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Abstract

The development of the photobioreactors (PBs) is recently noticeable as cutting-edge
technology while the correlation of PBs’ engineered elements such as modellings,
configurations, biomass yields, operating conditions and pollutants removal efficiency still
remains complex and unclear. A systematic understanding of PBs is therefore essential. This
critical review study are to: (1) describe the modelling approaches and differentiate the
outcomes; (2) review and update the novel technical issues of PBs’ types; (3) study microalgae
growth and control determined by PBs types with comparison made; (4) progress and compare
the efficiencies of contaminants removal given by PBs’ types and (5) identify the future
perspectives of PBs. It was found that Monod model’s shortcoming in internal substrate
utilization is well fixed by modified Droop model. The corroborated data also remarks an array
of PBs’ types consisting of flat plate, column, tubular, soft-frame and hybrid configuration in
which soft-frame and hybrid are the latest versions with higher flexibility, performance and
smaller foot-print. Flat plate PBs was observed with biomass yield being 5 to 20 times higher
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than other PBs types whilst soft-frame and membrane PBs could also remove pharmaceutical
and personal care products (PPCPs) up to 100%. Looking at an opportunity for PBs in
sustainable development, the flat plate PBs are applicable in PB-based architectures and

infrastructures indicating an encouraging revenue-raising potential.
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Abbreviations

COD Chemical Oxygen Demand
DIP Dissolved Inorganic Phosphorus
DO Dissolved Oxygen

EVA Ethylene Vinyl Acetate

HRT Hydraulic Retention Time
LDPE Low Density Polyethylene
O&M Operation and Maintenance
PBs Photobioreactors

PE Polyethylene

PPCPs Pharmaceutical and Personal Care Products
PTFE Polytetrafluoroethylene

TN Total Nitrogen

TP Total Phosphorus

WCC-PBs Water-Circulating Column PBs

Notations
[: average total specific growth rate, /h
uL: volumetric growth rate, mg/L.d

ux: algal growth rate, /d



ux: the algal specific growth rate, d”!

ua: cell decay rate, L/h.g

Vre: Fe uptake rate, gre/g dry weight.min

v maximum Fe uptake rate, gr/g dry weight.min

p: biomass growth kinetic, /d

Cre(imny: total mass concentration of Fe(IIl) in bulk phase, mg Fe/L
Kre: half saturation constant of Fe, mg Fe/L

qre: Fe cell quota, gr./g biomass

FeX: maximum Fe cell quota which iron uptake is stopped, gre/g biomass

min. minimum Fe cell quota which growth is inhibited, gre/g biomass
A and B: pre-exponential coefficients, /h
AC: Carbon assimilated by algae, mg/L
Adsorbme,araij: Adsorption of metal j to microalgae species |
ALG:: microalgae concentration for species 1
AN: Nitrogen assimilated by algae, mg/L
AP: Phosphorus assimilated by algae, mg/L
AR;: metal-specific adsorption rate, h'!
b: activation energy dependant constant
C: Cuconcentration, mg/L
C.: average carbon content, g carbon/ g dry cell weight
Ceri: critical Cu concentration, g/L
DIC: Dissolved Inorganic Carbon, mg/L
DIN: Dissolved Inorganic Nitrogen, mg/L

DIP: Dissolved Inorganic Phosphorus, mg/L

Eab: activation energy for cell growth, kJ/mol



I: local light intensity, pmol/m?.s

Ii: Irradiance in reactor I, mol/m?.d

Kc: inhibition constant, g/L

Kqd: biomass loss rate, /d

Ki: Cu (II) inhibition constant, g/L

Kq: normalised minimum N quota for cell growth, unitless
ks: light saturation terms for cell growth, umol/m”.s

Ks: Monod constant, g/L.

m: empirical constant value

Mco2 and Mc: molecular weights of CO; and C

Metal ALG;j: Adsorbed metal complex for microalgae species i
Metalrj: Free-metal concentration for metal species and metal-microalgae complex ji (i =
microalgae species, | = metal), pg/L

p: case-by-case value

Pi: internal substrate cell quota in reactor i

Pumin: minimum biomass concentration, g/L

Q: influent volumetric flow rate, m*/d

q: normalised N quota, unitless

r: NO3™ uptake rate, mg/L.d

'max: maximum NOj3™ uptake rate, mg/L.d

Si: dissolved substrate concentration in reactor 1, g/L

T: temperature, °C

TC: Total Carbon, mg/L

Th: biofilm thickness, um

TN: Total Nitrogen, mg/L



TP: Total Phosphorus, mg/L

Vi: volume of PB number I, m*

X: biomass concentration, g/L

Xi: biomass concentration in reactor number 1, g/L.
Yc: yield coefficient for total carbon, (gc gx ')

Ynp: N,P nutrient yield coefficient, (gi biomass ')



1. Introduction

Algae are one of the most commonly known living organisms with multi-benefits received
such as feedstock for biofuel production, tool of pollutant remediation and a rich source of
pigment. For this reason, it has led to increasing demand for algae biomass in recent years.
However, the natural environment (e.g. ponds, lakes) is unable to produce sufficient amounts
of algae biomass. Therefore, man-made algae cultivation systems are being developed to
expand the algae biomass yield. To this end, common algae cultivation systems can be

classified as open and closed systems [1].

In the open systems, mono-algae culture is not fully secured. The purity of culture is difficult
to control due to the invasion of other species. The operating conditions (e.g. pH, temperature,
light intensity) fluctuate wildly and consequently, affect biomass yield [2-4]. For this reason,

closed systems, like photobioreactors (PBs), are feasible options to tackle these drawbacks.

The first prototypes of PBs were initiated in the 1950s; later on, PBs were industrialized in
food production. The application of PBs in pollutants treatment was begun at Carnegie Institute
at Washington in 1953, employing in CO; sequestration [5]. PBs use robust and efficient algae
cultivation techniques, and they create artificial environments which provide all essential
conditions (e.g. light, temperature, nutrients and mixing) for algae growth. Those operating
conditions are controlled and monitored [6]. PBs’ designs and operations are particularly
appropriate for microalgae cultivation. Microalgae growth is fast, constant and predictable.
Currently, there are various types of microalgae-based PBs in terms of configurations,
manufacturing materials and operation modes. The most common configurations for
microalgae-based PBs are flat plate, column and tubular [1, 6, 7]. Later on, new versions
namely soft-frame and hybrid PBs have been introduced and upgraded their flexibility and

efficacies to higher level [8-10].



In this regard, each microalgae-based PB type has its own advantages and drawbacks, in terms
of operation, biomass yield, pollutants removal efficiency and level of upscaling [11-13]. The
configurations are renovated continuously to optimize biomass yield, improve efficiency in
removing contaminants and reduce cost and space dominance [10, 14]. This has been shown
in experiment works, coupling the validation of modelling softwares. The modelling
approaches also apply multiple theories and principles which generate different outcomes [7,
15, 16]. Herein, the questions were raised about which types of PBs are preferred and what
criteria are considered to compare these PBs. In addition, there is controversial whether or not
PBs are suitable for pollutants treatment [5]. The future development and upscaling of PBs in
a sustainable approach also gains much concern. Previously, there have been a number of
review studies on microalgae-based PBs and they focused on the fragmental issues such as
modelling [7, 17], biomass yield [3], PBs design [18, 19] and green development [20]. Thus,
the nexus of PBs’ configurations, modellings, biomass yields, relevant operating conditions

and pollutants removal efficacies is unclear and it is re-organized in this study as in Fig. 1.

[Insert Figure 1]

Furthermore, some knowledge gaps related to microalgae-based PBs are highlighted as below:

e Different and conflicted results from PBs models are not clearly explained.

e The data of soft-frame and hybrid PBs has not been reviewed and verified with other
PBs types.

e The efficiency of microalgae cultivation and control defined by PBs types are not well
compared and interpreted.

e Lack of comparison amongst PBs types in terms of pollutants removal efficiency while
PPCPs removal’s knowledge is not progressed adequately.

e The collocation of PBs and building in sustainable concept are not up-to-date.



Thus, a good systematic understanding of PBs is essential to be made for elucidatting the
mentioned knowledge gaps. More to the points, the corresponded objectives of this paper are
to: (1) describe the modelling approaches and differentiate the outcomes; (2) review and update
the novel technical issues of PBs’ types; (3) study microalgae growth and control of different
PBs; (4) examine and compare the efficiencies of contaminants removal given by PBs’ types;

and (5) progress the future perspectives of PBs.

2. Advances in photobioreactors’ modelling

Microalgae-based PBs consist of multi-complicated biochemical processes (Fig. 2) in which
photosynthesis and respiration are the two decisive ones. These processes establish a strong
background for constructing any models. Algae cells in the models are comply to some
assumptions including: (i) biomass with formula of CiosH2630110N16P, (i1) inorganic carbon,
(111) inorganic nitrogen, (iv) oxygen and (v) chlorophyll [21]. In PBs’ bulk liquid, the inorganic
N and P, dissolved inorganic C and dissolved organic C were involved as critical nutrients
sources with additional presence of heavy metals and pharmaceutical and personal care
products (PPCPs). The effect of environmental factors such as light intensity and temperature
is also important to microalgae-based PBs’ modelling works. Thus, this section reviews the

microalgae growth and pollutants removal dynamic with reference to the mentioned factors.

[Insert Figure 2]

2.1 Modelling of microalgae growth dynamic

The high microalgae growth dynamics and biomass yield in PBs are basic and fundamental
expected outcomes. Many researchers have been attempting to control these matters via
modelling, however, a variety of approaches has been employed [7]. A couple of models have
been translated from theoretical processes in Fig. 2 to stimulate the microalgae growth

dynamic.



To begin with, Monod model is a classical method used for estimating microorganism growth,
including microalgae. For instance, Lee et al. [22] composed a guideline to maximize biomass
productivity for outdoor PBs (e.g. open pond, vertical flat plate and horizontal tubular types)
via the Monod model (Eq. 1). The biomass productivity corresponded to the ratio of initial
microalgae concentration (X,) and illuminated the surface area per unit volume (a). This
delivered an optimal biomass yield of 0.045 kg/m?.d at Xo/a = 0.035 kg/m? [22]. Noticeably,
the experimental data and simulation well confirmed the results in both analyses [15, 22]. Al
Ketife et al. [15] employed a modified Monod model (Eq. 2) for assessing the effect of initial
nutrient concentration on biomass yield of Chlorella vulgaris. However, Al Ketife et al. [15]
admitted that a better understanding was required with reference to operating conditions,
reactor configurations, algal trains and scale-up. Meanwhile, Lee et al. [22] confirmed their

outcomes complied with various micro-organism species and PB types.

Subsequently, Zhang et al. [16] applied the Droop model (Eq. 3) and the Luedeking—Piret
model (Eq. 4), and concluded that the attached cultivation process achieved more biomass yield
than suspended one. This finding was based on higher light attenuation of the suspended
process due to microalgae absorption. The illumination in the suspended process reduced 71%
and affected half of the reactor [16]. For the attached cultivation process, biofilm formation on
media was considered an indicator for microalgae biomass development. The produced
biomass was observed as creating a layer on media; however, there is no in-depth and
quantitative study being conducted. Thus, the biofilm thickness of the attached growing process
was later on simulated by Das et al. [23] (Eq. 5). From the basic self-deprived model, it was
further developed to be applicable in both continuously operating circular and rectangular flat
plate PBs [23]. The biofilm thickness ranged from 11.52 to 55.7 pm coupling malic acid
concentration of 1 to 10 g/L as nutrient and its thickness became stable after 40 h if no nutrient

replenish was given accordingly [23].



In large-scale application, microalgae biomass in series PBs was modelled via modified Droop
model [24]. In detail, it was involved the biomass’ internal substrate consumption and, thus,
fitted in the series-type PBs’ simulation (Eq. 6) [24]. Likewise, PhotoBioLib - a data library in
Modelica software - was also managed by Perez-Castro et al. [25] to simulate large-scale PBs.

The calculation methods of biomass yield are summarized in Table 1.

[Insert Table 1]

Generally, these modellings were observed at their own levels of accuracy and they were
improved continuously for a higher scientific demand. It can be seen that Monod kinetic was
the most traditional method, relying on average growth rate only. From its original form, there
were a couple of modified versions being introduced. For example, the biomass loss rate was
considered in the calculation of Eq. 2, improving its certainty to a higher step. On the other
hand, the maximum specific growth rate (lmax) of Monod model was also considered as a
function of environmental factors (e.g., temperature and light intensity) in Eq. 7 [26].
Nevertheless, Monod model possessed a shortcoming whilst it only matched with proportional
relationship of nutrients uptake and microalgae growth. Likewise, Monod model was reported
to be failed elsewhere since it ignored the stored nutrients in microalgae cells [27]. The Droop
model and Luedeking—Piret model involved temperature, light intensity and nutrient
concentration additionally (Fig. 3). In the case that nutrients were completely consumed but
algae biomass yield still enhanced extensively known as internal substrate consumption and it
was failed with Monod model, modified Droop model could give a proper assist and fixed it

[21].

[Insert Figure 3]

Apart from the biomass yield model, the photosynthesis process of microalgae was also studied

in-depth. Garcia-Camacho et al. [28] improved the mechanistic model of microalgae
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photosynthesis considering photoacclimation dynamics compared to their own previous
version [29] that based on the Michaelis-Menten formular of enzyme formation. In details, the
disappearance rate, photoinhibition and damaged repair of photosynthetic units were included
extensively. Brindley et al. [30] confirmed the accuracy of the photosynthesis dynamic model

proposed by Garcia-Camacho et al. [28].

The influence of illumination patterns in PBs has increasingly attracted researchers’ interest.
Light is a key factor determining biomass yield and consequently, optimizing light received by
microalgae is a challenging task. Murphy and Berberoglu [31] examined the photosynthetic
rate of microalgae species (e.g. Chlamydomonas reinhardtii and tlal) via modelling tools. The
empirical model was firstly constructed from experimental data to achieve a specific
photosynthetic rate under local irradiance. Subsequently, the prediction of local and total
photosynthetic rates, applying radiative transfer equation, was undertaken. The outcome
reported that sunlight irradiance of 400 W/m? could increase biomass productivity by
approximately 30% [31]. Kong and Vigil [32] insisted that one dimensional model could not
calculate light intensity distribution. Therefore, two and three dimensional models, based on
Mie theory, were built to observe light scattering and absorption by microalgae. Furthermore,
light is known to generate heat and encourage microalgae growth. Jiménez-Gonzalez et al. [33]
analyzed heat balance in the inner illumination PBs by applying the grey-box model. However,
this model may have to deal with noise disturbance [33]. Fuente et al. [34] successfully
emulated light attenuation for industrial-scale application. The wild type and olive strains of
Synechocytis sp. PCC 6803 were used in flat plate PBs under red, white, blue and green LED
light. LED offered polychromatic light source, compared to monochromatic one of fluorescent
light [34]. Although this was conducted in flat plate PBs, it could be adjusted to suit any types

of PBs, illumination spectrums and designs [34].
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Regarding the hydrodynamic conditions, they were employed to assess microalgae growth in
multiple approaches. Marshall and Sala [35] used the stochastic Lagrangian model to predict
microalgae growth via turbulence mode. Microalgae growth was found to increase with
Reynolds number but it was subsequently stable beyond the Reynolds number threshold of
9x10*[35]. The difference between the experimental data and computational calculation was
10% [35]. Furthermore, the calculated biomass yield by the Eulerian model was less than that
managed by the Lagrangian method [36]. However, the Lagrangian model remained the limit
in particles tracking, so that the discrepancy between experiment and simulation results
happened [36]. Besides, the nutrient limit occurring in the experiments, but it was not

considered in simulation works, was another cause of the different results [36].

Fernandez et al. [37] predicted the impact of biomass yield would result in a changing pH
gradient, dissolved oxygen (DO), photosynthesis rate and dissolved CO; in tubular TBs. For
example, the photosynthesis rate was maximized corresponding to biomass yield from 0.2 to 2
g/L thanks to the insignificant mutual shading effect of microalgae cells [37]. This result is
highly applicable in practice. Similarly, this model could be modified for modelling other types
of PBs [37]. More comprehensively, Shriwastav et al. [38] completed a microalgae-growth-
predicting model with 37 parameters. Their work extends to the synergistic effect of bacteria
and microalgae in PBs.

Some researchers understand the difference between the laboratory and natural environments
as these can lead to variations in biomass yield results. Hence, it is important to tackle this
issue. Lucker et al. [39] revealed the drawbacks of the ideally cultivated environments in
laboratories which ignored microalgae species’ biological responses to real environmental
conditions. Consequently, the growth dynamics of microalgae were underestimated. The
environmental PBs simulated real illumination patterns, which directly corresponds to water

depth and other key factors (e.g. light, temperature, CO2, nutrient, oxygen and mixing) [39].
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Huesemann et al. [40] also simulated an outdoor open pond employing laboratory PBs to
measure biomass productivity. There is a noticeable difference between laboratory and outdoor
environments when it comes to biomass analysis methods, mixing conditions and light source
(LED light in laboratory and sunlight in the outdoor context). For instance, the biomass
productivity of Chlorella sorokiniana was lower 6.6 to 11.3% compared to outdoor conditions;

however, it is higher 9.2% in the case of Nannochloropsis salina [40].

Overall, these modelling researches focus on estimating biomass yield, studying the effect of

illumination patterns and temperature. Succinctly, some remarks are drawn as follow:

X/

« Any biomass yield estimations are recommended to include two important parameters,
encompassing temperature and light intensity.

¢ Specifically, whether suspended or attached the cultivation process attained a higher
biomass yield but still proved to be controversial. It is likely suspended process received
less illumination due to mutual shading effect of microalgae cells.

¢ There is also a significant difference between the laboratory and natural environmental
conditions, resulting in variations or deviations in calculated biomass yield. Practically,
the modelling results advised that biomass concentration being from 0.2 to 2 g/L
received more advances in the operation processes.

+¢ The shortcomings of Monod model possesses in temperature, light intensity and
internal substrate utilization by microalgae have been curtailed by the Droop,
Luedeking—Piret and modified Droop models.

¢ The increase of microalgae biomass yield was strongly determined by photosynthesis

efficiency. More to the point, to have the photosynthesis process accurately simulated,

the disappearance rate, photoinhibition and damaged repair of photosynthetic units

should be included in the models.

13



2.2 Modelling of pollutant removal dynamics

Besides the microalgae growth dynamics, Shriwastav et al. [21] further modelled C, N and P
assimilation in PBs (Eq. 8-10). Their research adopted three concepts, namely: general,
biological-focusing coupling previous literature and biological-focusing without literature.
Light intensity and temperature were the most important operational parameters. Accordingly,
an increase in temperature of 10°C had more effect, in terms of both biomass yield and
pollutants removal efficiency, than enhancing light intensity of 10 times [21]. Nevertheless,
each microalga has a different optimal temperature range. For example, Fucus vesiculosus
suffered from severe effects of high temperatures (above 26°C) [41], whereas Chaetomorpha
sp. could survive with temperatures between 20.1 - 40.9°C [42]. This study processed with
only C. vulgaris and C. reinhardtii and temperature was from 20 to 30°C [21]. Thus, the
comprehensive data of optimal temperature range should be constructed to prevent improper
operation and control of microalgae in PBs that would render low pollutants removal
efficiency. With regard to pollutant removal, the outcomes of P removal modelling received a
notice given that the dissolved inorganic phosphorus (DIP) was almost unchanged at 15 mg/L
after 5 d [21]. It is likely that microalgae-based PBs removed P inefficiently. This model was
constructed with maximum P uptake rate of 0.08 mg P/mg biomass.d [21]. In a latter study, the
addition of bacteria in microalgae-based PBs could enhance P removal efficiency to 100% of
initial concentration of 6.53 mg/L in 3 d [38]. The applied maximum P uptake rate of bacteria
in the updated model was 0.4 mg P/mg biomass.d which was five-fold higher than microalgae
uptake rate [38]. Hence it was seen that the P assimilation was significantly contributed by
bacterial consortium. The capability of N assimilation by algae and bacterial were quite similar
with 0.6 and 0.9 mg N/mg biomass.d [38]. This outcome was useful for the treatment of high-
P-concentration wastewater in which the PBs could be managed in such a way that bacteria

community to be dominant. However, this PB was advised to operate with the balance of
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bacteria and microalgae concentrations in PBs to maintain proper DO levels [38]. The
dominance of bacteria community would reduce DO concentration and convert the system to
anaerobic process [38]. Thus, in compliance with extensive simulation, the wastewater sources
with low BODs level and high nutrient concentration were recommended for this bacteria-
microalgae concept provided that the effluent of secondary treatment of sewage wastewater

was an alternative option [38].

In another study, Al Ketife et al. [15] programmed C, N, P removal efficiency (Eq. 11&12).
The C source was from CO» while it was from dissolved organic compounds and CO» in the
study of Shriwastav et al. [21]. Compared to Shriwastav et al. [21], the P removal dynamic was
significantly higher in which microalgae could eliminate 90% of initial concentration of 4 to 6
mg P/L within 10 d. This can be explained by higher biomass concentration of 200-500 mg/L
whilst Shriwastav et al. [21] achieved biomass yield less than 120 mg/L. Furthermore, the P
yield efficiency in this study was 2.4 mg/g biomass that indicated a more dynamic assimilation
rate of microalgae [15]. Notably, both studies built up the model with similar microalgae of C.

vulgaris [15, 21].

With reference to CO» biofixation, the most common model was as in Eq. 13 and widely used
by many authors [43-45]. It can be seen that CO; fixation rate in this model was proportional
to the volumetric growth rate of microalgae and it was also dependable on the chosen C.
parameter’s value (carbon content) amongst authors. For instance, Singh Khichi et al. [43]
simulated the model with C. of 0.63 g C/g biomass, whereas it was gone through of 0.48 g C/g
biomass by Vo et al. [45] and Jacob-Lopes et al. [44]. Later on, this model was exploited in-
depth by considering the correlation of carbonate chemistry and microalgae photosynthesis
(Eq. 14) [46]. Critically, the author divided photosynthesis activity into three sections per day

(morning, afternoon and evening) adapting to the different photosynthesis rates happened per
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section [46]. This model also engaged the influence of pH and DO which was not in the
previous one. Nevertheless, the author pinpointed the drawback of this model in which the
assumption on photosynthesis rate was made once it was a function of inorganic carbon
concentration; however, it was also potentially affected by cell density and light attenuation
[46]. Alternatively, this could be handled by insightfully incorporating the relationship of light
intensity and photosynthesis. Thus, this model would be useful in large-scale application. This
model also applied to C vulgaris only but it built a strong background for extensively involving
other microalgae species. More to the point, the model was constructed on per physical and
chemical processes rather than the characteristic of microalgae so as the application to other

microalgae types would be possible.

For the modelling of heavy metal assimilation in microalgae-based PBs, it has been reported
by some authors given that these works are still limited in literature [27, 47, 48]. Typically,
Concas et al. [27] developed an empirical formula to estimate Fe uptake rate by microalgae
from Liebig’s law (Eq. 15). This model well described the driven dynamic between internal
iron concentration in microalgae cell and surrounded environment. According to the model,
the internal iron source (0.0018 g Fe/g biomass) could help microalgae biomass survived and
developed to 320 mg/L after 20 d even if no external Fe was supplied [27]. Similarly, the
extended simulation was done by Richards and Mullins [49] who comprehensively studied the
consumption of Fe, Mn, Ba, Ce, La by four types of microalgae encompassing Nanochloropsis,
Pavlova lutheri, Tetraselmis chuii and Chaetoceros muelleri (Eq. 16). Unlike Concas et al. [27]
who relied on previous theory, this study was a self-calibrated model. However, the remaining
drawback was that none of these above models clearly addressed and quantified heavy metals

adsorption and assimilation by microalgae-based PBs.
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It is well known that N can be substantially consumed by microalgae as a vital source for cell
built up. Amongst sources of N, NH4" is assimilated preferably than NO3™ because redox
reaction will not happened with NH4"; thus, energy for biochemical reaction is reserved [50].
The consumption of these N sources was stated to be interfered by presence of metal ions [48].
Three bio-kinetic models were operated to evaluate the effect of Cu (II) on the NOs™ utilization,
consisting of modified Han-Levenspiel (Eq. 17), non-competitive inhibition (Eq. 18) and
Andrews model (Eq. 19) [48]. Consequently, Nostoc muscorum was concluded as a promising

microalgae for Cu removal with presented concentration up to 30 mg/L [48].

The summaries of pollutants assimilation models are illustrated in Table 2.

[Insert Table 2]

To this end, the following notices are highlighted related to the modellings of pollutants

removal in PBs:

¢ The efficacies of P removal in PBs were still conflicted amongst authors. The different P
consumption rates of applied algae between models were a reason.

« Lack of modelling researches at large-scale level and other pollutants assimilation (e.g.,
heavy metal and PPCPs).

« The validation of practical experiments and simulations may happen potential deviation. In
the experimental part, the authors calculated the removal efficiencies through the differences
of pollutants” concentrations in the influent and effluent of the bulk liquid. Most of the cases,
the control experiments were missing. The quantification of pollutants assimilation by
microalgae was important since other processes, such as adsorption, precipitation,
hydrolysis and photolysis, might involve in the overall removal efficacies. On the other
hand, the modelling method was established based on the pollutants assimilation kinetics by

microalgae. Thus, the discrepancy of two platforms between practical experiments and
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modelling works overestimated the actual capacity of microalgae. To tackle this, we
recommend the experimental works should directly hand on the quantification of pollutants
accumulation in microalgae cell. This can be conducted by using X-ray Powder Diffraction,
Energy-dispersive X-ray for the case of C, N and P; or applying Solid Phase Extraction for

heavy metals and PPCPs.

3. Advances in photobioreactors’ designs and pollutants removal applications

In this section, the novel design approaches and process optimization techniques of PBs are
described. The most popular types include tubular, flat plate, column and soft-frame PBs and
some modified, hybrid systems (Fig. 4). Additionally, the efficiencies of microalgae growth
and pollutants removal, being benefited from these novel designs and optimizations, are
reviewed.

[Insert Figure 4]

3.1 Flat plate photobioreactors

Flat plate PBs consist of flat surface media which microalgae can attach to and develop. These
types of PBs have many distinct advantages determined by the highly illuminated
surface:volume ratio [51, 52]. A flat plate PB has minimal mechanical requirements and
consumes not much energy [2, 53]. Also, increased biomass yield is achieved while the
problems of biomass clogging, sedimentation or leakage are curtailed [6]. The effort to improve

flat plate PBs’ performance has been conducted over many years.

3.1.1 Innovations of configurations and operations

Regarding the modifications of configurations, Jung et al. [51] suggested the ultra-compact
PBs to tackle unequal light distribution by using the stacked layers of slab waveguides with
embedded light scatterers. The cultivation efficiency of 10-layer flat plate PBs was enhanced

and biomass productivity improved 8-fold [51]. Similarly, the twin-layer porous sheet was
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applied to augment biomass yield [54]. The porous between two layers allowed microalgae
growth and minimized the detachment of microalgae to cultured media [54]. The isolated
microalgae biomass also received more illumination and less opportunity exposing to
unexpected contaminants and bacteria [54]. Ozkan et al. [55] also developed a biofilm attached
surface by a 8 mm thick concrete layer lying on a wood supported plate and the designed
cultivation area was 0.275 m?. In another study, Sun et al. [52] integrated hollow polymethyl
methacrylate tubes in flat plate PBs. The aluminum-coated polyethylene terephthalate was
covered inner the tubes, aiming at forwarding the light transmittance to the dead zone of
reactor, and doing so improved illumination in the interior zone by 2-6.5 times and biomass
yield by 23.42% [52]. Likewise, Sforza et al. [56] enhanced photoconversion efficiency via
photovoltaic panels in flat plate PBs given that the photovoltaic panels were placed in the

middle of the reactor.

The local conditions also exerted an influence on flat plate PBs’ performance. There are
matrices of operating conditions in flat plate PBs (e.g. light path, panel orientation, panel
distance, microalgae species, temperature), and the process of optimization is conducted to
maximize biomass yield and reduce energy consumption. As such, Slegers et al. [57] proved
that shade existing between panels had a negative effect which in turn reduced the penetration
of light. The ideal distance between panels was 0.2 to 0.4 m [57]. Also, the north-south panel
orientations produced 50% higher biomass yield than east-west orientation, especially in the

high latitudes areas [57].

For operating conditions, Sierra et al. [2] examined the correlation of dissolved gas, heat
transfer, mass transfer and mixing to aeration rates in flat plate PBs. The power supply of DO
equipment was 53 W/m? which was similar to the bubble column PBs and less than the tubular

unit of 2000-3000 W/m? [2]. Mixing time was less than 200 seconds which was 60 seconds
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faster than bubble column PBs, and from 1 to 10 hours in the tubular PBs [2]. However,
research implied the drawback increased the possibility of microalgae cells damage by aeration.
Guo et al. [53] studied the effect of superficial gas velocity, top clearance on gas holdup liquid
circulation speed, mixing time and mass transfer efficiency in airlift loop PBs. Consequently,
the energy consumption was saved 16.3% [53]. Furthermore, the empirical model evidence
suggested control and upscaling of the reactors. de Mooij et al. [58] proposed minimizing light
absorption because over-illumination was unnecessary for generating biochemical energy.
Thus, different light spectra in the form of various light colours were applied. The warm white
and yellow light were witnessed the highest productivity which apparently doubled the

productivity of blue light colour [58].

Not only were hands-on experimental studies undertaken; appropriate software was applied to
support the research efforts. For example, Massart et al. [59] applied the Computational Fluid
Dynamics model in flat panel airlift PBs to estimate optimal flowrate and maximize biomass
yield. Firstly, the configuration of the PBs was calculated by Gambit® software; subsequently,
simulation of the flow regime was carried out utilizing Fluent® software [59]. The optimal air

flowrate was 1.5 L/min while mixing time was 312 s [59].

3.1.2 Microalgae growth and control

In a previously-reported microalgae biofilm PB, Ozkan et al. [55] progressed that Botryococcus
braunii could generate significant biomass concentration, biomass productivity and lipid
content of 96.4 kg/m?, 0.71 g/m>.d and 26.8%, respectively. This biomass yield value was 35
times higher the any previous values in literature according to the authors [55]. Employing
different microalgae strain, Koller et al. [60] concluded the Scenedesmus ovalternus growth
reached its peak at 30°C, pH 8.0 and photo flux of 1300 pmol photons/m?.s in flat plate gas-lift

PBs. The maximum biomass and growth rates were 7.5 + 0.1 g/L and 0.11/h, respectively [60].
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Given that illumination pattern possessed certain effect on biomass yield, the yellow light was
explored producing the highest biomass yield (54 g/m?.d) while blue and red light achieved
almost half (29 g/m?2.d) [58]. Elsewhere, Pfaffinger et al. [61] increased biomass productivity
of Nannochloropsis salina and Nannochloropsis gaditana up to 10.4 and 14.8 g/m*d,
respectively, by optimizing LED illumination intensity. Finally, the adjustment of flow regime

maximized biomass productivity at 87 mg/L.d [59].

Besides, biogas (e.g. ethylene) was a promising product which was constantly produced in
stacked layers flat plate PBs (0.069 mg/L.h to 0.244 mg/L.h) [51]. This productivity was two

times higher than the conventional flat plate PBs [51].

3.1.3 Pollutants removal

Through the Twin-layer PBs, Shi et al. [54] reported that N and P were removed 70-99%, which
being 3 and 2 times, respectively, higher than the open pond system of Boelee et al. [62], in
terms of uptake rates. The concentrations of N and P in the effluent were below 1.3 and 1 mg/L,
respectively, and pleased the discharged standard of European Water Framework Directive. In
another study, the maximum N and P uptake rates were 1.0 and 0.13 g/m?.d, respectively [63].
This result, which used traditional biofilm reactor, was also lower than the Twin-layer PBs’
one. Regarding CO» removal, Martin-Girela et al. [64] enhanced CO, adsorption up to 0.125

umol COz/umol photons in flat plate PBs.

3.2 Column photobioreactors

Column PBs are constructed in vertical column configuration. The culture is aerated by air or
CO> gas for mixing, and to generate the suspended process. This type of PB has sufficient gas-
liquid mass transfer, biomass yield and light/dark cycle control features [2, 33, 65-67]. The
configuration of column PBs is simple in that they are designed by connecting modules and or

combined with other techniques, especially the membrane process [68].
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3.2.1 Innovations of configurations and operations

Provided that the change of PBs’ configuration could optimize the operating conditions, Pham
et al. [65] constructed column PBs in different shapes, including X-shape, H-shape and serial
column, to improve hydrodynamic fluid and gas liquid mass transfer coefficient. The X-shape
PB proved to be the best option, in terms of mixing time, gas liquid mass transfer coefficient,
shear stress and flow rate [65]. Its mixing time was 23s compared to 1215s of serial column
PB, whereas their gas-liquid mass transfer co-efficiencies were similar around 0.74 — 0.76 s°!
[65]. The X-shape PB encouraged the hydrodynamic conditions via its downcomer in the
middle column, coupling the lowest shear stress [65]. Similarly, Janoska et al. [66] initiated the
cultivation of microalgae in liquid foam to reduce harvesting and energy costs. Higher mass
transfer and a drop in pressure in the foam-bed PBs were noticeable [66]. However, the liquid
foam-bed can diminish illumination efficiency [66]. The current protein-based foaming agent
(Bovine Serum Albumin) performed promisingly at the operation time of 8 h; nevertheless, the

long-term operation required more stable agents [66].

In a broader context, Eltayeb et al. [69] proposed “Emerald Forest” microalgae-based PBs in a
large-scale operation, with a consideration of the energy crisis, climate change and affordable
housing. This was integrated with other technologies (e.g. wind farms, solar farms and power
plants) to promote sustainable communities. The seawater, solar radiation and CO; from
industrial activities were applied to microalgae cultivation. The PBs were designed to be
shaped like trees, the aim being to maximize volume usage, illuminate surface area and

decorate the landscape.

The illumination patterns and the light source position in column PBs are also considered to be
attractive alternative options. Not only adopting the examined effects of illumination intensity

[70], light was preferable when it was supplied from the internal zone [33, 67, 71, 72]. Hu and
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Sato [67] optimized internal illumination by proper arrangement of blue and red LED light.
The experimental data and modelling responded well. The distance of LED sources ranged
from 30 to 50 mm while the illumination irradiance could be 250, 420 and 1000 umol/m?.s
[67]. Importantly, the distance between LED sources was controlled and determined the
biomass yield. Murray et al. [71] applied the internal illumination in the form of a free-floating
wireless light source in submerged-light PBs. Subsequently, it achieved a biomass yield five-
fold larger than external illumination [71]. The internal illumination alleviated negative effects
of the dark zone and shade formation [71]. Pegallapati et al. [72] also achieved energy
consumption six times lower than literature, when looking at and proposing internal
illumination. Lépez-Rosales et al. [73] scaled up bubble column PBs. The biomass yield was
equivalent to laboratory-scale work while pH, temperature and air flow rate were maintained
at 8.5,21 + 1°C and 1.9 x 107> m/s, respectively [73]. This is the very first upscaling of bubble
column PB to 80 L, equipped with LED. Ozkan and Rorrer [70] investigated the effect of light
distribution on lipid and chitin nanofiber formation. Under the linear (70 pE/m®.s) and
saturation (370 pE/m?.s) lighting concepts, lipid production was directly proportional to silicon
uptake, coupled with the increase of biomass being achieved and corresponding to the increase

in light intensity [70].

Besides, operating conditions (e.g. temperature, mixing) are important in column PBs. Serra-
Maia et al. [ 74] confirmed temperature ranging from 18 to 25°C did not seriously affect specific
growth rate but a temperature above 25°C did. The concept was applicable to chlorophyll
pigment generation. Yang et al. [75] improved solution velocity in water-circulating column
PBs (WCC-PBs) by water pump, the purpose being to reduce the use of energy. This decreased
bubble generation time (31.1%) and mixing time (0.4%) occurred through the reduction of
aerator and solution surface [75]. Compared to air-lifting column PBs, the WCC-PBs saved

21% energy consumption; however, biomass growth rate also fell by 12.7% [75]. Cheirsilp et
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al. [76] applied repeated batch mode method in fluidized bed PBs which enhanced biomass and
lipid production 2.66-fold and 1.41-fold, respectively. This suggests that operation cost could

be reduced since no re-preparation process was required.

3.2.2 Microalgae growth and control

Lipid in microalgae is a desired product of the cultivation process. Hence, a number of related
researches have been done to optimize lipid yield. For example, Ozkan and Rorrer [77] studied
the influence of inlet CO; on phototrophic yield of biomass, lipid and chitin of Cyclotella sp.
Consequently, lipid yield was found to increase proportionally with partial CO: pressure inlet
until 3000 ppm [77]. Conversely, the chitin product was detected in a constrained silicon state
and was not determined by partial CO, pressure [77]. Pegallapati et al. [72] obtained sufficient
biomass yield in their experiment’s first stage of operation whilst in the second stage extended
lipid and fatty acid methyl ester production occurred. Tao et al. [78] applied fiber media in
microalgae biofilm airlift PBs to improve biomass yield. The media capacity was 32.9 mg/g
which led to a larger biomass yield (15.93 mg/L.d) being obtained, and lipid productivity (4.09

mg/L.d) better than that achieved in conventional PBs [78].

Regarding the effect of illumination pattern on biomass yield, Pavlik et al. [79] discovered that
C. vulgaris 395 could achieve biomass productivity up to 0.40 g/L.d at an illumination intensity
of 531 umol/m.s. In addition, Mohsenpour and Willoughby [80] compared the impact of light’s
colour on microalgae growth. Red colour illumination enhanced biomass yield the most
significantly in C. vulgaris and Gloeothece membranacea, their statistics being 1.49 - 1.92 and
2.27 g/L, respectively [80]. A green coloured light source favoured the chlorophyll content in
C. vulgaris while G. membranacea and depended less on light source and culture density [80].
Janoska et al. [66] achieved C. sorokiniana’s growth rate of 0.1/h which was lower than other

studies due to the unequal illumination in the foam bed. However, levels of P and sulfate ions
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in PBs do emerge as a concern. The threat of bacterial contamination on microalgae growth

was also reported [81].

With respect to the influence of nutrient conditions, Cabello et al. [82] concluded the
photosynthetic activity was lower in N-starving condition than the N-redundant one. The
highest biomass productivity of 0.78 g/L.d was predicted at the temperature of 35°C and

irradiance of 600 pmol/m?s [82].

3.2.3 Pollutants removal

The column PBs are regularly implemented in nutrients removal and various results were
reported consequently. Arias et al. [83] discovered that different nutrient ratio levels promoted
sophisticated micro-organism and microalgae communities in closed PBs. The total inorganic
N/inorganic P (21 mg N/L and 2 mg P/L), sufficient C supply and P volumetric load caused
the proliferation of cyanobacteria over a period lasting 234 days [83]. Lee et al. [84] insisted
carbon uptake was favoured under longer dark conditions while N and P consumption preferred
light conditions. More specifically, chemical oxygen demand (COD), total nitrogen (TN) and
total phosphorus (TP) were removed at 59-80%, 35-88% and 43-89%, respectively [84].
However, microalgae growth was restrained by nitrifying bacteria. Consequently, PBs in which
the nitrifying process was inhibited, achieved higher growth rate and chlorophyll content [85].
Zhang et al. [86] improved nutrients removal efficiency via microalgae and bacteria
consortium. The maximum COD, TN and TP removal efficiencies were 96.7%, 70.5% and
96.4%, respectively [86]. The granulation activity of bacteria was enhanced by green

microalgae and resisted with temperature fluctuation.

The carbon source for microalgae cultivation is not only wastewater, but was also derived from
CO; in ambient or polluted air of industrial activities [87]. Chen et al. [88] employed power

plant fuel gas to cultivate microalgae; subsequently it emerged that Spirulina platensis could
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uptake 2,234 kg CO; per year, which is equivalent to74 tons/ha.year. Furthermore, C. vulgaris
also consumed 80% CO; in airlift PBs [89]. In the similar concept, Jacob-Lopes et al. [90]
developed operational manuals to remove CO> in bubble column and airlift PBs. The air
circulation method was suitable for small-scale treatment while two-stage-sequential PBs
complied with industrial scale [90]. The removal efficiency and loading were beyond 52.5%

and 12.217 g carbon/m? reactor.d, respectively, dealing with inlet COz of 15% [90].

Regarding heavy metal, Arun et al. [48] observed complete removal of Cu (II); however, nitrate
uptake rate declined, resulting in the decrease of biomass yield. The maximum biomass yield
was 5.628 + 0.05 g/L without Cu (II) in the culture while it dropped to 2.51 £0.01 g/L with Cu
(IT) concentration of 30 mg/L [48]. The heavy metals biosorption of microalgae happened at
its speed from 15 to 30 minutes and reached equilibrium within 30 to 60 minutes [91]. The
living carbohydrate-enriched biomass of Arthrospira platensis removed Cu?" and Ni** more
efficient (30%) than dry carbohydrate-enriched biomass [91]. The higher intracellular
biosorption of living microalgae compared to the dry biomass was the responsible reason [91].
In another study, the dry biomass of C. vulgaris performed more distinctive than A. platensis
[92]. The equilibrium biosorption records of C. vulgaris, removing Ni**, Pb*" and Zn** were
0.499, 0.634 and 0.664 mmol/g, respectively; whereas they were 0.354, 0.495 and 0.508

mmol/g, respectively, in the case of A. platensis [92].

With reference to PPCPs, C. sorokiniana was demonstrated to be effective in salicylic acid and
paracetamol removal [93]. Through semicontinuous culture, 70% of those PPCPs has been
removed from its initial concentration of 25 mg/L [93]. In detail, salicylic acid were eliminated
2.3 times faster than that of paracetamol, being 4 and 1 d-!, respectively [93]. However, it has
been reported that those PPCPs could transformed into metabolites known with more

detrimental effect to human health and ecosystem. Thus, Ismail et al. [94] explored that p-
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paracetamol, a metabolite of paracetamol, were efficiently removed 94% coupling 4 d
hydraulic retention time (HRT) in a continuous illumination mode. Herein, the author insisted
that 3 d HRT and dark environment performed a poor removal of p-paracetamol in which COD
removal and toxicity test’s results were unsatisfactory [94]. In another study, diclofenac were
removed 99, 71 and 67% by Scenedesmus obliquus, C. vulgaris and C. sorokiniana,
respectively in a batch microalgae-based PB within 10 d [95]. Interestingly, those PPCPs
resulted in higher biomass growth rates of C. sorokiniana than the control experiment,
indicating the nutrients-benefit offered [93]. This could be explained thanks to the mixotrophic
characteristic of microalgae that both inorganic and organic carbon were well consumed for
cells built up [93]. Nevertheless, this was not elucidated in other studies [94, 95]. In turn, Ismail
et al. [94] and Escapa et al. [95] focused on the toxicity reduction and metabolites removal via

microalgae-based PBs.

3.3 Tubular photobioreactors

The configurations of tubular PBs are plentiful in terms of bent, horizontal, vertical and spiral
shapes. They are arranged as arrays/layers lying on or next to each other. These arrays/layers
are connected and mixing is done through pumps or airlift systems. Therefore, tubular PBs

have sufficient contact time for mass transfer.

3.3.1 Innovations of configurations and operations

Like other PB types, an attempt to re-configure tubular PBs was also carried out. As such,
Gomez-Pérez et al. [96] applied a wall turbulence promoter in tubular PBs to reduce mixing
energy consumption. The flow velocity from 0.1 to 0.3 m/s coupling inverse triangle shape,
and wall turbulence promoter saved 60-80% energy utilization as compared to conventional

PBs [96].
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Tubular PBs involve a number of operational parameters (e.g. tube arrangement, DO, nutrient
distribution, energy and illumination). Thus the optimization of these conditions is critical,

despite it being more complicated than other PB types.

Henrard et al. [97] operated a semicontinuous mode in vertical tubular PBs. These authors
insisted the proper combination of blend concentration (1.0 g/L), renewal rate of medium (30-
50%) and bicarbonate concentration (1.0 g/L) resulted in expected biomass yield [97]. This
result was ideal for industrial scale, fixing the drawback of high cost related to batch mode
operation. Slegers et al. [98] examined the contribution of reactor dimension, sunlight condition
and microalgae characteristics in horizontal and vertical tubular PBs. As a consequence,
vertical PBs enjoyed much higher productivity than horizontal ones, e.g. 70% compared to
25% [98]. Furthermore, geographical locations decided the efficiency of PBs. In the
Netherlands, distances between tubes were 0.05 and 0.25 m for horizontal and vertical systems,
respectively, while they were 0.2 and 0.15m in Algeria [98]. Slegers et al. [98] suggested that
having reflection material, bringing more illumination, on the ground could improve system
performance. Iluz and Abu-Ghosh [99] constructed a fluctuating illumination concept for use
in combined-light PBs. The biomass productivity increased by 55% while light-to-biomass

conversion efficiency improved and the fluctuating frequency was 60 Hz [99].

The disadvantage of tubular PBs is the considerable amount of power consumption due to
mixing of media in connected long continuous tubes, ranging from 100 to 500 W/m?> [1].
Alternatively, the twisted tubular PBs with swirl flow were proposed to reduce energy

consumption between 38% and 77% [100].

3.3.2 Microalgae growth and control
Regarding microalgae biomass yield in tubular PBs, there have been different outcomes in

relation with this matter. Concas et al. [ 101] studied the influence of dissolved N on autotrophic
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growth and lipid accumulation of C. sorokiniana. The maximum growth rate of 0.52 g/L and
lipid accumulation of 25 %wt were achieved through experimental data while the modelling
obtained similar outcomes [101]. da Silva et al. [102] confirmed the distinct performance of
horizontal PBs compared to open pond, shaken flask and helicoidal PBs. Specifically,
maximum biomass concentration of A. platensis was 8.44 + 0.13 g/L at a surface/volume ratio
of 1.94/cm [102]. In another effort, Binnal and Babu [103] stated optimal operating conditions
of pH, temperature, light intensity, photoperiod, CO2 concentration and aeration rate were 6.51,
28.63°C, 5.31 klux, 15.36:8.64h, 6.26% (v/v) and 2.92 Ipm, respectively, for Chlorella
protothecoides. In this scenario, the level of N starvation achieved lipid productivity of 274.15
mg/L.d which was 3.94 times higher than N surplus state [103]. This agreed with the findings
of other studies [104, 105]. Nonetheless, the carbon fixation rates were quite similar in both

conditions.

Saeid and Chojnacka [106] compared the performance of laboratory scale (0.5 m*) and outdoor
semi-technical scale (10 m?) units. The biomass yield of Spirulina maxima was achieved at
0.299 and 0.43/d in laboratory scale and semi-technical scale PBs, respectively [106]. The
difference in biomass yield stemmed from higher light intensity and temperature in outdoor

greenhouse scenarios.

3.3.3 Pollutants removal
Compared to other PBs type, tubular PBs implemented in pollutants removal were rarely

progressed in literature and the number of reported pollutants were also limited.

In a lab scale tubular PBs, Binnal and Babu [103] reported CO> fixation rate was maximized
to 273.66 mg/L.d under N starvation condition. Via response surface methodology, the optimal

operating conditions were determined including: pH of 6.51, temperature of 28.63°C, light
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intensity of 5.31 klux, photoperiod of 15.36:8.64 h, CO; concentration in air of 6.26% (v/v)

and aeration rate of 2.92 lpm [103].

For PPCPs treatment, Kang et al. [107] in their study employed periphyton PBs to eliminate
PPCPs. Bisphenol A was removed in significant amounts, ranging from 72% to 86.4% while
hydrochlorothiazide, ibuprofen, carbamazepine and gemfibrozil were moderately treated,
varying from 6.45% to 48.7% [107]. The authors concluded that microbial community
contributed more to PPCPs removal than microalgae biomass [107]. The periodic and low

irradiance illumination influenced the extent of PPCPs removal [107].

3.4 Soft-frame photobioreactors

Most PBs are made of hard materials and are fixed permanently throughout their operational
life. The soft-frame PBs are space-saving, flexible, foldable, and mobile. They are designed in
an array of configurations in either hanging on rack, floating on water or lying on the ground
(Fig. 5). The manufacturing material options also vary from ethylene vinyl acetate/low density
polyethylene (EVA/LDPE), and polyethylene to polytetrafluoroethylene (PTFE). Compared to
other PBs, the applications of soft-frame PBs are modest but increasingly becoming more

attractive recently.

[Insert Figure 5]

3.4.1 Innovations of configurations and operations

In a lab scale soft-frame PB, Hamano et al. [108] attached microalgae on cellulosic sheets or
on PTFE membrane sheets, then cultivated it in PBs. The nutrient was supplied via a capillary
mechanism through the cellulosic sheet; thus, no energy for mixing was required [108].
Unfortunately, constraints with the high PTFE material costs obstructed the commercialization
of this technology. In large-scale operations, Chemodanov et al. [8] integrated PE PBs into

building, using sunlight as a illumination source. However, the growth rates widely fluctuated
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for not clear reason. In a similar concept, Hom-Diaz et al. [109] and Garcia-Galén et al. [110]
constructed full scale soft-frame PBs made of PE for toilet wastewater and agricultural run-off
treatment, respectively. Notably, those PBs were originally called horizontal multi-tubular
PBs; however, they also could be categorized as soft-frame PBs thanks to their foldable and
soft material. Soft-frame PBs are promising and have much potential for industrial-scale
production. Nevertheless, there are some drawbacks, including insufficient illumination
efficiency, and the cost and longevity of materials. The inadequate mixing is another challenge

due to formation of a dead zone inside.

Referring to energy matter, Jones et al. [111] optimized energy consumption in EVA/LDPE
PBs. The surface aeration and rocking platform mixing methods were initiated to replace
sparging. The power input was minimized at 57.6 to 903.3 W/m® which did not disturb

microalgae growth [111].

3.4.2 Microalgae growth and control

In the wave PBs, Jones et al. [111] cultivated maximum biomass concentration of 2.25 g/L in
EVA/LDPE PBs. The wave PBs achieved a higher biomass yield than air sparging PBs.
Hamano et al. [108] recorded a biomass yield of 8-10 g/m?.d. Interestingly, Chemodanov et al.
[8] calculated maximum accumulated energy rates of Cladophora sp., Ulva compressa and
Ulva rigida in polyethylene PBs were 0.033, 0.081 and 0.029 Wh/L.d, respectively [8].
Schreiber et al. [112] cultivated microalgae in three types of commercial PBs assigned them in
hanging situation. The biomass yield ranged from 0.3 to 1.5 kg/m?® and this dominated 2/3 of
maximum growth rate at an irradiation intensity of 50 mol photons/m?.d [112]. These authors
noticed that robust modular-based PBs could augment both biomass yield and lipid
accumulation under N starvation conditions. As for microalgae growth this was obstructed due

to the shadow effect of surrounding buildings.
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3.4.3 Pollutants removal

Similar to tubular PBs, previous published literature in pollutants removal in soft-frame PBs is
modest. It is likely soft-frame PBs were recently favourable in culturing microalgae biomass
yield option, rather than pollutants treatment. In the full scale soft-frame PB, Hom-Diaz et al.
[109] reported that N-NH4", TP and COD from toilet wastewater were removed beyond 80%.
For PPCPs removal, substantial removal efficiencies of anti-inflammatory drugs (ibuprofen,
acetaminophen, salicylic acid, and codeine) (98%), diuretics hydrochlorothiazide (84%) and
furosemide (100%) were observed [109]. However, the antibiotics, such as azithromycin,
ciprofloxacin, ofloxacin and erythromycin) could be removed only 48% in this PBs [109]. The
major requirements of HRT were 8 days during period I and 12 days during period II [109]. In
a latter study, Parlad¢ et al. [113] reused the PBs system of Hom-Diaz et al. [109] to evaluate
17B-estradiol removal efficiency by microalgae-bacterial consortium. The author revealed that
17B-estradiol was completely removed in 12h; nevertheless, estrone is detected as metabolite

[113].

Garcia-Galan et al. [110] managed the full scale horizontal tubular PBs (7.2 m?®) with
agricultural run-off. This system was shown to be successful in removing N and P of 84-95 and
100%, respectively [110]. The contribution of environmental factors, especially solar
illumination, in outdoor condition was insisted since the biomass growth was recorded without
significant change of nutrients levels [110]. Thus, solar illumination was a reasonable explain
for the result. The full scale PBs of Garcia-Galan et al. [110] removed the synthetic musk
fragrances, such as tonalide and galaxolide, 73 and 68%, respectively, while anti-inflammatory

compound (e.g., diclofenac) was eliminated 61% after 4 months operation.
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3.5 Hybrid photobioreactors

3.5.1 Innovations of configurations and operations

Hybrid PBs are defined in this review as the combination and/or integration of the above-
mentioned four PBs or with other technologies (e.g., membrane process) resulting in PBs’
volume reduction, higher biomass yield and pollutants removal efficacy. The hybrid PBs were
developed by exploiting the prominent characteristics of traditional PBs [114]. Soman and
Shastri [9] combined the advantage of flat plate and tubular PBs, resulting in a novel design.
The tubular zone was operated in the cylindrical core of a rectangular tube while two
surrounding baffles were connected to the tube and served as a flat plate mechanism where the
flow came down [9]. This type has 7% larger surface to volume ratio and premium flow regime
[9]. The light/dark frequency was 0.14 Hz which was better than the conventional one [9]. This
may reduce operational and material costs for further upscaling activity. Provided that attached
cultivation process received more advantages than suspended one in biomass harvest, Xu et al.
[115] proposed a capillary-driven PB which the nutrients and water were fed via capillarity
into a polyester microfibers media. This PB consequently achieved biomass with higher
carbohydrates content but much lower protein; so it was stated to be applicable to biofuel

production [115].

Other innovative types of PBs were developed to reduce reactor size and maximize biomass
yield. These designs and technologies adapt to various geographical locations. Dogaris et al.
[14] developed floating horizontal PBs from plastic film in modular configuration. It included
two plastic films in the top and bottom surfaces of PBs which sealed each other and had two
air lift vertical units attached to them [14]. In other work, Pruvost et al. [116] aimed to achieve
high volumetric performance in thin-film (AlgoFilm©) PBs as done in the fermentation
3

process. The thin culture layer (1.5-2mm) provided an illumination area up to 500 m*m

created by an intensification mechanism [116]. Similarly, a light guide plate, modified with
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SiO2 chitosan medium, was integrated into the PBs to enhance biohydrogen gas production

[117].

Other authors combined the membrane process and PBs, terming them membrane PBs [118-
120]. For instance, Chang et al. [68] initiated ion-exchange membrane PBs which divided
wastewater sources and microalgae into separate chambers. The nutrients (e.g. N, P) permeated
through an ion exchange membrane into the microalgae chamber. This design alleviated the
negative impact of contaminants in wastewater on microalgae growth; however, the high cost
of ion exchange membrane was the main constraint in upscaling [68]. The technical problem
associated with membrane PBs was fouling [121-124]. Recently, membrane fouling has been
studied in-depth by researchers. For instance, the ceramic membrane operating at HRT of 6.5h
possessed more significant fouling rate compared to the HRT of 24 and 72h [123]. The fouling
of hollow fiber membrane was alleviated while combining microalgae and sludge bioreactor
[124]. The released O from algae photosynthesis reduced bacteria death, which in turn brought

benefit to membrane fouling.

With respect to large-scale application, a membrane PB consisted of flat plate PBs and hollow
fibre ultrafiltration membrane was done by Viruela et al. [125]. Also, a sequencing membrane

PBs treating secondary effluent wastewater was established by Sheng et al. [10].

3.5.2 Microalgae growth and control

In the afore-mentioned capillary-driven PB, the highest biomass yield per footprint area was
over 121.5 g/m?, and the highest biomass productivity was about 10 g/m?.d [115]. It can be
seen that the biomass productivity in this study was 14 times higher than that of Ozkan et al.

[55], given 0.71 g/m?.d.
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Referring to membrane PBs, Bilad et al. [126] maintained the proper microalgae concentration
in PBs by employing a membrane which could retain more than 50% biomass. This technology
could generate more biomass nine times larger than conventional units while also reducing
77% of water footprint [126]. In a floating horizontal PBs, Dogaris et al. [14] documented
biomass concentrations of 4.0 and 4.3 g/L in indoor and outdoor conditions, respectively. Gao
et al. [36] found biomass yield proportionally rose within certain mixing rate ranges. The equal
distribution of microalgae and gas bubble were the key factors. Pruvost et al. [116] obtained
biomass productivity of 7.07 kg/m>.d in thin-film solar PBs which was higher than in other

literature reports. Moreover, there was an increase in the production of biomass.

The lipid content of Phaeodactylum tricornutum in India reached 31% DW with biodiesel
productivity of 34,386 g/y [11]. Yet, the high irradiance of solar light might bring about light
inhibition which could damage microalgae cells. With reference to commercial PBs, Fuentes-
Griinewald et al. [127] evaluated Amphidinium carterae as a prominent candidate in closed
systems (indoor and outdoor conditions) and under semi-continuous mode. Furthermore,
pigment products (e.g. w3, w6 fatty acids, peridinin, f-carotene) indicated a revenue-rising

potential.

3.5.3 Pollutants removal

The utilization and combination of membrane and PBs technologies can considerably enhance
nutrients removal efficiency. These include an array of membrane types: biofilm, suspended
process, microfiltration, forward osmosis and ultrafiltration. In biofilm membrane PBs, TN
(82.5%) and TP (85.9%) in secondary effluent were removed; and these amounts were higher
than suspended growth membrane PBs [118]. The membrane PBs could retain microalgae,
leading to low suspended solid concentration (0.28 mg/L) in the effluent [118]. In another
study, Gao et al. [119] contended that hollow fiber microfiltration membrane PBs could remove

TN and TP at 86.1% and 82.7%, respectively, in aquaculture wastewater. The ammonia
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concentration in effluent was considerably low at 0.002 mg/L [119]. Later on, the operation of
this membrane PBs was optimized through the adjustment of HRT and biomass retention time,
being 2 days and 21.1 days, respectively [128]. The removal efficiencies of TN and TP were
improved to 81.4% and 90.8%, respectively [ 128]. The inlet N and P concentration in this study

were two-fold higher than the wastewater source of Gao et al. [119].

Regarding forward osmosis PBs, it could treat N and P at 86-99 and 100%, respectively, which
are higher amounts than microfiltration PBs of 48-97 and 46%, respectively [120]. Evidence
suggests that forward osmosis PBs consumed more than 3.5 to 4.5 times more energy than
microfiltration PBs [120]. Fu et al. [129] focused on adjusting nutrient supply rate in anion
exchange membrane PBs. The optimal inlet N and P supply rate was 19.0 mg N/L.d and 4.2
mg P/L.d, respectively, resulting in biomass concentration from 2.98 to 4.38 mg/L [129]. This
achievement was 129.2% higher than what could be done in conventional PBs [129]. Also,
organic/inorganic carbon and ammonium/nitrate (NH4'-N/NO3 -N) ratios could determine
nutrient removal efficiency [130], Podevin et al. [131] operated full-scale air-lift PBs coupling
wastewater ultrafiltration system and harvesting microfiltration system. Nutrients (e.g. HoPO4-
P and NH4"-N) were not detected after 4 days while COD decreased from 230 to 30.25 mg/L

[131].

Apart from membrane processes, Lee and Han [ 132] constructed integrated systems, including
anaerobic digestion, expended granular sludge bed and combined microbial-microalgae PBs,
to treat swine wastewater. The volatile solid and COD were removed at amounts of 99.3% and
99.7%, respectively [132]. The TN, NH4"-N and TP were efficiently treated at amounts of
98.8%, 98.4%, and 93.5%, respectively [132]. Furthermore, Lee and Han [132] qualified and
quantified the contribution of PBs in VS, COD, TN, NH4'-N and TP removal efficiency. The

recorded percentages were 0.4%, 6.0%, 27.3%, 32.6% and 11.8%, respectively [132]. Maza-
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Marquez et al. [133] treated olive washing water with tubular PBs, coupling the activated
carbon pre-treatment column. The contaminants, included phenols, COD, biochemical oxygen
demand (5 d), turbidity and colour. The amounts removed were 94.84 + 0.55%, 85.86 + 1.24%,
99.12 + 0.17%, 95.86 = 0.98 % and 87.24 £ 0.91%, respectively [133]. According to Binnal
and Babu [134], COD, TN and TP removal efficiencies were 78.03%, 100% and 100%,
respectively, in a hybrid system of column and tubular PBs. These removal efficiencies were
achieved at light intensity 6 klux, dark/light photoperiod 8h:16h, CO> concentration 6%,

temperature 25°C and aeration rate 3 lpm [134].

4. Comparisons of photobioreactors and discussions

It is clear that most authors initially optimized the operation of PBs to favour illumination
pattern, fluid dynamic and mass transfer processes. This resulted in maximizing biomass yield,
augmenting pollutants removal efficiency, reducing costs and saving energy. Furthermore, it
is evident that configurations were modified and combined with other technologies. Some
research work encompassed modelling and experiments for mutual validation. However, each

type of PB has its advantages and drawbacks which are summarized in Table 3.

[Insert Table 3]

In the effort to compare these PBs, Yadala and Cremaschi [11] studied the designs of tubular,
column and flat plate PBs. Through the modelling approach, horizontal tubular PB was the best
design with minimum costs. The proposed diameter and length of this reactor were 0.05 and
15.12 m, respectively [11]. However, these horizontal tubular PBs must couple with P.
tricornutum species and locate in Hyderabad (India), where the climate is favorable for
microalgae cultivation. Furthermore, Lopez et al. [12] experimented a comparison study of
tubular and bubble column PBs in outdoor conditions. Consequently, the tubular PBs received

illumination 2.5 times higher than bubble column PBs thanks to its higher illuminated surface
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and horizontal configuration [12]. Concerning biomass yield and productivity, the tubular PBs
perceived 7 g/L and 0.55 g/L.d, respectively; whereas bubble column PBs were observed 0.41
g/L and 0.12 g/L.d, respectively [12]. In this study, the energy balance analysis was necessary
for further comparison; nevertheless, it was not reported. In contrast, Miron et al. [13]
confirmed the more advance of bubble column PBs compared to horizontal tubular PBs via
experiments and engineering analysis. The reason was that bubble column suffered less
photoinhibition, and able to maintain sufficient illumination during low light intensity period
[13]. In addition, bubble column PBs was easy to scale up and offered homogenous microalgae
cultures. The horizontal tubular PBs were concluded to be impractical in large-scale and
commercial applications [13]. However, it was observed that horizontal tubular PBs have been

evidently applied in full scale in section 3.3.

With respect to hybrid PBs, there was no extensive comparison done between hybrid PBs and
other PBs types. Any comparisons made from fragmental studies would gain relative results
and may pose potential errors due to the discrepancies in operating conditions, applied
microalgae strain. Nevertheless, the membrane PBs as a particular sub-class of hybrid PBs
were elsewhere compared to membrane bioreactor [130, 135]. Succinctly, the integration of
membrane in PBs offered more opportunity to operate at higher dilution rate and minimize
wash-out problem given higher biomass productivity [135]. In the case of bubble column PBs,
illumination was provided to microalgae cells more sufficiently if PB’s size was reduced in
some extent. Alternatively, it could be done via the combination with membrane process. The
operation and maintenance (O&M) cost of membrane PBs was estimated at 0.113 $/m? that of
significantly lower than conventional technology (0.65-0.96 $/m?) [10]. It indicated a chance

for upscaling in space-limited places.

38



Overall, this review found flat plate PBs have the highest biomass concentration (7.5 - 96.4
g/L), followed by the column PBs with internal illumination pattern (19.78 g/L). The other
types of PB achieved biomass concentration at around 4 g/L (Table 4). It can be seen that the
reported biomass yield of flat plate PBs were 5 to 20 times higher than other types.
Nevertheless, it is difficult to conclude which type is the best due to the lack of uniform data
from biomass productivity. The biomass concentration in the study of Ozkan et al. [55] was
exceptionally high but the productivity was only 0.71 g/m?. Therefore, the impact of other
factors, such as specific microalgae strains, geographical conditions, operation efficiency,

energy consumption, and cost analysis must also be considered [18, 136, 137].

[Insert Table 4]

With reference to pollutants treatment, different microalgae strains require different levels of
nutrients and possess various contaminants removal efficiencies. Microalgae can also improve
the removal of contaminants from heavy metals, PPCPs. Thus, a prior screening of microalgae
species is important before cultivating them in PBs [138, 139]. Amongst microalgae species,
the C. vulgaris and Chlorella sp. were preferred to be applied in PBs which able to deal types
of pollutants (Table 5). The wastewater for microalgae cultivation stems from many sources,
for instance: domestic wastewater, livestock wastewater, industrial wastewater or secondary,
and/or tertiary effluent from wastewater treatment plants. Therefore, levels of inlet pollutants
concentration fluctuate accordingly. The maximum inlet respective COD, TN and TP
concentrations are recorded as 3700, 162 and 209 mg/l [140]. There is limited explanation
regarding the benefits of PBs’ configurations to pollutant removal efficiency [62, 85].
However, biomass yield, which directly receive those benefits from PBs, and levels of
pollutants removal possess a correlation. The PB’s configurations condition illumination,

temperature, hydrodynamic pattern; thus, microalgae consume pollutants extensively. The
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pollutants removal efficiency is enhanced consequently. Judging the efficiency of PBs based
on removal efficiency is not that accurate, the initial pollutants loading, operating conditions,

microalgae trains and climate conditions are recommended to accompany.

[Insert Table 5]

In this regards, wastewater treatment was employed preferably in open systems, such as high
rate algae ponds; whereas the closed systems (e.g. PBs) were more common in achieving the
valuable products (e.g. biofuels, pharmaceuticals) [5]. However, our review indicated that the
applications of PBs in wastewater treatment sector have been applied widespread and grown
up constantly. The removal efficiencies of TN, TP and COD in microalgae-based PBs
reportedly reached to 100%. The treatment of heavy metals and micro-pollutants by PBs is

promising although the number of studied heavy metals and PPCPs were still modest.

S. Future perspectives on the development of photobioreactors

Many innovative configurations have been researched such as multi-column, modular flat
plate, and hybrid systems [9, 51, 65, 68]. The high energy cost and adjustments made to the
local conditions (temperature, light and climate) are the main constraints. Alternatively,
Pruvost et al. [141] integrated vertical flat panel PBs into building’s facades in Nantes (France).
This approach helped to increase the illumination from solar and employed CO; emission from
building to cultivate microalgae. By applying thermal regulation process, total energy
consumption was saved 70% [141]. Unfortunately, the energy balance was still negative.
Chemodanov et al. [8] also integrated soft-frame PBs into buildings. This strategy has been
assisted by softwares [142]. Two types of flat panel and tubular PBs were assessed by
Geographic Information Systems for their energy production capacity. Subsequently, they were
integrated into a built environment and analysed for the energy balance via the Building

Information Model. However, no data was applied to validate the model. PBs can receive more

40



solar illumination via the assist of Green Solar Collector [143] or Dye-sensitized Solar Cells
[144], fixing the drawback of insufficient light in low latitude locations. These devices could
be operated at the higher fluctuation of sun’s angles and improved sunlight capturing efficiency
89% [143, 144]. Some researchers like Eltayeb et al. [69] and Lee and Han [132] have

developed PBs so that they are sustainable concepts and result in zero waste discharge.

The collocation of microalgae-based PBs and building emerges as new trend in green building
in the recent years. Amongst these configurations, flat plate PBs are the most common in

architecture and infrastructure designs (Fig. 6).

[Insert Figure 6]

To construct a PB-based building, the flat plate microalgae-based PBs were entirely collocated
in the building’s facade positions. By doing so, it would benefit microalgae growth with
adequate sunlight and temperature; and also creating shade for the interior of the building. In
addition, the PBs could retain the heat energy and returned it for building. Thus, these
approaches should be further investigated and refined, in order to obtain revenues from biomass
and by-products whilst contaminants are treated and reduced. The collocation of PBs and
constructions is the encouraging outlook of PBs which offers the following advantages:

¢ Wastes from other processes can be applied as inputs in PBs

¢+ Centralized the operation and control processes

R

s Cost cut-off by producing multiple products

% Retaining heat for internal building heating

As reported that the building encompassed multi-functions of bioenergy production, heating,
algae cultivation, it is a technical-sophisticated and perhaps a costly building. Another concern

is raised whether or not to construct this building in high latitude regions due to the effect of

low temperature to algae growth. Coming across those issues, this is an encouraging and
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pioneer green building with microalgae-based PBs. The criteria which are recommended for

the integration of PBs and buildings illustrated in Table 6.

[Insert Table 6]

The most serious issues are concerned with upscaling. While the performance of PBs is
promising in laboratory and pilot-scale contexts, industrial-scale PBs still requires much
research and development. Current research is being undertaken by institutes and small private
companies, so the large-scale systems are rare or limited in their functions. For instance, flat
plate PBs are integrated with plastic disposable bags PBs [1]. This particular system needs the
frequent replacement of bags due to leakage, fouling, and over-heating being serious problems
[1]. The high cost of microalgae harvesting, biofuel production and energy consumption for
mixing was another indirect reason for upscale activity [145, 146]. Furthermore, the large-scale
PBs require sufficient reactors’ volume and thickness of materials. Unfortunately, the oversize
reactor and thickness discourage light transmittance and mixing efficiency. As the design of
PBs further develops, coupled with the strong support of modelling tools the operating
conditions will function more efficiently. At present, there is limited specifically accepted
guideline for designing and constructing PBs. This process still in the trial and error stages. For
instance, the design manuals for upscaling of the flat plate and tubular PBs were developed
elsewhere [57, 98]. Fuente et al. [34] also developed illumination modelling that can be
upscaled. The modelling approaches were advised to apply, rather than experimental works, in
the case there were more than six considered variables. While mixing reactors for yeast and
bacteria growth have standard geometries, the control of microalgae culture continues to be
complicated [147]. The upscaling of PBs is promising as the environmental and energy friendly

strategies and being observed with a significant growth up in the upcoming years [148, 149].
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Referring to economic concern, the total cost of PBs decided by construction, maintenance and
operating expenditures. The average cost of vertical PBs was €30 at the scale of 500 m? [5],

illustrating in Table 7.

[Insert Table 7]

The payback period of constructing PBs can be achieved from 9 to 13 years [150]. In the case
of bio-fertilizer application, it is shortened to 7 years thanks to more economic value [150].
Cheaper costs can be achieved via several options. The use of sunlight could reduce US$307
per 0.5 kg dry cell [150]. Total production cost falls when employing larger reactors (US$121
per 0.5 kg dry cell in 200 L reactor compared to uS$197 per 0.5 kg dry cell in 17 L unit) [150].
The reuse of a spent medium only saved US$8 per 0.5 kg dry cell [150]. Nonetheless these
methods did cause a fall in the growth of microalgae. Therefore, it is evident that stand-alone

PBs are not currently meeting the objectives of economic and renewable energy targets.

6. Conclusion

Generally, PBs are a promising selection in which many benefits are gained. The control of
microalgae growth in PBs is far better compared to open or natural eco-systems. According to
the review objectives, the following conclusions are made:

(1) The models discussed here mostly focus on estimating biomass yield, studying the
effect of illumination patterns and calculating pollutant assimilation rates in PBs.
Research regard microalgae growth is dynamic in that there are different outcomes
between experiments and modelling works, being of 10%. The advised biomass
concentration in PBs was 0.2 to 2 g/L. Monod model was a classical one remaining
some shortcomings in the temperature, light intensity and internal substrate utilization

that fixed by Droop, Luedeking—Piret and modified Droop models.
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(2) Most research optimized the operation of PBs to favour fluid dynamics, illumination
patterns and mass transfer. This resulted in maximizing the biomass yield, reducing
costs and saving energy. Furthermore, the configurations were modified and combined
with other technologies, such as membrane. For example, a membrane bubble column
PBs could reduce reactor size and diminish O&M cost. The new-born soft-frame PBs
were known to be foldable, movable and flexible compared to other types.

(3) Flat plate PBs experienced the highest biomass yield up to 96.4 g/L. being 5 to 20 times
higher than other PBs types. However, this process did depend on other factors, e.g.
microalgae strains, local and operating conditions. The performance of PBs was
promising at laboratory scale and pilot scale, but full- scale operations and construction
remained important challenges. Attached cultivation process was observed to have
higher biomass yield than the suspended one.

(4) A wide range of contaminants could be treated by PBs (e.g. nutrients, heavy metals and
PPCPs). The removal efficiencies were significant, for example up to 99% and 100%
for TN and TP, respectively, and 100% for COD and 95% for PPCPs. The proper C:N:P
in the influent was important. In such a case, metabolites of PPCPs could be managed
by soft-frame PBs in a proper HRT (3 d) and continuous illumination.

(5) Upscaling PBs was still a challenging task. Flat plate PBs were the most favorable in
architecture and infrastructure designs. The average cost of 500 m? PBs was 30$ while
the payback period was from 9 to 13 years. Currently, the stand-alone PBs did not meet

the objectives of renewable energy and economic targets.
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Table 1. Algae growth dynamic models.

Eq. Model name Model Equations References
No.
Eq. 1 Monod model ax _ Lee et al. [22]
dt
Eq.2 Modified Monod dXx Al Ketife et al.
ar (ux — Kg) * X
model [15]
Eq.3 Droop model dX a kq I Zhang et al.
_—= —_—) %
dt q° I+k
[16]
E, Ep
*[A*e_W—B*e_W
* X — g * X?
Eq.4 Luedeking-Piret model dX (1 kq) kq I
_= —_ ] Xk — %
dt q q I+kg
Eq Ep
*[A*e_W—B*e_W
* X — g * X?
Eq. Biofilm thickness d(Th) dX Das et al. [23]
= p X —
dt dt
5 (self-derived model)
Eq. 6 Modified Droop model i Diehl et al.
id—tl = X;(p(S;, P)
[24]
—(P; + Ppin)ux (P, 1))
QXi—4
+ TLL (Pi-1 — P)
Eq. 7 Modified Monod dxX  _ r Ye et al. [26]
— =[x X * b
dt
model
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Table 2. The dynamic models of C, N, P assimilation in PBs

Eq. Components Model Equations References
No.
Eq. 8 TC Assimilation Rate d[TC] d[AC] d[DIC] d[DOC]

= + -

dt dt dt dt
Eq.9 TN Assimilation Rate d[TN] d[AN] d[DIN]
= -
dt dt dt
Shriwastav et al. [21]
Shriwastav et al. [38]
Eq. TP Assimilation Rate d[TP] d[AP] d[DIP]
= +

dt dt dt
10
Eq. C Uptake Rate Al Ketife et al. [15]
11 dc
Eq. N and P Bal dc

q an alance NP _ —1000Y, pp1pX

dt ’

12
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Eq. CO» Uptake Rate Mo, Singh Khichi et al. [43]
a P Reoz = Ce X py, X c s
13 Vo et al. [45]
Jacob-Lopes et al. [44]
Eq. C Fixation rate dc [HCO3] —Ry Tamburic et al. [46]
—— = Pycos =
14 dt [HCO3 ] + KHCO§_R3
[CO,]
+ Peo, =7
“%21C0,] + Kco,
Eq Fe Uptake Rate Vre Concas et al. [27]
14 _ max, QFe —qre ) Creqn
Fe P = QF™ Kpe + Creqin
Eq. Adsorbed Metal d[MetalALG;j] Richards and Mullins
dt = adSO'rbMe_ALG'ji
15 Complex for Microalgae [49]
i
Eq. Adsorption of Metal j to Adsorbye arcji
16 Microalgae i = Metalr ; X AR,
ALG;
X
YALG
Eq. Modified Han- c\" Arun et al. [48]
T = Tmax (1 C )
17 Levenspiel o
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Eq. Non-competitive TnaxKc
r =
Kc+C
18 inhibition
Eq. Andrews r= rmach
)
19 K, +C + T

68



Table 3. Main advantages and disadvantages of tubular, column, and flat plate and hybrid

PBs.
PB types Advantages Disadvantages

Flat plate PBs Large illumination Require space and Yadala and
surface area land availability Cremaschi [11]
Suitable for outdoor | Has photoinhibition | Posten and Walter
cultivation effect [1]
High biomass yield | Dark zone formation | Jungetal. [51]
Modular High construction de Mooij et al. [58]
configuration and energy costs Ozkan et al. [55]
Preferable in PB-
based architecture

Column PBs High mass transfer Moderate Mirén et al. [13]

illumination area,
prefers inner

illumination

Sufficient mixing

Low surface to

volume ratio

Compact and easy to

operate

High mixing cost

Greater gas hold ups

Best exposure to

light/dark cycles

Illumination surface

reduce while scaling

up

Yadala and
Cremaschi [11]
Lopez et al. [12]

Posten and Walter

[1]
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Easy to scale up

Minor fouling

problem

Tubular PBs

Large illumination

surface area

Requires a number
of modules to

increase scale

Easy to construct,

maintain, and clean

Fouling

High mass transfer

Over-heating

Slegers et al. [98]
Posten and Walter
[1]

Saeid and Chojnacka
[106]

Yadala and

Low power Expensive to operate Cremaschi [11]
consumption Lopez et al. [12]
Soft-frame PBs Flexible Easily damaged | Hamano et al. [108]
materials Hom-Diaz et al
Foldable Insufficient mixing [109]
due to dead zone
formation
Replaceable Culture leakage

Less space required

Expensive material

costs

Hybrid PBs

Reduce reactor size

Membrane fouling

Operate with higher

dilution rate

Biomass with higher

carbohydrate and

Negative energy

balance

Sheng et al. [10]

Marbelia et al. [135]
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lower protein

content

Minimize washout

problem

Low O&M cost

Table 4. Performance of types of PBs in certain operating conditions.

Configu Typ Algae Light Light- Light Biomas Bioma Referen
ration e of  species irradia  dark source S SS ces
PB nce cycle concent produc
(umol/  (h:h) ration tivity
m?.s') (g/L)
Flat Flat  Botryococ 100 24:0 Fluore 96.4 0.71 Ozkan
platein  plat cus scent g/m? et al.
PBs e braunii [55]
Flat Flat 1300 24:0 LED 7.5 0.11/d Koller
Scenedes
plate plat 250+ etal
mus
gas-lift e 0.5 [60]
ovalternus
PBs g/m*.d
Flat- Flat Chlamydo 1500 24:0 LED 4.5 29-54 de
panel plat  monas g/m>.d Mooij
airlift e reinhardti et al.
PBs i [58]
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Foam- Col Chlorella 334+ nd LED 4.7 0.10/h  Janoska
bed PBs umn sorokinian 16 et al.

a [66]
Closed Col Green 204 12:12  Metal 0.49 - 0.039-  Arias et
PBs umn algae halide 0.84 0.084 al. [83]

(genus g/L.d

Chlorella

and

Stigeoclon

ium) and

cyanobact

eria (cf.

Oscillator

ia)
X-Shape Col Chlamydo 100 11:13 LED 1.359+ - Pham
PBs umn monas 0.007 et al.

reinhardti [65]

i
Water-  Col Yang et
circulati  umn Chlorella 112.6 al.[75]

40 +£2
ng mutant 24:0 n.d n.d mg/L.
klx

column PY-ZU1 d
PBs
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Vertical Col
Huang
multi- umn Chlorell
Solar 1.3- et al.
column pyrenoido 672 n.d
light 1.56 [151]
airlift sa
PBs
Internal  Col 250, Contin LED 19.78 10.18  Huand
illumina umn Dunaliella 420 uous g/L.d  Sato
tion PBs tertiolecta and or [67]
1000 flash
Ion- Col 110 n.d Fluore 4.24, 0.30+ Chang
exchang umn scent  3.13 0.04, et al.
e and 023+ [68]
membra Chlorella 2.04 0.01
ne PBs vulgaris and
0.17 +
0.01
g/L.d
BIOCOI Tub Chlorella 100 12:12 White 09-1 0.52/d Concas
L PBs ular ~ sorokinian fluore et al.
a scent [101]
Horizon Tub 70 n.d Fluore 7.11+0 0.86+ da
tal PBs  ular  Arthrospir scent .53 0.03 Silva et
a platensis g/Ld al
[102]
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1 Horizon Tub Phaeodact 50-700 Natura Sunlig 0.2-12 1.4- Slegers

3 taland ular ylum W/m?>  1llight ht 3.29/d etal.
vertical tricornutu cycle [98]
tubular m
PBs Thalassios

ira
pseudona
na

1 Combin Tub 500 24:0 LED 7.2 0.888/ Iluz

4  ed-light ular Nannochl d and
PBs oropsis Abu-

salina Ghosh
[99]
1  Macroal Soft Cladopho 238- Varied Solar n.d n.d Chemo
5 gaePBs - rasp., 348 danov
fram Ulva et al.
e compressa (8]
and Ulva
rigida

1 Biofilm- Soft Pseudoch 12:12  LED Haman

6 based - oricystis 300 - and 810 oetal.
PBs fram ellipsoide 340 24:0 i g/m>.d [108]

e a
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1  Environ Oth Chlorella 2500 12:12  LED 25-15 19.1-  Lucker

7 mental ers  sorokinian and 19.7 et al.
PBs a and 14:10 g/m’d [39]
Chlamydo
monas
reinhardti
i
1 Capillar Hyb Scenedes 144 14:10 nd n.d 10 Xu et
8 y-driven rid  mus sp. g/m’d al
PBs LX1 [115]
1 Membra Hyb n.d n.d n.d 2.03 4.47- Bilad et
Chlorella
9 nePBs rid 8.25 al.
vulgaris
g/d [126]

2 Floating Hyb Nannochl n.d n.d Outdo 2.07 - 18.2 g Dogaris

0 horizont rid  oris or 4.3 m 2 et al.
al PBs atomus condit d! [14]
Butcher ion
CCAP
251/4A
n.d: no data
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Table 5. The removal of contaminants by PBs

Configur Typ Waste Algae Removal efficiency (%) Refere
ation eof water  species TN TP COD PPCPs Oth nces
PB source & ers
organic
Twin- Flat Munici Halochlo 70-99 n.d n.d n.d
Shi et
layer plate pal rella
al.
PBs wastew rubescen
[54]
ater S
Plastic Flat Munici Various Upt Upt n.d n.d n.d
sheet plate pal ake ake Boele
PBs wastew 1.0 0.13 e etal.
ater g/m g/m [63]
2d  2d
Lab Colu Synthet Algae 60.4 932 955- nd n.d
scale mn ic and — — 96.7 Zhang
PBs wastew bacteria  70.5 96.4 et al.
ater consortiu [86]
m
Batch Colu Munici Coelastr 35- 43- 59- n.d n.d
PBs mn  pal um 88 89 80 Lee et
wastew —micropor al.
ater um [84]
after
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anacro

bic
digesti
on
Air-lift ~ Colu Bio- Chlorella 100 100 86.84 n.d n.d
Podev
PBs mn  industri sorokinia
in et
al na
al.
wastew
[131]
ater
Bubble  Colu Synthet C. 60- 100 nd n.d nd Al
Column mn ic vulgaris 99 Ketife
PBs wastew et al.
ater [15]
Full Tub Olive  Sphaerop nd nd 8586 9484+ nd Maza-
scale ular  washin ~ leales +1.24 0.55 Marqu
Tubular g water ez et
PBs al.
[133]
Lab Tub  Artifici Chlorella nd nd nd n.d 273.
scale ular al protothec 66
Binnal
tubular wastew oides mg/
and
PBs ater L.d
Babu
and (CO
[103]
CO2 2
gas fixat
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ion

rate)
9  Multi- Soft- Toilet  Trametes 80 80 80 98% n.d
tubular fram wastew versicolo anti-
PBs e ater r inflam
matory
drugs Hom-
48% Diaz
antibioti et al.
cs [109]
30-57%
psychiat
ric
drugs
1 Multi- Soft- Urban ~ Scenedes nd nd nd 100% nd
0 tubular  fram wastew mus sp. 17B-
Parlad
PBs e ater and estradio
¢é et al.
microbial |
[113]
consortiu
m
1 Full Soft- Agricul Pediastr nd nd nd 73% n.d
Garcia
1 scale fram tural um sp., tonalide
-Galan
horizont e run-off Chlorella 68%
et al.
al sp., galaxoli
[110]
Scenedes de
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tubular mus sp., 61%
PBs and the anti-
cyanobac inflam
teria matory
Gloeothe compou
ce sp nds
Lab Hyb Munici Chlorella 100 100 78.03 n.d n.d  Binnal
scale rid  pal protothec and
PBs wastew oides Babu
ater [134]
Microfilt Hyb 8- 100 n.d n.d n.d
ration rid 99
Membra Tertiar
Pravee
ne PBs y C.
netal.
Forward wastew ~ vulgaris  48- 46 nd n.d n.d
[120]
Osmosis ater 97
Membra
ne PBs
Membra Hyb Synthet C. 11.6 100 100 n.d n.d
nePBs rid ic vulgaris - (inorg Najm
wastew 24.5 anic et al.
ater carbo [130]
n)
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1 Membra Hyb Aquac C. 86.1 82.7 nd n.d n.d

6 nePBs rid ulture vulgaris Gao et
wastew  Scenedes al.
ater mus [119]

obliquus
1  Periphyt Othe Surface Various 39- 158 nd 6.45 - nd Kang
7 onPBs 13 water 77  -68 86.4 et al.
[107]

1 Batch Othe Metal  Nostoc nd nd nd n.d 100

8 PBs IS pollute muscoru (Cu) Arun
d m et al.
wastew [48]
ater

n.d: no data
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Table 6. Key characteristics of photobioreactors’ integration into building fagade (adapted

from Oncel et al. [148])

Components Criteria Applications
Materials Durable Prefer high-wind-speed and
Cost competitive physical shock resistant
Lightweight materials
[Mllumination Sunlight as main Applied photochromic
illumination source glasses or electronically
tinting glass films
Design proper orientation
capability and modular units
Using special light
collectors, such as Green
Solar Collector or Dye-
sensitized Solar Cells
Temperature Adapt to the fluctuation of Integrated thermal
outdoor condition controllers and ventilation
systems to optimize
temperature
Water Considering the reuse of Wastewater such as
building’s wastewater for domestic wastewater, rain
algae cultivation water
Air Employed the CO> exhaust  Feeding air by energy-

of building

saving systems

Monitoring air quality
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Circle air flow in case of
high inlet CO> concentration
Design PBs exhaust valve to
release CO; of algae’s

respiration in night time

Biomass and valuable Biomass offered valuable Construct sewage-like
products income to cut off building’s  piping system to process
expenditures biomass in a central plant

which saving transportation
and labour costs.
Support a sustainable algae
market.

Culture maintenance Notice on the harvesting, Assign a responsible

contamination prevention,

and control

centre/division
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Table 7. Cost analysis of PBs based on the scale factors and functions [5]

PBs cost — PBs area (m?)
Closed 100 200 500 1000 5000
vertical
type
Bio- Total cost  6695.5 8535.9 11296.4 15897.3 52704.5
Fertilizer  (€)
and Cost per 67 42.7 22.6 15.9 10.5
Irrigation  m?(€)
Heat Total cost  9060.5 11373.9 14843.9 20627.3 66894.5
Generation (€)

Cost per 90.6 56.9 29.7 20.6 13.4

m’ (€)
Electricity Total cost  10060.5 12573.9 16343.9 22627.3 77894.5
and Heat )
Generation Cost per 100.6 62.9 32.7 22.6 15.6

m’ (€)
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Figure 2. The details of biochemical processes in microalgae-based PBs
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Figure 3. The development of biomass growth models.
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Figure 4. Common types of PBs (a) Flat plate, (b) Column, (c) Tubular, (d) Soft-frame and

(e) Hybrid PBs
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Figure 5. Modified configurations of soft-frame PBs (a) Hanging [152], (b) Floating [153]

and (c) Ground-lying [154]
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(c)
Figure 6. The future development of algae-based architecture and infrastructure. (a)
Green Loop: Marina City Global Algae Retrofitting, Chicago. (b) Ecologies of
Biodiversity: A Self Sustaining Tower for London. (c) Process Zero: Retrofit
Resolution. GSA Federal Building, Los Angeles, CA. (d) Hydral Housing units with
modular hydrogen producing panels [149]
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