,™ + (§> CH;0H — (E) N, (gas) + (5) CO, + <5> H,O+OH™ (20.8)

2.2.2 Phosphorus Recovery

Phosphorus is an essential element for microalgae, necessary for metabolic activities,
energy transfer and phospholipid and DNA synthesis (Richmond 2008). In conven-
tional wastewater treatment plants, P is chemically removed through precipitation. In
microalgal-based systems, P removal occurs simultaneously to nitrogen assimila-
tion, so that P is recovered within the biomass. Moreover, under specific operational
conditions, microalgae can be induced to further accumulate polyphosphates inside
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the cell structure independently of the biomass productivity. Thus, when microalgae
are exposed to “P excess — P starvation — P excess” conditions or under certain light
supply and temperature conditions, the accumulation of polyphosphates inside the
cell (luxury uptake) allows high P removal efficiencies (Brown and Shilton 2014).
On the other hand, microalgae growth under P limitation results in a build-up of
carbohydrates and/or lipids. The accumulation of one or another macromolecular
compound depends more on the microalgae species than on the operational condi-
tions. Most species including Chlorella, Scenedesmus, Chlamydomonas or Spirulina
accumulate lipids inside the cell (Wang et al. 2010). Carbohydrate accumulation is
frequent in Spirogyra, Ulva, Gelidium, Laminaria or Saccharina, among others
(Buck and Buchholz 2004; Kraan 2013).

2.2.3 Nutrient Uptake Efficiencies for Different Wastewaters

Nitrogen uptake rates found in literature vary from 0.1 to 65 mg of total nitrogen per
litre of photobioreactor per day for different microalgae like chlorophyte (mainly
composed of Chlorella and Scenedesmus), cyanobacteria (Arthrospira and
Oscillatoria), diatom and haptophyte (Cai et al. 2013). Phosphorus uptake rates
can reach up to 40 g of soluble P per kg of produced biomass under luxury uptake.
However, the general demand of P is in the range of 10-15 g per kg of microalgae
(Powell et al. 2009). The optimization of the configuration of the reactors and the
operational conditions result essential to maximize nutrient recovery during waste-
water treatment by microalgae-bacteria consortia. In this manner, diverse studies
have reported final biomass with very variable concentrations ranging, 0.11-0.70 g/
L and 5.5-35 g/m” day.

2.3 Energy Savings

Microalgae biomass is often associated with the production of feedstock for biofuel
production or high added-value products, and therefore, their energy consumption
and production costs are associated with these processes. There are few works
exploring and assessing microalgae energy consumption and production costs
from a global point of view; this means considering the sum of energy used for
cultivation, harvesting and drying. In the same way, the data for LCA (life-cycle
assessment) studies must be extrapolated from laboratory-scale systems, as no
industrial-scale process (for biofuel production) exists yet (Slade and Bauen 2013).
Some other studies pointed out that energy production (i.e. biofuels production)
from microalgal biomass will only be commercially feasible if it is coupled with an
algae-based wastewater treatment system (Mulbry et al. 2008; Gouveia 2011), which
is related to input energy cost. Therefore, recycling of N and P from wastewater will
provide some of the nutrients for microalgae growth in combination with wastewater
remediation, hence contributing to reduce energy cost.
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Microalgae-based system feasibility is highly related to its energy demand, and it
is mostly focused on biomass production for its further valorization. According to
Slade and Bauen (2013), in raceway ponds, the most important contributions to the
energy demand come from the electricity, required to circulate the culture, and the
embodied energy in pond construction, as well as the energy embodied in the
nitrogen fertilizer. However, microalgae-based systems for wastewater remediation
can compete with activated sludge processes, as energy demand for these systems is
approximately 500 Wh per m® of wastewater treated and the energy required for
mixing conventional HRAPs ranges from 1.5 to 8 Wh per m® (Mendoza et al. 2013).
In these order to evaluate energy demand of microalgae-based systems for waste-
water treatment, empirical data of the performance of these specific systems is
necessary.

2.4 CO, Emission Reduction

Current global warming has triggered international awareness concerning green-
house gas emissions. Greenhouse gas emissions were 5.25 x 107 kt CO,eq/year in
2014 (FAO 2014). Different techniques have been studied for CO, capture, which
may be divided in geological sequestration, chemical processing or absorption and
bioprocessing from photosynthetic organisms (Morrissey and Justus 2000; Chisti
2007). The geological sequestration consists of the storage of liquid or gaseous CO,
underground in a geological formation or in deep ocean storages (Lal 2004). There is
a major concern about the possibility of the escape of huge amounts of CO, towards
surface waters that can lead to their acidification and the subsequent disturbance to
aquatic ecosystems. Chemical processing/absorption processes require alkaline
reagents, which are energetic intensive and expensive. Meanwhile, natural
bioprocesses remove close to 50% of anthropogenic CO, emissions per year from
atmosphere (Benemann 1993). Moreover, photosynthetic organisms have a double-
positive environmental impact as they capture high amounts of inorganic carbon and
release O, to the atmosphere. Microalgae present several advantages compared with
other photosynthetic organisms for carbon capture (i.e. fixation), namely, (1) they
are able to grow tenfold higher than terrestrial plants; (2) their growth is independent
from arable lands, attenuating thus food and feed competition; and (3) they may not
require nutrient supplementation when they grow in agro-industrial wastewaters,
especially those rich in N and P (Rittman 2008; Stephens et al. 2010). Moreover,
photosynthesis conversion efficiency in microalgal cells is remarkably higher than in
superior plants due to the absence of structures, differentiation and lining structures,
among others. When agro-industrial wastewater is treated using algae-bacteria
consortia, microalgae capture the CO, produced after organic matter degradation
by aerobic bacteria, thus reducing CO, emissions when compared with other aerobic
wastewater treatments. The resulting biomass may also be valorized in the form of a
carbon neutral renewable fuel like biodiesel, bioethanol or biogas (Chisti 2008;
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Hernandez et al. 2015, 2016). Hence, the use of photosynthetic biomass for energy
production would diminish the dependence of oil-based fuels.

Carbon capture with microalgae has been widely studied during the last decades
(Benemann 1993; Aresta et al. 2005; Park and Craggs. 2010). During the photosyn-
thesis process, algae capture high amounts of CO, to produce organic molecules.
When microalgae productivity is high, the lack of CO, triggers carbon sequestration
from atmosphere to the water, and O, is released to the atmosphere. In this manner,
microalgal biomass culture shows to be a suitable tool to capture carbon, fixing it in
the form of valuable biomass. However, when light supply is scarce, an important
amount of mixotrophic microalgae turns from autotrophic to heterotrophic metabo-
lism. Microalgae are thus able to oxidize organic matter from wastewater releasing
CO, that may be subsequently captured by photosynthetic algae. In this vein,
although photosynthesis is more efficient from a carbon capture point of view,
when heterotrophic behaviour occurs, most of the carbon is still captured in the
form of valuable algal biomass.

Emissions of CO, in a microalgae-bacteria wastewater treatment plant are
remarkably lower than those produced in conventional aerated activated sludge
processes, and a negative balance can also occur when flue gas rich in CO, is
injected into the process. Thus, from the CO, emissions point of view, the use of
microalgal-based systems for wastewater treatment is always a better alternative than
conventional active sludge treatment, since microalgae assimilate 1.8 tonnes of CO,
per ton of algal biomass, while in activated sludge treatments, all the sludge
produced must be managed and may not be valorized. When industrial CO,-enriched
air is efficiently injected to the photobioreactor and captured by microalgae, biomass
productivity remarkably increases. The injection of CO, leads to a decrease in
culture medium pH, and therefore, injection rate must be controlled in the ponds.
Scientific literature has already presented many different optimal CO, concentra-
tions and injection rates to maximize biomass production, but differences between
them are high due to the great heterogeneity of microalgal species, culture mediums
used, types of photobioreactors employed and operational conditions tested (light
intensity, salinity and temperature). In this manner, it should be kept in mind that
CO, feed rate must be optimized to the previously selected algae and to the
operational conditions. The optimization of these parameters will maximize biomass
production and thus carbon sequestration.

3 Challenges of Microalgae for Wastewater Treatment

3.1 Land Use

Most studies indicate that replacing conventional activated sludge wastewater treat-
ments by high-rate algal ponds (HRAP) with microalgae would reduce GHG
emissions and operational costs. However, the installation of these ponds would
require enormous land areas, and the impacts derived of the land use change (LUC)
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should be addressed, due to its potential environmental damage and the changes in
soil carbon stocks. In most of the cases, LUC and suitability of land close to the
wastewater producers are not taking into account for the studies of wastewater
treatment by HRAP (Searchinger et al. 2008). In fact, many studies indicate that
nonarable or marginal lands may be used to place enormous HRAP. As an example,
a recent study comparing the potential land competition between microalgae and
terrestrial feedstock production in the USA reported that there is little conflict with
each other. In this way, microalgae production in HRAP in the USA could be located
in areas outside the key agricultural-producing regions (Langholtz et al. 2016).
However, the majority of the wastewater is produced close to urban centres where
the price of land is expensive and wastewater transport to a further place is not an
option, due to high costs.

Furthermore, if most of wastewater is treated using microalgae, most of the
existing biomass in the landscape would be removed, including grasslands, crop-
lands and forestlands. The impacts that are considered for life-cycle analyses during
the installation of the ponds of microalgae systems are (1) loss of soil carbon,
(2) removal of carbon below the original vegetation, (3) change in the surface albedo
and (4) change in GHG emissions from the original vegetation in comparison to the
microalgae ponds (Fortier et al. 2017). However, there is little information
concerning these impacts and therefore the GHG emissions related to LUC in
large-scale microalgae cultivation. Hander et al. (2017) reported that forests and
grasslands/croplands also forego ongoing carbon sequestration and a significant CO,
penalty is related to LUC in microalgae cultivation for energy production. More
specifically, this penalty is estimated in 4—-8 and over 40 g CO,eq/MJ for grassland/
croplands and forest, respectively. Moreover, terrestrial feedstock and microalgae
production may compete for the same land. In this context, the LUC only results
convenient when it increases carbon capture compared to conventional use. Hence,
carbon sequestration accounting must reflect the net impact on the carbon benefit and
not only the assimilation by microalgae. In this vein, many studies have failed in
accounting emissions related to LUC. However, to substitute conventional treat-
ments to implement large-scale HRAP for wastewater treatments, a deep economic
and environmental impact is required, even with generous government subsides.

Previous studies have shown that LUC may result in enormous differences
between different locations (e.g. Everglades, Florida and Tamaulipas, Mexico),
despite these locations were selected due to their similar irradiance and temperature
during the year (Fortier et al. 2017). Hence, in order to evaluate this impact, an
analysis focused in each particular place must be previously performed. There is no
doubt that a good progress in wastewater treatment with microalgae-bacteria using
pilot-scale HRAP has been made during the last years (Park and Craggs 2010;
Hernéndez et al. 2016). There is also a better understanding by the industry of the
need to use a more sustainable and eco-friendly technology, and at the same time, the
resulting biomass may result an income source. However, higher effort must be
made to determine the economic and the GHG emission impact due to the LUC in
order to obtain a deeper view of this key aspect.
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3.2 Culture Conditions: Influence of Wastewater
Characteristics

The characteristics of wastewater highly determine the efficiency of microalgal-
based systems for wastewater treatment. These characteristics include pollutant and
nutrient concentration, turbidity, colour and wastewater pH.

3.2.1 Pollutant and Nutrient Concentration

The ratio C:N:P in wastewater is an important factor affecting the overall efficiency
of the system. In Table 20.3, a summary of the general characterization of municipal
and industrial wastewater is presented. The lack of some essential nutrients or their
low bioavailability in some types of wastewaters could negatively affect the perfor-
mance of microalgal-based systems in terms of pollutant removal efficiencies and
biomass production (Posadas et al. 2013; Markou et al. 2014). In addition, some
compounds present in wastewater or produced during its treatment could cause
inhibition in microalgal activity. The most usual toxic compound during wastewater
treatment is NH3, whose concentration concomitantly rises when increasing the pH
values in the photobioreactor because of photosynthesis. Ammonia concentration
that results inhibitory is species dependent. Free ammonia concentrations of up to
51 g/m® have been proved to diminish photosynthetic rates by 90% in dense culture
of the microalgal species Scenedesmus obliquus, Phaeodactylum tricornutum and
Dunaliella tertiolecta (Azov and Goldman 1982; Sutherland et al. 2015). Ammonia
toxicity should be taken into consideration when treating wastewater with high
nitrogen concentration such as livestock wastes or anaerobically digested agro-
industrial effluents. For this type of wastewaters, a strategy to avoid microalgal
inhibition, such as pH control, a previous dilution step or the operation at low
loading rates, is required (Markou et al. 2014). Toxic effects of nitrite, an interme-
diate product from the oxidation of ammonium to nitrate, have been also reported at
high concentrations (Markou et al. 2014). In addition, some heavy metal ions that

Table 20.3 Characterization of municipal and industrial wastewater (Adapted from Herndndez
2015)

BOD
Type of industry | TSS (mg/L) COD (mg/L) (mg/If) N (mg/L) P (mg/L)
Municipal 100-350 250-1000 100-400 85-20 4-15
Potato 700 10,000 3000 150 200
processing
Fish processing 200-3000 5004500 400-4000 1-20 5-90
Slaughterhouse 200-5000 | 750-350,000 500-5350 48-750 10-90
Pig manure 46,000-76,000 | 52,000-73,900 | 3500-61,000 |3500-5400 |3200-6200

TSS (total suspended solids), COD (chemical oxygen demand), BOD5 (biological oxygen demand),
N (total nitrogen), P (total phosphorus)
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can be present in industrial wastewater affect the survival of specific microalgal
strains (Zeraatkar et al. 2016). The presence of organic acids, phenols and pesticides
also decreases microalgal activity (Guldhe et al. 2017). Nevertheless, some
microalgae species such as Chlorella, Nitzschia and Chlamydomonas present a
high tolerance to pollutant concentration, which can explain its predominance in
microalgal-based wastewater treatment systems (Mufioz and Guieysse 2006; de
Godos et al. 2009).

3.2.2 Turbidity, Colour and pH

Light availability is a major factor affecting microalgal performance and, therefore,
the overall wastewater treatment efficiency. In this sense, both industrial and domes-
tic wastewaters usually present high concentrations of suspended solids that result in
wastewater turbidity. These solids, together with the presence of coloured dissolved
compounds in wastewaters, can absorb light and reduce its penetration in culture
broth. Consequently, biomass production in microalgal-based systems could dimin-
ish. A physical-chemical pretreatment of the wastewater before feeding the
photobioreactors would decrease turbidity and the concentration of coloured com-
pounds. Dilution of feeding stream is also required in some cases for highly polluted
wastewaters. Nevertheless, this issue might not be very important if the wastewater
contains organic carbon and the microalgae species can grow in heterotrophic or
mixotrophic mode (Markou et al. 2014). Finally, the pH of wastewater highly
influences on the microalgae-bacteria systems. In this way, wastewaters that present
a pH outside of the optimal range for their treatment in microalgal-based systems are
hardly biodegraded without any pretreatment (Posadas et al. 2018).

3.3 Culture Conditions: Environmental and Operational
Aspects

The efficiency of microalgal-based wastewater treatment will depend on a combi-
nation of factors including environmental and operational conditions. In this section,
the main environmental and operational aspects affecting the performance of
microalgal systems are briefly described. Temperature, light availability, pH, con-
centration of O, and CO; in the culture medium and hydraulic retention time (HRT)
are described as the main factors affecting microalgal-based systems.

3.3.1 Temperature

The effect of temperature on microalgae growth is well known. Increasing temper-
ature enhances microalgal growth until achieving an optimum value. Once this
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optimum value is reached, biomass productivity dramatically declines with the
increment in temperature (Larsdotter 2006). Although the optimum value of tem-
perature for microalgal growth is genera and strain dependent, it usually lies between
20 and 30 °C (Umamaheswari and Shanthakumar 2016; de Godos et al. 2017).
Operating at favourable temperature conditions led to greater nutrient removal
efficiencies as well as higher biomass productivities (Molinuevo-Salces et al.
2016). Under lower temperatures, metabolic rates of microalgae diminish, attaining
lower growth rates and diminishing nutrient removal efficiency. As an example, Cho
et al. (2015) reported a biomass productivity reduction of approximately tenfold
when treating raw municipal wastewater, from summer (temperatures up to 30 °C) to
winter (temperatures near 5 °C). On the contrary, higher temperatures above the
optimum range can cause oxidative stress and a decrease of photosynthetic activity
(Posadas et al. 2018). Reactor overheating is thus a problem, especially in humid
climates where evaporation is inhibited (Larsdotter 2006). Supplying cooling water
on the surface of the reactor and the regulation of air temperature by refrigerated air
conditions units are two of the strategies that can be applied to prevent overheating
(Lavens and Sorgeloos 1996; Umamaheswari and Shantakumar 2016), but both
alternatives significantly increase operational costs.

3.3.2  Light Availability

In a similar way as described for temperature, a positive correlation between light avail-
ability and biomass productivity occurs. Microalgae growth increases when increasing light
intensity until reaching an optimum value. Above this optimum value, too much light may
decrease photosynthesis rate (Park et al. 2011). Photosynthetic activity is saturated at
relatively low irradiances ranging from 100 to 200 pE/m* day (Acien et al. 2017). Since
solar radiation is several times higher than this saturation level, an excess of solar radiation
can lead to microalgal photoinhibition. A strategy to overcome the influence of the excess
of irradiance is to operate under higher culture densities and a proper mixing regime
(de Godos et al. 2017). In fact, mixing is one of the most important parameters during
microalgal-based system operation, providing turbulence and a degree of vertical mixing
through the pond depth that ensures that microalgae are intermittently exposed to light (Park
et al. 2011; Posadas et al. 2018). Strong mixing could result in shear stress and in cell
rupture (mainly in cyanobacteria), negatively affecting microalgae growth.

333 pH

Because of microalgal photosynthesis and respiration, pH oscillates over the day in
microalgal-based systems (Sutherland et al. 2015), as seen in Fig. 20.2. pH values
above 9 can be commonly achieved in photobioreactors, especially when operating
at low organic and nutrient loading rates and at favourable conditions (Riafio et al.
2012; Hernandez et al. 2016). Most microalgae usually tolerate wide pH intervals,
but out of this interval, the growth is greatly reduced. More specifically, pH values



20 Microalgae and Wastewater Treatment: Advantages and Disadvantages 523

40 3
=—4=—Solar radiation
35 | =a=Temperature

LA

30 4

3 o 30 £
= & =
2 2
— =
= 20 28 &
2 =3
= =
g0 25 °
L 10 Z
E .2

3 s 23

0 - . . - = 20

0 2 4 6 8 10 12 14 16 18 20 22 24
Solar time
9

8 ~
B
i =
- 7 =
& ! =
=
-
2
£
6 H
2 9

0 7] 4 6 8 10 12 14 16 18 20 22 24
Solar time

Fig. 20.2 Daily variation in solar radiation on a high-rate algal pond (HRAP) treating swine
manure and the culture parameters (temperature, pH and dissolved oxygen) as a function of solar
time

higher than 9 negatively limit microalgal activity, since the capacity to absorb CO, is
dramatically reduced and the cell’s ability to maintain the activity of the RuBisCO
enzyme is interfered (Sutherland et al. 2015). Moreover, high pH in the culture broth
also causes the dissociation of NH,* ion, increasing free NH3 concentration that can
significantly inhibit microalgal growth and increase nitrogen losses by volatilization.
The pH control allows reducing NH; volatilization and enabling greater nitrogen
recovery into microalgae-bacteria biomass. Injection of CO, into the culture broth is
the most common strategy to reduce pond culture pH; however, nowadays few
studies have evaluated the performance of wastewater supplied by CO, addition at
semi-industrial or industrial scale.
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3.3.4 O, Concentration

The evolution of dissolved oxygen concentration in photobioreactors is character-
ized by an increase during the day and a decline during the night, according to the
cycle of photosynthesis and respiration of microalgae (Fig. 20.2). Although more
research is required regarding toxicity of O, for microalgae, O, concentrations above
20 mg/L are believed to negatively affect microalgae growth, favouring photorespi-
ration and O, radical formation and causing thus partial inhibition of photosynthesis
(de Godos et al. 2017). Bacteria activity such as the organic matter oxidation and the
nitrification during wastewater treatment involves a decrease in the oxygen concen-
tration, preventing microalgae inhibition. For instance, reported O, concentrations in
microalgal-based systems for several agro-industrial wastewater treatments were
lower than 14 mg/L (Riafo et al. 2011; Herndndez et al. 2013, 2016). Nevertheless,
COs-enriched air supply has been again defined as a strategy for degassing the
culture broth in high-rate algal ponds to enhance nutrient assimilation while decreas-
ing the dissolved oxygen concentrations (de Godos et al. 2017).

3.3.5 CO, Concentration

During microalgal-based wastewater treatment, non-photosynthetic microorganisms
produce the CO, needed for microalgae growth during organic matter degradation
(Molinuevo-Salces et al. 2010). However, C:N ratios in most agro-industrial waste-
waters are lower than the optimal reported ratio of 100:18 (Posadas et al. 2018).
These lower C:N ratios are correlated with lower biodegradability, resulting in a
reduction of removal efficiencies and biomass production (Posadas et al. 2014). The
injection of inorganic carbon (via flue gas or biogas resulting from anaerobic
digestion) has been proposed as an alternative to enhance wastewater treatment,
preventing CO, competition between the autotrophic communities present in the
culture broth (Alcantara et al. 2015) and also a change from autotrophic to hetero-
trophic metabolism that will suppose a decrease on productivity. Nevertheless, it is
worth mentioning that the presence of volatile fatty acids in wastewater can be also
used as carbon source in mixotrophic cultures (Olguin et al. 2015).

3.3.6 Hydraulic Retention Time (HRT)

HRT (defined as the volume of the photobioreactor divided by the flow rate) is a key
design parameter that affects the performance of microalgal-based systems for
wastewater treatment. It has been already demonstrated that organic and inorganic
contaminant removal from wastewaters in natural treatment systems increases at
longer HRTs due to the enhancement of biodegradation, photodegradation and
sorption processes (Matamoros et al. 2015). The operation at longer or shorter
HRTs also allows or prevents biomass accumulation (Sutherland et al. 2015).



20 Microalgae and Wastewater Treatment: Advantages and Disadvantages 525

Most typical values of HRTs are in the range between 2 and 10 days (Mufioz and
Guieysse 2006; Posadas et al. 2018). Longer HRTs are required in colder seasons
due to the decrease in the metabolic activity and to the low microalgal growth rates.

3.4 Biomass Harvesting and Valorization
34.1 Biomass Harvesting

Biomass harvesting is one of the major challenges for large-scale production of
microalgae in wastewater treatment systems, accounting for 20-30% of the total
operational costs (Molina-Grima et al. 2003; Vandamme et al. 2013). For most of the
microalgae species (exception made for Spirulina, due to its filamentous nature),
biomass is suspended in water due to the small size of microalgae cells (5-20 pm)
coupled to their colloidal stability in suspension. In this way, biomass concentrations
in the range of 0.5 g microalgae/L have been reported for HRAPs, which are mostly
used to treat wastewater (Benemann 1993). Biomass harvesting consists of separat-
ing microalgae biomass from water. The low biomass content needs to be concen-
trated to final values of 150-250 g microalgae/L. Prior to the final concentration
values (i.e. biomass thickening), a harvesting step, where initial biomass concentra-
tion is increased to 10-50 g microalgae/L, is usually carried out (Muylaert et al.
2018). Since microalgae are a very heterogeneous group, the harvesting process
should be adjusted to the microalgae species and the culture conditions (both
wastewater characteristics and operational parameters). Moreover, the choice of
the harvesting technology is also determined by the valorization strategy of the
final biomass, which should not compromise both biomass and final effluent qual-
ities (Muylaert et al. 2018). In this way, low-cost technologies are preferred for
microalgae harvesting in the case of biomass obtained from wastewater systems.
Table 20.4 shows the main advantages and disadvantages of different microalgae
biomass harvesting methods. These methods comprise sedimentation, flotation,
centrifugation, filtration, coagulation-flocculation as well as several combinations
of them. Sedimentation is easy to perform; it requires low-cost equipment and
low-energy demand. For instance, for harvesting a biomass concentration of
1-15 g dry microalgae/L, the sedimentation process requires 0.1 kWh/m> using
lamella separators (Milledge and Heaven 2013). It is a slow process (retention times
of 1-2 days) that can lead to some deterioration of the biomass. It may be a good
harvesting alternative for filamentous microalgae as Spirulina or for algae-forming
aggregates, like Scenedesmus. In the case of wastewater treatment, biomass sedi-
mentation is favoured by the high amount of bacteria and nutrients in the media
(Alam et al. 2017). This technology usually needs to be combined with another
technology (e.g. coagulation-flocculation) to further concentrate the biomass. Oppo-
site to sedimentation, when using flotation as harvesting technology, microalgae are
collected from the surface of the tank. Air is bubbled into the microalgae solution, so
that the bubbles are attached to the microalgae cells and both move to the surface.



526 B. Molinuevo-Salces et al.

Table 20.4 Main advantages and disadvantages of different microalgae biomass harvesting
methods

Coagulation-
Sedimentation | Flotation | Centrifugation | Filtration | flocculation
Technology invest- 1 1 3 4 2
ment cost
Requirement of 1 2 1 3 2
skilled operators
Power consumption 1 3 5 3 3
during harvesting
Retention time 5 3 1 2 3
Risk of biomass 4 2 1 1 2
damage
Dewatering efficiency |2 3 5 4 3
Algae species 4 2 1 4 4
dependency
Feasibility as a 5 3 1 1 3
preconcentration step
Need of chemicals 3 2 1 1 3

1,2, 3, 4 and 5 correspond to very low, low, medium, high and very high, respectively

Flotation is a relatively fast separation method where biomass is not damaged.
However, the aeration sometimes results in high-energy costs, and the interaction
between cells and bubbles is not always good. Similar to sedimentation, chemical
addition is often needed to increase flotation efficiency. In this way, it has been seen
that the addition of surfactants; the use of ozone as gas carrier, instead of air; or the
combined flotation-flocculation method may achieve promising results for
microalgae biomass recovery in the floating cakes. However, the economic feasibil-
ity of flotation is still a challenge. The increase in the biomass recovery yield
depends either on an expensive coagulant or on high-energy requirements (in the
case of electrical-based systems), increasing in both cases the operational costs
(Laamanen et al. 2016).

On the other hand, centrifugation is a fast and easy technology that produces a
high-quality thick biomass paste. A microalgae biomass concentration up to 250 g
TSS/L can be achieved in a single step. It is currently the most used technology both
for harvesting of high-value biomass and as a second step for thickening of low-cost
biomass. However, the high-energy consumption (50-75 kWh) (Milledge and
Heaven 2013) coupled with the high investment costs still makes this technology
economically unfeasible as a single step for harvesting microalgae biomass for
low-cost purposes (low-cost biomass), which is the case of biomass obtained from
wastewater treatment. In the case of filtration, water and microalgae biomass are
separated by means of a selectively permeable medium. The high concentration
efficiency together with the no need of chemical addition makes this technology an
interesting option. However, some drawbacks such as membrane or filters clogging
or high investment cost for membranes have been reported. In general, filtration
results an economically unfeasible method for harvesting low-cost microalgae
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biomass. However, filtration by means of low-cost nylon screens has been demon-
strated as an effective method for harvesting large-sized microalgae such as Spiru-
lina (Toyoshima et al. 2015). Finally, by coagulation-flocculation, single cells are
aggregated to form flocs, which are easy to harvest. It has been highly used due to the
low-cost and high separation efficiency (Alam et al. 2017). Microalgae cells are
negatively charged, and chemical addition to neutralize those charges is often
required. Different chemicals have been successfully tested for microalgae
harvesting, including metal salts, inorganic polymers and biopolymers. The high
cost of the chemicals together with a possible decrease in the quality of the harvested
biomass is the main drawback for not scaling up this technology. On the contrary,
electrocoagulation and bio-flocculation are two of the most economically feasible
methods for microalgae harvesting, due to the high quality of the resultant biomass.
Bio-flocculation refers to a spontaneous microalgae flocculation due to the action of
other microorganisms such as bacteria or fungi. In the case of wastewater treatment
by microalgae, bio-flocculation is a promising alternative since it spontaneously
occurs quite often. In some cases, auto-flocculation can be achieved when pH
increases in the culture media. This is due to the precipitation of Ca and P salts,
which act as flocculants and can be naturally present in wastewater. This strategy
involves some advantages since these salts are not as toxic as metal salts. The
separation efficiency of both bio-flocculation and auto-flocculation is strongly
dependent on the media composition and the microalgae species, so that they cannot
be applied to any kind of wastewater.

The development of a low-cost method for microalgae harvesting is still a
challenge. According to recent studies (Barros et al. 2015; Alam et al. 2017;
Muylaert et al. 2018), a two-stage process would be necessary to concentrate
microalgae biomass. Flocculation followed by sedimentation is proposed, being
bio-flocculation the best alternative, since it would reduce chemical costs while
not compromising biomass quality. Although there is a wide variety of investiga-
tions at lab-scale reporting promising results, more large-scale studies are required in
order to demonstrate the different harvesting technologies proposed. Finally, the
harvesting method should be adapted to microalgae species and to the final use of the
obtained biomass.

3.4.2 Biomass Valorization

Microalgae biomass can be used for different applications. These applications
include energy production (i.e. biofuels), products for agriculture (biofertilizers,
biopesticides etc.), animal feed and products for human consumption (foods and
pharmaceuticals). When biomass is obtained as a by-product after wastewater
treatment, low-cost applications are preferred, since only microalgae recognized as
safe (GRAS) can be sold for human consumption. Therefore, the most common uses
are energy, biofertilizer and animal food production (Acien et al. 2017).

The use of microalgae as feedstock for biofuels production, such as biodiesel and
bioethanol, presents several advantages over other biomass feedstock such as com or
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vegetable oil, but it is noteworthy that microalgae production, harvesting and conversion
into biofuels are expensive, compromising the economic feasibility of the process. How-
ever, a recent bioeconomy study about biofuels production from microalgae biomass
reported promising results. More specifically, positive net present values (NPV) were
achieved both for economy studies for ethanol and for biodiesel production, meaning that
these technologies are worth to invest in (Peng et al. 2018). In the case of biogas production,
anaerobic hydrolysis of microalgae appears to be the limiting step to reach an economically
feasible process. A deeper knowledge of anaerobic digestion, hydrolytic bacteria and
microalgae cell wall composition are needed to overcome that bottleneck and increase
methane yields (Gonzalez-Fernandez et al. 2015). Microalgae grown on wastewater present
an enormous potential as biofertilizer. The ability of microalgae to uptake nutrients such
as C, N and P from wastewater results in an enhancement of nutrient availability for plant
systems. Microalgae present a chemical composition, including macronutrients such as N, P
and K and micronutrients as Ca™, better than available organic fertilizers (Mahapatra et al.
2018). Even though microalgae are a source of proteins, lipids and carbohydrates, there are
few studies regarding microalgae supplementation to animal diets. Microalgae biomass
grown in wastewater is generally characterized by high-protein contents, so that a possible
valorization way is its use as protein source for animal feed. For instance, microalgae were
included in rainbow trout diets in percentages of 12.5%, 25% and 50%. The results
evidenced that an inclusion higher than 12.5% resulted in nutritional deficiencies in trout
(Dallaire et al. 2007).

4 Conclusions

The use of microalgae-based systems for wastewater treatment has been widely
studied due to the enormous potential of this technology as an alternative to
traditional wastewater treatment systems. This potential comprises the high biore-
mediation efficiency for a variety of wastewaters, the contribution to CO, emission
reduction and the remarkable energy savings (including the potential valorization of
the produced biomass as energy). However, there are still some challenges to
overcome before a real implementation of this technology. These issues include
land use competition, wastewater variability, the influence of environmental condi-
tions and high-cost biomass harvesting. Although there is little conflict for land
competition between microalgae and terrestrial feedstock, GHG emissions related to
land change use should be addressed when installing open ponds for large-scale
microalgae cultivation. Secondly, wastewater characterization is of major impor-
tance for an efficient treatment. The lack of essential nutrients, the presence of toxic
compounds or the low bioavailability in some wastewaters could negatively affect
the performance of microalgal-based systems. Moreover, the proposed strategies as
wastewater dilution to ensure light availability or the pretreatments to control
wastewater pH are energy demanding, so that an economic study with different
scenarios for each specific case should be carried out before large-scale implemen-
tation. In the third place, environmental and operational aspects as temperature, light
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availability, pH, O, and CO, concentration in the culture medium and hydraulic
retention time (HRT) determine microalgae productivity and, consequently, waste-
water treatment efficiency. For instance, pH control could be done by coupling a
CO, emission source with a microalgae-based wastewater treatment facility. Finally,
low-cost technologies are preferred for microalgae harvesting in the case of biomass
obtained from wastewater streams as culture media. A two-stage process would be
necessary to concentrate microalgae biomass. Flocculation followed by sedimenta-
tion is proposed, being bio-flocculation the best alternative, since it would reduce
chemical costs while not compromising biomass quality. The harvesting method
should be adapted to microalgae species and to the final use of the obtained biomass,
being energy, biofertilizer and animal food production the most common uses.
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