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ARTICLE INFO ABSTRACT

Keywords: Despite attracting many attentions in the past decades, microalgal cultivation still faces many challenges for
Modelling industrialisation. Growth, as one of the most crucial characteristics of a microalgal cultivation system, has been a
Microalgae significant subject for modelling. This paper presents a review of available models in the literature regarding the
g:lgsv‘;:r cultivation effect of process parameters such as light, temperature, nutrients, oxygen accumulation, salinity, and pH and

carbon, on the growth rate of microalgal cells to understand their application in large-scale microalgal pro-
duction. The existing models are classified based on the process conditions or parameters they considered in the
formulation, and where multiple parameters were included the model was broken into separate functions, and
each function was presented in the associated section. The most prominent result of this review is the huge gap
between models and their validity for outdoor systems. It seems that to find suitable models for a real condition
application, a new pathway is needed where models are developed based on the behaviour of the outdoor
cultures in long-term. There are some effects such as adaptation which are difficult to model in short-term
modelling while if the long-term approach is used these effects can be considered negligible. These character-
istics of outdoor cultivation help in simplification of the models and less struggle in their validation. Moreover,
using saline water is an effective way to improve the viability of algal production which requires understanding

the relationship between growth and salinity of the medium. Such models are missing in the literature.

1. Introduction

Microalgae are unicellular photosynthetic organisms with multiple
beneficial characteristics that can potentially be used to overcome some
of today’s issues. They have high carbon dioxide fixation rate which can
be used in flue gas treatment and the emission rate of this gas [1-3].
They use nutrients such as phosphorus and nitrogen which can be
provided from industrial or municipal wastewater, making them a
suitable option for waste water treatment [4-6]. Moreover, in case of
marine microalgae there is no need for potable water since they can
grow in saline water which facilitates the provision of water for large
scale cultivation [7]. Another key attribute of microalgae is their low
land requirement. They use significantly less area to grow compared to
other crops due to their high photosynthetic efficiency per area [8-10].
Microalgae can be cultivated even in non-arable lands; thus, they do not
impact agricultural land availability [2,8,11]. In addition to these traits,
microalgae are capable of producing multiple valuable products which
can be used in various industries such as food, cosmetics, pharmaceu-
tical, etc [3,12-14]. One of the products that have attracted many at-
tentions is biofuel. Algal biofuel is produced from the lipid stored in
algal cells [15] which is extracted and converted to biodiesel. High
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productivity, being renewable, carbon emission mitigation, compat-
ibility of algal biofuel with current diesel engines, and its low pollution
are just a few of many advantages of using microalgae as a source of
biofuel [3,16-18]. However, production of algal biofuel is still in the
research stage and has not been fully commercialised yet [19].

Various systems are common for the algal cultivation of which
closed photobioreactors (PBR), and open ponds are used more fre-
quently. While construction and operation of open ponds are easy and
relatively inexpensive, they have some disadvantages such as poor il-
lumination and loss of water due to evaporation [20]. Also compared to
closed PBRs, open ponds have the high risk of contamination which can
directly affect production costs and annual productivity [21].

On the pathway to mass production, many process issues need to be
resolved, and the growth and biomass production of algae should be
well understood and optimised to make efficient operation and process
control viable [22]. An important step for this purpose is mathematical
modelling in which the effect of each process condition (temperature,
light, etc.) is mathematically related to the key production parameters
(growth rate, productivity, etc.) so that the effect of every change in the
process conditions can be observed without the necessity to experi-
mentally test the effects separately. Modelling kinetic of algal growth is
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vital for both estimation and optimisation of production parameters and
control of process conditions which is of great importance in the in-
dustrialisation of algal biofuel production. For a model to be reliable, all
the influential process conditions should be included in it which is
difficult but crucial to do. Many process conditions influence the
growth of microalgae and to control and optimise the industrial pro-
duction of algal biofuel, an accurate mathematical model is vital. A
successful model should include the effects of all parameters and their
contribution, and when it is joint with reactor model should be able to
predict the performance and productivity of a cultivation system for
different operating conditions.

This paper presents a review of the existing models and how their
formulations evolved over time to become more accurate. Although all
the current models are listed in the tables to show this evolvement; only
the most prominent models have been discussed and compared. Finally,
the effectiveness of current models for large-scale production is dis-
cussed to elaborate a pathway to improve modelling approaches and
make the models more applicable in real conditions. While many of
these models have been reviewed to see their performance in laboratory
scale, the novelty of this study is in two folds: (1) understanding how
the current models can be adapted for use in large-scale production of
microalgae, and (2) realising the gap in research regarding modelling
the simultaneous impact of various factors such as salinity, light, and
temperature.

2. Effective process conditions

In the past century, many studies were conducted to understand the
impact of each process parameter on the growth and productivity of
algal cultures. The parameters that are discussed in this review are
light, temperature, nutrients, pH, salinity, and dissolved oxygen. The
effects of these parameters have been studied through many experi-
ments and many models have been suggested, of which a summary of
prominent ones can be found here.

2.1. Light

Algae use light as a source of energy for photosynthesis, and
therefore it is the most important parameter in the modelling of mi-
croalgal growth. Microalgal cells experience three light zones based on
the intensity of the light (See Fig. 2): (1) photolimeted, (2) photo-
saturated, and (3) photoinhibited zone. A common phenomenon inside
a turbid media like algae culture is light attenuation, where light in-
tensity decreases as it goes deeper into the media [23] due to absorp-
tion of light by cells, and as the photons penetrate into the culture, more
of them are absorbed [24]. To show this effect, usually Beer-Lambert
Law is used which suggests that light intensity exponentially decreases
with depth [25-27].
Limitation
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Fig. 1. A schematic of PI curve showing three light regions: (1) light limited, (2)
light saturated, and (3) light inhibited.
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Fig. 2. Distribution of inorganic carbon forms with pH.

I=Ie™ (@D
Where I is light intensity, I, is light intensity entering the media per-
pendicular to surface, z is depth, and k is attenuation rate. Although
this relation is used widely, researchers have used different definitions
for k and how it is calculated. Some researchers described it as a linear
function of biomass concentration [28] or chlorophyll concentration
[29], while others related k to both chlorophyll as well as biomass
concentration in the media and even took into account a constant which
describes the behaviour of the culture without any cells [25]. Sukenik
et al. [30] assumed light attenuation rate to be a linear function of just
chlorophyll amount while this dependency varies for different wave-
lengths. Despite its popularity, Beer-Lambert Law is based on the as-
sumption that light is not scattered in the media which is not correct
when it comes to microalgal cultures. Therefore, some researchers
proposed models taking into account light scattering in order to over-
come this issue [31,32].

Another factor that plays a vital role in the light exposure of algae is
hydrodynamics of the culture, and how cells move within the media as
when they are closer to the light source, they will be subject to more
light and vice versa. This effect is critically important to determine how
much light a cell may absorb and from which photosynthesis and
growth rate can be calculated. Most attempts in modelling the effect of
light focused on equations to describe photosynthesis and light re-
lationship (commonly presented in form of PI curve) [33]. Photo-
synthesis in this relationship is expressed in various forms such as
electron transfer rate (ETR), oxygen evolution, and carbon dioxide
consumption, and sometimes is replaced by specific growth rate. De-
spite the differences between these forms, all result in the same shape of
PI curve [22,34,35].

Many models have been suggested in the last few decades, a sum-
mary of which can be seen in Table 1, but here we are reviewing the
details of the most prominent models. One of the earliest models that
can be found in the literature was suggested by Baly [36] and later used
by Tamiya [37], reporting that based on their experiments this function
had approximately the same shape as their results. This equation is
similar to the renowned equation proposed by Monod [38] for effect of
substrates on growth of bacteria which is widely used for microalgal
growth as well. In this equation, if substrate concentration is replaced
by irradiance, it results in Baly and Tamiya’s equation. This equation
contains two key elements: 1) the maximum specific growth rate (u,,,,,)
which indicates the maximum achievable specific growth rate when
culture is in light saturated condition, 2) light half-saturation constant
(Kp) at which the specific growth rate is half its maximum value.
Parameter K; is often compared to light saturation irradiance (I;),
which is the irradiance that defines light saturated region (Fig. 1). In
this model the difference between two parameters are significant as K;
is associated with half the amount of maximum specific growth rate
while at I, the u almost reaches its maximum value. This difference is
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Table 1
Models describing the effect of light.
Source Formula System Alga Parameters
Tamiya et al. [37] a.k.a. L=u I (1)  Indoor Chlorella ellipsoidea
Monod model ML+ Ky
Lee et al. [33] Indoor Spirulina platensis Hpaxe = 0.1351(h7 1)
Ky = 13.9136(W/m?2)
Molina Grima et al. [59] Indoor Isochrysis galbana at 820uEm =251
Himax = 0.109h71
Ky = 763.7uEm~2%s~!
at 1630uEm=2s~1
Himax = 0.0514h71
Ky = 177.2uEm~2%s~1
at 3270uEm=2%s~1
Mgy = 0.0448h71
Kj = 769.2uEm~=%s~!
Jeon et al. [69] Indoor Haematococcus cell concentration 0.215gL™!
pluvialis Brax = 43.5mgg~ ™1
Ky = 177.2uEm~2%s~1
cell concentration 0.123gL~1
Bnax = 51.7mgg~h!
Ky = 254.4uEm=%s~1
Haario et al. [70] Outdoor Diatom Hpnaxe = 0.0886day™!
Kr = 61.9(W/m?)
Chrysophycea Haxe = 0.0465day=1
Ky = 115(W/m?2)
Cyanobacteria Hmaxe = 0.329day™!
K; = 16.4(W/m?)
Minor species My = 0-212day™!
K = 134(W/m?)
Filali et al. [71] Indoor Chlorella vulgaris ey = 0.08071
K7 = 0.14uEs~110%ell~!
Franz et al. [72] Indoor Chlamydomonas ey = LAday™
reinhardtii Ky = 215umol.m=2, s~1
Ifrim et al. [73] Indoor Chlamydomonas Kr = 120umolm=2s~1
reinhardtii o = 01671
max .
Bechet et al. [74] Indoor Chlorella vulgaris values are reported at six different temperatures in [74]
Kasiri et al. [75] Indoor Chlorella kessleri Hpaxe = 0.73day™!
K1 = 3.33umol photonsm=2s~1
Chalul:;1 a:d Lawsd[76] = My I+IK1 - (2) Indoor Pavlova lutheri Himax = 1.95day™!
and, Laws an K7 = 10.8mol quantam™2day~!
Chalup [77]
Smith [39] I 1/2 3) indoor Gigartina harveyana u, = 0.03day™!
P= Pm'”‘([HKZ)
i I i - -1
Bannister [40] U= — 4) Indoor Chlorella pyrenoidosa Hoax = 2:48day
am+ Ky m=18
Ky = 5.7uEm~2s~1
Lee et al. [33] Have = Fmas— Iavfn . (5) Indoor Spirulina platensis Himax = 0.2976(h™1)
Iifbe + K Ky = 15.01(W/m?)
m = 0.4970
Molina Grima et al. [78] _ m (6) Indoor Isochrysis galbana u = 0.0426(h7 1)
B = Hmax iy e
! Ky = 10.92(W.m™2)
m =513
Molina Grima et al. [28] Indoor Isochrysis galbana Mg = 0.046(h71)
K1 = 9.67x10'%(quanta cm=%)m = 1.7
Molina Grima et al. [59] Indoor Isochrysis galbana at 820uEm =251

Hpmax = 0.0465h71
Ky = 195.6uEm=2s~1
m =211

at 1630uEm=2s~1
Himax = 0.0448h71
K; = 140.6uEm=%s~!
m =158

at 3270uEm=%s~1
Hpmax = 0.0459n71
Ky = 808.2uEm=2s~1
m = 0.98

(continued on next page)
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Source Formula System Alga Parameters
Concas et al. [79] Indoor Spirulina platensis Hnax = 2.06x1075(s1)
Kr = 160uEm=2s~1
m = 149
Pegallapati and Indoor Nannochloropsis salina = 1.2(day™")
Nirmalakhandan Ky = 181uEm=2s~1
[80] m =175
Scenedesmus sp. Hmaxe = 14(day™)
Kr = 131uEm=2s~1
m =27
Fernandez et al. [81] Outdoor Scenedesmus Kr = 69uEm=2s~1
light almeriensis m = 0.87
Costache et al. [82] p=p m @) Indoor Scendesmus almeriensis m = 1.19
"MXM 4 (Kpexp(ke )™ Bnax = 4.6x107°
(molOy.gbiomass~'min~")
ke = 1.85X1073m2suE~1
Ky = 76.35uEm=%s~1
Fernandez et al. [83] Outdoor Scenedesmus K; = 139.3uEm=2s~1
almeriensis ke = 0.002m2suE""
m = 1.045
Molina Grima [59] e 1"Mapp 8 Indoor Isochrysis galbana P = 0.0444(h™1)
— Mmax m
™Mapp + Kopf P Ix = 170.68(uEm=2s~1)
Mapp = % Ky = 2217.2(uEm~%s~1)
n =128
ny - —2—1
Kapp = Ik + (II{%) ny = 2728.8(uEm=2s71)
Garcia-Malea et al. [60] p=p 1"Mapp 9 indoor Haematococcus ey = 0.11071
X [mapp 4 K gaPP pluvidlis a=232
b = —0.00008 (uEm~2s~1)~!
Mapp = a + bl ¢ = 98.7uEm2s71
Kapp = ¢ + dIy d=0034
Aiba [34] P = B > 10 - —
I+Kp+—
Ki
Megard et al. [55] Indoor Various species
Lee et al. [33] Indoor Spirulina platensis ey = 5:4849(h™1)
vessel Ky = 959.2(W/m?)
K; = 0.5817(m?/W)
Molina Grima et al. [59] Indoor Isochrysis galbana at 820uEm =251
Mgy = 0.1088h71
Ky = 195.1uEm~%s~!
Ki= o
at 1630uEm =21
Hpmax = 0.0513071
Ky = 145.2uEm=2%s~1
K=
at 3270uEm=%s~1
Himax = 0.0449071
K; = 697.2uEm~%s~1
K=
Fouchardet al. [84] indoor Chlamydomonas Mgy = 0.2274071
reinhardtit K7 = 81.38umol photonm =251
K; = 2500umol photonm=2s~1
Ippoliti et al. [12] Indoor Isochrysis galbana Bnax = 1075mg0, (g biomass. h)™!
a“dd K; = 311.8uEm™2s~1
outdoor K; = 1253uEm™2s71
Concas et al. [3] h=u (11) Indoor Nannochloris Kr = 60uEm=2s71
max 2
T+K+ IE eucaryotum K; = 130uEm=2s71
Mirzaie et al. [85] Indoor Chlorella vulgaris Kr = 1.56umol photonsm=2s~1
K; = 15.42umol photonsm=2s~1
Peeters [54] _ 2xp (12)
K = Hynay (1+Bp)- P peT)
%=
1 Topt
Dauta et al. [58] indoor Chlorella Vulgaris Honax = 1.3day~!

236

Iopt = 140uEm =271

(continued on next page)
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Source Formula System Alga Parameters
Fragilaria crotonensis . = 0.58day~!
Iopt = 150uEm=2s71
Straurastrum pingue Mgy = 0.77day™!
Iopt = 270uEm=%s~1
Synechocystis minima Haxe = 1.32day™!
Iope = 125uEm=%~1
Talbot et al. [86] - 2] (13) indoor Oscillatoria agardhii Topt:
B= Hypgy (1B P +2B 1 o
Ymax = 101uEmM™=s
P Bopt = 24°C,8, = 43°C,
Topt a=16
Y = x> Topror B
y=y (qu)” Fmax:
max\ Gop Ymax = 0.5day=1,80p = 37°C
we fo=T 8o = 43°C, a = 0.3
60 — Gopt
= 20 Oopt B:
opt Ymax = 2.3,00pt = 18°C
6p=43°C,a =19
Ankistrodesmus Topt:
falcatus Vimax = 174uEm=2571
Bopt = 29°C,60 = 43°C, ot = 1.2
Hmax*
Ymax = L1day=1,80p = 37°C
6p = 43°C,a = 0.2
B:
Vmax = 2:2.00pt = 22°C
6o =43°C,a =15
Phormidiumbohneri Topt:
Yimax = S4LUEmM™ 2571
Bopt = 30°C,6p = 43°C, a = 4.8
Hmax*
Ymax = L.7day=1,00p = 37°C
6p = 43°C, a = 2.7
B:
Yimax = 54,80pt = 23°C
6o =43°C,a=>5
Dermoun et al. [87] _ 2xp (14) Indoor Pophyridium cruentum 8, = 0.5
K= 'umax(l-'—ﬁl)' xlz +2frxy +1 —2a—1
pr = 538(umol photonm=2s~1)
x=-L By = 0.56
Topt
2x, _ °
(1) = 7 (4B, Fro = 47CC)
xg +2p7,gXg +1 Or,0pt = 12.3(°C)
Xg = T-6g,0 y = 14(day™)
6g.opt — 6,0 Brg = 0.02
7,1 6g0 =4.7(°C
Tope(T) = pr (147, - Fr Ty m— 8.0 0
7.1 +2PT IXT,1 g,0pt = 20.5(°C)
ORI %)
T = o opt — 61,0
I .
Grobbelaar [88] =ty (T). — (T)(l — a(T).)=r(T) (15) Outdoor Scendesmus obllquAus,
1 Coelastrum sphaericum
T-10
M = 18 '
T-10
Kr = Koy 10
T-10
a=apfy 10
T-10
(M) =r6 1 -1
Lee et al. [33] thaye = lave (16) Indoor Spirulina platensis Ky = 177.9(W/m?/h)
ave 2
K+ Kalave vessel Kz = 0.1083(m/h/W)
Bernard and Remond h=u 1 a7 Nannochloropsis ey = 2day™!
max 2 .
[15] I+ ﬁw[ﬁ 71) oceanica o = 0.05uE~'m?s day™!
P Iopt = 275uEm=2s71
Chlorella pyrnoidosa Haxe = 1.85day™!

a = 0.12day!
Iopt = 2.03x10%uEm =271

(continued on next page)



P. Darvehei et al.

Table 1 (continued)

Renewable and Sustainable Energy Reviews 97 (2018) 233-258

Source Formula System Alga Parameters
Munoz-Tamayo et al. Tisochrysis lutea Hpnaxe = 0.76day™
(89] o = 0.008uE~1m?2s day~!
Iopt = 548uEm =271
Ogbonna et al. [90] p=K ( % _ rm(l—VF)) (18)  Indoor Chlorella pyrenoidosa V= 0.75L
: Xo = 0.01905kg.m=3
K = 0.8kg. mol~!
I = 0.13mol.kg™!
Lee et al. [33] Have = Alayet+b (19) Indoor Spirulina platensis a = 0.0023(m%/W/h)
vessel b = 0.0254(h™)
Van Ot?rschot [49] a.k.a. Pop (l—exp(—“—l)) (20)
Poisson model max Pmax
or
P= Pmax(l—exp(—é))
Molina Grima et al. [59] Indoor Isochrysis galbana at 820uEm =251
Himax = 0.064h71
K7 = 456.8uEm~%s~1
at 1630uEm =21
Himax = 0.043071
K7 = 195.2uEm=2%s~1
at 3270uEm=%s~1
Himax = 0.034h71
Ky = 724.7uEm~%s~!
Geider et al. [91] Indoor Various species Parameters can be found in [91]
Geider et al. [92] Indoor Thalassiosira o = 1x107%g Cm~2(g Chl aumol photons) .. = 5.1day™!
psedonana
Pavlova lutheri a = 0.46 X10~5g Cm~2(g Chl aumol photons) ',,q, = 3day™!
Skeletonema costatum o = 1.38g Cm~2(g Chl aumol photons) g, = 3day™!
Isochrysis galbana o = 0.46g Cm~2(g Chl aumol photons) ™y, = 3day™"
Meseck et al. [93] Indoor Tetraselmis chui Hmax = 0.77day™"
K7 = 7.14Em~2day~!
Bechet et al. [74] Indoor Chlorella vulgaris
Steele [52] P = B %pl el 1/lopt (21) Outdoor Sea phytoplanktons
Molina Grima et al. [59] Indoor Isochrysis galbana at 820uEm =251
Himax = 0.0521h71
Iopt = 1020.3uEm=2s~1
at 1630uEm =271
Himax = 0.0484h71
Iopt = 741.9uEm=2s~1
at 3270uEm=2%s~1
Himaxe = 0.32071
Topt = 2217.9uEm =251
Baquerisse et al. [94] Indoor Porphyridim
purpureum
James and Boriah [95] Indoor Phaeodactylum
tricornutum
Marsullo et al. [96] Indoor Phaeodactylum e = 1.392day™!
tricornutum Topt = 37.118Wm=2
Thalassiosira pseuinana Honax = 3.288day—!
Iopt = 21.834Wm™2
Chalker [48] P = Bpactanh (al) (22) Indoor Gymnodinium Prax = 36molOyh~1(mol Chl a)~!
microadriaticum o = 4.6E-m2h
Bechet et al. [74] Indoor Chlorella vulgaris
Lee and Zhang [76] Indoor Chlorella sp. « = 0.0590umol photon~'m?3s
Collins and Boylen [97] (23) Indoor Anabaena variabilis

I
u= #max(T)H_TI(T)—”(T)

Hmax = :uoek'uT
Ki(T) = Kotk T

r = roekrT

238

— &€ -1
Mo = 0.098(gDWday )
k, = 0.0854(°C~1)
Kpo = 32.05(%)

mes

kg = 0.078(°C™1)

_ 8 gav-1
r0 = 0.072(gDWday )
ky = 0.067(°C~1)

(continued on next page)
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Source Formula System Alga Parameters
Guterman [98] H=p,—r (24) Outdoor Spirulina platensis q = 5.679min~lux=1
—al 1 (T - Topn)? Topt = 33°C
Hp=4 ar? AT = 25°C
r=(aT+b). %> a = —0.231min~l°Cc!
b = 0.343min~!
Carvalho and Malcata _ (1_ X ) (25) indoor Pavlova lutheri Ky = —2.72day™!
[99] L K, = —2.86°C~1
_ &l e_’;%l{ Ks = 129x10%]. mol~!
Hmax = KT+I
Muller-Feuga [100] _ 2(1 = pp)(p = pe) (26) Indoor Pophyridium cruentum = 1.06day™!
K= Bmax =5 T o max
(A =pe)*+ (o= pe)
o=-"1 0= e Iopt = 485umol photonm=2s~1
Topt’ Topt
> > I, = 42umol photonm=2s~1
Lee and Zhang [76] Indoor Chlorella sp. Iopt = 54 pmol photon m-2s-1
I, = 1 pmol photon m~2 5!
e = 0.7day™?
Rubio Camacho et al. L 2 (27) Indoor Chlorella pyrenoidosa
[63] Xk = l((1 - K—ﬂ) + J‘(l - K—ﬂ) +4K)
2 I \ I
Light limited:
H I *
£ = (1-
Hmax al( %)
Photoinhibited:
x =11 + 8JT)

ar=ar(1+ 5\/7)

Ko 1QA-x)
T ar1+6JT

Hmax

due to the nature of the equation as it has low curvature and reaches the
maximum value at a low pace.

Later, Smith [39] used a new model similar to Baly’s model with
some modifications. By substituting irradiance and saturation constant
with the square of their value, the model reached a larger curvature and
therefore made model closer in shape to a typical PI curve. Bannister
et al. [40] employed the same idea but instead of using square values,
they used power m of them (also referred to as shape factor) which
enabled the model to adjust its curvature based on the experimental
data. Using values 1 and 2 for m transforms the equation into Baly and
Smith’s models respectively; however, after testing the model on the
data from various experiments [41-45] Bannister proposed that the
value of m must be between 2 and 3.

Jassby and Platt [46,47] used data from 188 experiments on light
saturation curve at Nova Scotia coastal waters and compared eight
different models including the ones that were developed by Baly and
Smith. After an extensive comparison, they concluded that a hyperbolic
tangent function was the best fit to the experimental data. Chalker [48]
performed a similar study and compared four different types of equa-
tions and confirmed that as Jassby and Platt [46] concluded the hy-
perbolic tangent function gives the best results. Bannister stated that
hyperbolic tangent function closely matches his model when m is 2.5,
which is consistent with the proposed limits for m [40].

Van Oorschot [49] used an exponential equation known as Poisson
function to describe the effect of light. Although this model showed to
be a better fit to experimental data than Baly’s model, in the analysis by
Jassby and Platt [46] it did not perform as good as hyperbolic tangent
function.

So far all the equations suggest that as light intensity tends to in-
finity, the growth rate approaches its maximum value while this con-
tradicts the experiment where after a certain intensity, the growth rate
will drop again [50,51]. This effect known as photoinhibition needs to
be reflected in the model as well. Therefore, Steel [52] proposed a
model to describe this effect:

1

I 1-
M= Mpax- I—e opt
opt

(2)
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In this model when the intensity reaches Iy, the growth rate will be
at its maximum value, and any increase in light intensity results in
lower growth rate. However, Steele [52] reported that in the shallow
cultures the amount of discrepancy was relatively high. Later, Crill [53]
defined photosynthetic factories where light is trapped and initiates the
photosynthetic reactions and by incorporating probability functions,
the same formula as Steele’s was derived.

Another equation later proposed by Aiba [34], Peeters and Eilers
[54] and Megard et al. [55] added an inhibition term to Tamiya’s
equation:

I

K= HBmae o T TR, @)

Eilers and Peeters [56,57] improved Crill’s model [53] and pro-
posed a new model based on the dynamic study of photosynthesis. They
assumed photosynthetic units (PSU) can experience three states: (1)
resting state, (2) activated state, and (3) deactivated or damaged state.
Then by defining the rate of state changes they managed to formulate
the effect of light on photosynthesis at steady state conditions. Peeters
and Eilers [54] also rearranged the model to show the effect of irra-
diance on photosynthesis based on optimum irradiance.

2

————x =1/I,
xE+2Bx+1 ! opt

B = Py (1HB)).
max 1 ( 4)
Dauta et al. [58] compared Peeters and Eilers equation with Steels
equation for four different microalgae species and found former to be
more accurate. In a study Lee et al. [33] modified Aiba’s equation to
reduce the number of constants and facilitate parameter estimation.

I

K= bmee o T 12

)

Even though the above equation still seems to have three para-
meters, by introducing K; = K;/u,,,. and K, = K;/u,,,., the number of
parameters will be reduced to two. They used experimental data for
growth of Spirulina platensis and compared the new equation with the
models by Baly [36], Bannister [40], and Aiba [34] and concluded that
their model besides Aiba’s are the only ones able to perform well at high
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irradiance while their model had a smaller mean square deviation in
general.

Molina Grima et al. [28] developed a model based on bannister’s
model using average intensity which later was enhanced by replacing
the shape factor, m, and the photo-saturation constant, K;, by apparent
values which could be calculated using specific relations [59]:

Napp
p=p o dwe®
" TP + Lad® (6)
Napp = Mo/ @
"
L =1 +|—
wr (K:) ®)

where n,, n, are model constants.

They assumed that photoinhibition is caused by the damaged pho-
tosystem at a high light intensity which is the case only where the light
enters the culture. Thus, due to light attenuation, photoinhibition does
not happen in the depth of the culture as the light intensity drops sig-
nificantly. On the other hand, regeneration of photosystem is not
bounded by the cell location and can happen anywhere in the culture.
Therefore, the growth rate should be related to both incident and
average light intensity.

Another modification of Bannister’s model was done by Garcia-
Malea et al. [60] where the shape factor and the saturation constant
were related linearly to irradiance at the surface:

a+bly
Loy

(c + dIo)‘”bIO 3 I:v+b10

K= Mpax ©)
In 2000, Han et al. [35] argued that since microalgae experience
variable irradiance, using static modelling is not the best approach.
Therefore, they involved the dynamic aspect of light in the model to
reach more accuracy. They used the same idea as Peeters and Eilers
[54,56,57] but instead of simplifying the model for steady state con-
dition, they kept the dynamic characteristics of the model. Due to
consideration of light history of cells this model could potentially be
valuable for hydrodynamic study of microalgal culture, where cells
experience various light conditions [61,62]. It also enables the model to
account for unique phenomenon in microalgae cultures known as flash
light effect [63]. However, in this paper we have not reviewed dynamic
models, as a summary of them can be found in Bechet et al. [51].

2.1.1. Light spectrum

Although light is one of the most important factors in the growth of
microalgae, it is not only the intensity of light that is important but also
its spectrum as well. Microalgae have been shown to grow in certain
wavelengths of light better than the others, and thus some researchers
studied this effect as well [30]. This light range, which is also known as
photosynthetically active radiation (PAR), is responsible for providing
energy for the reactions and its wavelength ranges from 400 nm to
700 nm [30]. Blanken et al. [27] took this effect into account and as-
sumed the effective light intensity is caused by these wavelengths and
considering light attenuation, he proposed a formula for light intensity
inside the culture:

700
1@)= Q) L(0)exC<Al

=400 (10)

where I;(0) is light intensity at surface for wavelength 1 , a, is light
absorption rate, C, is biomass concentration, and z is depth of the point
at which light intensity is calculated.

Ritchie [64] made the range of effective wavelengths even narrower
by considering only blue (425-500 nm) and red (640-700 nm) light.
Using the results of McCree [65] he added average quantum efficiency
and calculated photosynthetically useable radiation (PUR).
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The highest solar irradiance on the surface of the earth can reach
about 2220 umol m=2 87!, of which , according to Eq. (11), only about
767 umol m~2 57! can be used for photosynthesis [65]. The usable light
intensity calculated in Eq. (11) may replace irradiance in most of the
presented growth models.

Moreover, wavelengths out of PAR range do not stimulate growth
but may have inhibitory effects. Studies show that UV irradiation can
cause inhibition of photosynthesis and even death of algal cells and
consequently limit growth rate [66-68].

2.2. Nutrients

Microalgae require various nutrients for growth and when they
undergo nutrient limitation the growth can be affected significantly.
Nitrogen and phosphorus compounds play an important role on the
growth and the organic composition of algal cells [101,102]. There are
also many micronutrients such as cobalt, iron, molybdenum, and
manganese, which are necessary for optimum growth of microalgae
[103]. Many models have been used to explain the effect of nutrients on
the growth of microalgae, a summary of which can be found in Table 2.
Monod [38] introduced one of the first growth models which was in-
itially intended for bacterial cultures but later was used by many re-
searchers for algal cultures as well. He tried to study the biochemistry
of bacteria using bacterial growth where he just limited the study to
positive growth and neglected the death rate. He used a Michaelis-
Menten equation to describe the growth rate as a function of the con-
centration of nutrient.

Fotess (12)
Where u is specific growth rate, y,,,. is maximum specific growth rate,
S is concentration of the limiting nutrient, and K; is concentration of
limiting nutrient at which the specific growth rate is half of its max-
imum value.

Many studies used this model as a basis and found the parameters of
this model for their specific alga type [104-107]. Goldman et al. [104]
divided the growth based on the concentration of limiting nutrient into
three areas. The first area is the low concentration of nutrient which is
defined as a concentration in which specific growth rate is less than half
of its maximum value. In this area, the specific growth rate is in a linear
relationship with limiting nutrient concentration.

H Fma e (13)

The second area is where Monod equation applies till when the
specific growth rate is almost reached the maximum value. The third
area is the constant growth rate area where based on Monod equation
given K¢S then u =y, and further increase in concentration will
not result in any change in the specific growth rate.

Despite its popularity among researchers, Monod equation failed
when high concentration of nutrients had negative effect on growth.
Andrews [108] used Monod equation and performed some modifica-
tions to add the inhibitory effect of high concentrations which may be
significant during transient conditions like system start-up. For this
purpose he added an inhibitory term to the equation:

14

where K; is inhibition constant and ,, is a theoretical value re-
presenting maximum specific growth rate if there was no inhibition.
Andrews pointed out that this equation does not follow a theoretical
basis and is empirically derived and lacks the effects of organism death,
inhibitory effect of products, and delayed response of microalgae to
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Table 2

Models considering effect of nutrients.
Source Model System  Alga type Estimation
Monod [38] s @

m= Mmaxm
Haario et al. [70] Outdoor  Diatom Hnax = 0.0886 day !
N:Ks = 14.5 (ug/L)
P:Kg =104 (ug/L)
Chrysophycea Hpmaxe = 0.0465 day ™!
N:Kg = 32.9 (ug/L)
P:Ks = 8.27 (ug/L)
Cyanobacteria Himax = 0.329 day™!
N:Kg = 21 (ug/L)
P:Kgs = 5.5 (ug/L)
Mgy = 0.212 day™!
N:Kg = 45.7 (ug/L)
P:Kg = 77.3 (ug/L)
Xin et al. [107] Scenedesmus sp. NKg=121mgL!
P:Kg=027mgL!
Concas et al. [79] Indoor Spirulina platensis NKs = 5314gm™3
P:Ks = 0.028gm™3
Spijkerman et al. [129] Indoor Chlamydomonas Multiplicative model:
acidophila Himax = 0.073h71
C: K = 0.38uM
P: Ks = 1.09nM
Threshold model:
Hnax = 0.076h71
C: Ks = 1.43uM
P: Kg = 1.46nM

Minor species

Jayaraman and Rhinehart [18] Gladieria sulphuraria

Chen et al. [130] Micrpcystis aeruginosa P:Kg = 0.025(mgL™")

Marsullo et al. [96] Indoor Phaeodactylum tricornutum N:
Ks = 0.001mol.m=3

Thalassiosira pseuinana N:

Kg = 0.001mol.m™3

Lee and Zhang [76] Chlorella sp. NiKs = 0.1mgL™!

Concas et al. [3] Indoor Nannochloris eucaryotum  N:Kg = 5.4x10~4gL~!
P:Kg = 2.5x1075gL~!

Fre et al. [131] Indoor Dunaliella tertiolecta 75mgL~! of sodium nitrate
Himax = 0.02790h71
Ks = 0.9x10~4g.L !
300mgL~! of sodium nitrate
Himax = 0.02804h71
Ks = 8.52x104g.L!
600mgL~! of sodium nitrate
Himax = 0.02567h71
Ks = 2.374x1073g.L7!
900mgL™! of sodium nitrate
Himax = 0.02617h71
Ks = 3.944x103g.L7!

Martinez Sancho et al. [112] and = Hm1S + bmaKs 2 Scenedesmus obliquus My = 0.0466071

Martinez et al. [113] Ks+s Uz = 0.0256h71
Ks = 0.2uM
Martinez et al. [113] _ U1 KIS + a2 + tm3Ks K1 3) Scenedesmus obliquus Values at different temperatures are reported in [113]
- KsK[ +K[S+S2

Andrews [108] _ s “@
”_#’””K5+s+52/1<,-5

Zhang et al. [132] Indoor Chlamydomonas reinhardtii For nitrate:

Ks = 2.6085g.L7!
Kis = 0.1065g.L~!
For ammonium chloride:
Ks = 2.2956g.L7!
Kis = 0.1557g.L7!
For urea:

Ks = 2.3978g.L7!
Kis = 0.0708g.L~!
Himax = 0.73day™!
Ks = 722mgL™!

K; = 1.28x10*mgL™!

Kasiri et al. [75] Indoor Chlorella kessleri

(continued on next page)



P. Darvehei et al.

Table 2 (continued)

Renewable and Sustainable Energy Reviews 97 (2018) 233-258

Source Model System  Alga type Estimation
Mirzaie et al. [85] Indoor  Chlorella vulgaris Hpaxe = 0.13day™!
Ks = 0.117g.L7!
Kis = 0.073g.L~!
Lee and Zhang [76] Indoor  Chlorella sp. NKg = 1.78mgL™!
Kis = 364mgL™!
Spijkerman et al. [129]" _ (5)  Indoor Chlamydomonas Hmax = 0.059h71
K= l'tmaxK +C . . max
c acidophila Kp = 0.7nM
K = Hmax Kp+P Acmax = 0.039
¢ ACmax P
Spijkerman et al. [129]" _ P (6) Indoor  Chlamydomonas Homaxe = 0.066h71
H = Hmax o, 1p . . max
P acidophila K¢ = 0.77uM
Ky = Hmax  Kc+C Apmax = 0.075
P APmax c
Droop [110] _ Qmin @ Monochrysis lutheri
M= e\ 1775
Burmaster [133] Monochrysis lutheri Himax = 1.03(day™)
Quin = 7.02x10™0mol. cell!
Packer et al. [29] Indoor Pseudochlorococcum sp. Himax = 3.26day™!
Qmin = 0.0278gN (g dw)~!
Wu et al. [134] Indoor Scenedesmus sp. Himaxe = 0-34day™!
Qumin = 0.019%
Fre et al. [131] Indoor Dunaliella tertiolecta 75mgL~! of sodium nitrate
Himax = 0.04669h1
min = 0.02634mg.g~!
300mgL~! of sodium nitrate
Himax = 0.04319h71
Qmin = 0.03505mg.g~!
600mgL™! of sodium nitrate
Himax = 0.05289h71
Qmin = 0.08543mg.g~!
900mgL~! of sodium nitrate
Mg = 0.04628h71
Qmin = 0.1179mg.g~1
Guest et al. [126] Omin \* (8)  Indoor Chalmydomonas reinhardtii
_— 1—( Ymin
1= e 1222
Geider [92] ’ Q—Qmin ) Indoor Thalassiosira psedonana gN
K= #ma"x(Qmm—Qmin) Qin = 0'04(gc)
N
Qmax = 0.2(§—C)
Pavlova lutheri N
Qmin = 0.04(L)
gC
N
Qmax = 0.2(§—C)
Skeletonema costatum N
Qmin = 0-04(L)
gC
N
Qmax = 0-2(‘27)
Isochrysis galbana N
TSt & Quin = 0.04(1’ )
gC
N
Qmax = 0.167(‘;7:)
Caperon and Meyer [122,123] —_— Q= Qmin (10) Coccochloris Hpaxe = 0.090(h™1)
K= Hinax ke +Q - Qmin LN
Qmin = 0.075(29%)
mol N
K= 0‘057(mn[c)
Cyclotella Himae = 0.087(h71)
_ mol N
Qmin = 0'043(m010)
mol N
K= 0.053(malc)
Dunaliella Himax = 0.076(h™1)
_ mol N
Quin = 0.044(7%%)
mol N
K= 0.034(malc)
Flynn [111] ., QU+kQ) an
H= Fmax Q+ko
O — _Q=Qmin

Qmax = Qmin

242

(continued on next page)
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Source Model System  Alga type

Estimation

Chapelle et al. [135] Alexandrium minutum
Heterocapsa triquetra

Bougaran et al. [120] (1 _ Qm,-n) (12) Indoor Selenastrum minutum

Isochrysis affinis galbana

Fouchardet al. [84] L)) (13) indoor Chlamydomonas reinhardtii

Hmax

Q) _
FQ—fomin _ ex"("'om) !

1—finin exp(k) -1
De La Hoz Siegler et al. o, T o (_ q ) (14) Indoor Auxenochlorella
[136,1371>¢ B = Emac g v 7P\ Tk protothecoides
1 t
q=7 S qad
0
~ Q
9= XvL+0
Abdollahi and Dubljevic [138] Indoor  Auxenochlorella
protothecoides
He et al. [139]° X (15) Indoor Isochrysis galbana
u= #max(l_m)

Tavatia et al. [140]° (16)

X
= a(t 1——)
M= Hmax ()( Tome
eho
e~Hmax! + ¢=h0 — ¢=Hmax!=ho

a(t) =

243

Hpaxe = 0.55day™
Qumin = 3.7pg. cell™!
Qmax = 32.6pg. cell!
Ko =424

Moy = 0.67day™
Qumin = 5.5pg. cell™!
Qmax = 15.6pg. cell!
Ko=134

Himax = 1.58(day™1)

N:
_ mol N
Quin = 0.06( 220X )
mol N
Qs = 021228
P:
_ mol N
Qmin = 0.0018(—,”016,)
mol N
Qmax = O'OIS(mozc)
Hmay = 1.5(day™)
N:
mol N
Qmin = 0.065("%4 )
mol N
Qmax = 0'14(m01C)
P:
mol N
Qmin = 0.0009( "X
mol N
Qmax = 0'006(m01C)

Qpm = 7mg Sulfur (mg biomass) ™'k = 0.3389

fopin = 0.0674

Hiaxe = 11.12day™1
Kq = 0.0022
K; = 0.016

My = 14.18day~!

Kq = 0.0041
K; = 0.016
N:

25 mg of sodium nitrate
Hpaxe = 0.721day™!

Xpnax = 387.9mgL™!

50 mg of sodium nitrate
Himax = 0.568day™!

Xmaxe = 538.28mgL™!
75mg of sodium nitrate
Himax = 0.448day™!

Xmax = 670.58mgL ™!

100 mg of sodium nitrate
Himax = 0.416day™!

Xmax = 835.41mgL~!
Reported in [140] for various ammonium
concentrations

(continued on next page)
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Source Model

System  Alga type

Estimation

Fre et al. [131]° a7

_ S Kx
M= Hmax Ks+S J\ X +Kx

Indoor

Dunaliella tertiolecta 300mgL~! of sodium nitrate
Himax = 0.02858h71

Ks = 5.05x104g.L~!

Ky = 5.474g.L7!

600mgL™! of sodium nitrate
Himax = 0.02889h71

Ks = 5.232x1073g.L7!

Ky = 3.958g.L7!

900mgL™! of sodium nitrate
Hipax = 0.02870h71

Ks = 5.851x1073g.L~!

Ky = 3.932g.L7!

2 C and P are concentration of carbon and phosphorus in the media respectively, and &cmax and apmax are model constant regarding these values.
b X is the concentration of biomass, L is the concentration of lipid and Q is nitrogen concentration within the cell.

¢ Xpmax is the maximum sustainable concentration of biomass.

variations of nutrients concentration; however, this model has proven
to be more successful in explaining microalgae growth compared to
Monod equation.

Applying the above models many studies used concentration of
nutrients in the culture and related it to the growth rate
[36,39,106,107]; However, some believed that the concentration in the
media does not have an immediate effect on the specific growth rate
unless a long-term rate is studied [109,110]. Also, it has been reported
that even when the concentration of nutrients in the culture dropped to
zero, microalgal growth was not immediately ceased [109-111]. Mar-
tinez Sancho et al. [112] tried to resolve this issue with classical Monod
model by introducing an extra parameter in the model. They examined
different models for phosphorus-limited cultures, including a modified
form of Monod equation which showed a better fit to the experimental
results:

U= Mmls + HmZKS

Ks+ S (15)

In this model y,, is maximum specific growth rate, and u,, is
specific growth rate when there is no phosphorus. By adding the spe-
cific growth rate at zero phosphorus concentration they tried to explain
the ongoing growth after consumption of all nutrients. Later, they ex-
amined other models for inhibitory effect of substrate where they
modified Andrew’s equation and formed a new model [113].

— l"leiS + IL’thS2 + “m3KSKi
K¢K; + K;S + S?

(16)

Where p,,, is maximum specific growth rate, y,,, is inhibited growth
rate, and y,,, is the specific growth rate when there is no phosphorus.
Also K5 and K; are model constants to account for saturation and in-
hibition by substrate, respectively.

Another approach was presented by introducing the concept of in-
tercellular concentration or cell quota where it is assumed that nu-
trients are stored within the cell before it is used. Droop [110,114,115]
suggested that cell quota, which is customarily represented by Q and is
defined as the concentration of nutrient within the cell divided by cell
mass, could be used as an effective parameter to calculate the specific
growth rate:

, ko)
= 1--9
M /'{max( 0

kq is the saturation constant which later was referred to by some re-
searchers [2,116] as Q,,;, implying that if the cell quota of a specific
nutrient is less than Q,,;;, , the growth rate will be zero. Therefore, when
the substrate concentration reaches zero in the culture, there is still
nutrients stored in the cell to support cell growth. This model proved to

a7
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be successful in describing the behaviour of microalgae in natural
systems when nitrogen and phosphorus are both limited [2,117,118].
Droop’s equation has become a well-known model and has been fre-
quently used by many researchers [25,29,101,119] because it is able to
uncouple the growth rate and the absorption of the nutrients [120].
Sommer [121] compared Monod and Droop models using data from a
eutrophic lake in Germany and found Monod model to be significantly
less accurate than Droop. He also explained while Monod model has
limitation in its application due to luxury uptake of nutrients, Droop
model is difficult to apply as cell quota is difficult to measure.
Caperon and Meyer [122,123] used the same concept as Droop and
proposed another model using Michaelis-Menten form of equation:

Q — Qmin

= Binar O Quun + Ko as)

Where K is the model constant.
This model was developed to explain steady state growth rate under
nutrient-limited condition. Later, Flynn [111] used the same model as a
basis to explain co-limitation of nitrogen and phosphorus. He assumed
that at Qpq. the specific growth rate is maximised which led to the
following equation:
Q- Qmin
Q— Qmin+Kc
Qmax — Qmin
Qmax — Qmin + Kc

K= My
(19)

Another assumption was that K¢ is a linear function of Quex — Quin
which ultimately resulted in Eq. (19):

(1+KQ)(Q - Qmin)

K= 'umax (Q - Qmin) + KQ(Qmax - Qmin) (20)
where K, is the model constant.
Eq. (20) can be simplified to:
oy QUK
" Q+ Ko (21)
Q — Q - Qmin
Qmax - Qmin (22)

In this model, if the quota reaches its maximum value, which is
finite, the growth rate will be at its maximum as well, but this statement
does not apply to Droop’s model. In Droop’s model in order to reach the
maximum growth rate, the cell quota needs to approach infinity which
is not a realistic assumption. However, Droop [124] explained that y, ..
is merely a mathematical concept which can only be achieved when Q
approaches infinity and it is different from maximum specific growth
rate in Monod equation (u,,,,) and its value is larger than y,,,. [125].
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Table 3
Models considering the effect of temperature.
Source Model System Alga type Estimation
Ratkowsky et al. [142] JK# = b(T-To) 1) For Bacteria
Ratkowsky et al. [143] JE = B(T=Tipin)(1—ec (T—Tinax)) 2 For Bacteria
Zwieterin et al. [147] 1 = b(T—Tin)?(1—e¢(T=Tmax)) 3) For bacteria
James and Boriah [95] = HyaeXP(—ke (T—Typ)?) 4) Indoor Phaeodactylum Topt = 20°C
tricornutum k¢ = 0.007°C~2
Franz et al. [72] - - Topt = 25°C
5= =13°C
N
Jayaraman and Rhinehart - Gladieria sulphuraria  Top = 323K
(18] ke = 0.0001K~2
Dauta et al. [58] 2 (5) Indoor Chlorella Vulgaris Topt = 30°C
exp| —2.3 T Topt T<T;
Himax®Xp T Tope ) f opt
Mm= 2
exp| —2.3( 2L | | 7>,
HMmax®XP - Ty — Tupt >4 = lopt
Fragilaria crotonensis  Top, = 25°C
Straurastrum pingue Topt = 27°C
Synechocystis minima Ty = 32°C
Franz et al. [72] T Topt')2 (6) Outdoor Chlamydomonas ® Tromse:
eXP(_(f) )vTSTav,dﬂy reinhardtii Topt = 7°C
LN 1, Tav,day <T<Tay,day+8 s =5°C
Hmax 2 ® Fehmarn:
T— Topt +8 °
exp(—(f) ),T>Tav,day+8 Ty = 1°C
s=5°C
® Karlsruhe
Tope = 13°C
s =6°C
® Madrid
’E?pt =17
® Tamanrasset
Topt = 25°C
® Manaus:
Topt = 28°C
s =10°C
James et al. [157] exp(—Ki(T—-T)),T<h 7)
£ = 1, Hi<T<h
Fmy
exp(—Ky(T-T)),T>Tz
Costache [82] P = Bugx (ki eEV/RT — [, eE2/RT) (8) Indoor Scendesmus ki = 4.99x107
almeriensis K = 1.66x10'3
Ey = 4.27x10*mol J !
E; = 7.71X10*mol.J
Bitaube Perez et al. [158] EL T—To Ey T—To ) Indoor Phaeodactylum ki = 0.26h7!
H = Fimax kIEXp(RT T ) - kzexp(RT T ) tri -
0 0 cornutum ky = 018K~
E; = 28kcal. mol™!
E; = 39cal. mol™!
Ty = 293K
Tevatia et al. [159] (E1/RT (10) Chlamydomonas
M= Mpax 1+ KpeB2/RT reinhardtii
Sharpe and DeMichele ¢ _AHp 11) Chlorella sorkiniana ¢ = 32.69(Ks71)
_ TeR™ RT
[14s) W= s _am &Sy A At = 12939( )
1+¢ R RT +¢ R RT mol
cal
ASy = 180'2(mol.1()
cal
Ay = 56977(-4 )
cal
AS = —184.4(m0LK)
cal
AH = —54632(m)
Eppley [153] U= py1.0667 (12) indoor Approximately 130 o = 0.851doublings per day
species
Moisan [160] 1T Tope P as)
log(2)*0.851*1.0667¢  Tlow , T<Top;
- IT—Topt 3
log(2)*0.851*1.0667e  Thigh | T>T,
Norberg [161 _7\2 14
g Lot u= 0.59(1—(—Twz) )e°~°533T a9
Haario et al. [70] u= IumfeT—ZO (15) outdoor Diatom Hhref = 0.0886day™!

6=114

(continued on next page)
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Table 3 (continued)

Source Model System Alga type Estimation
Chrysophycea Hyop = 0.0465day~1
6 =1.07
Cyanobacteria Hrop = 0.329day!
6 =116
Minor species Hyef = 0.212day~!
6 =113
Lee and Zhang [76] Indoor Chlorella sp. When coupled with Chalker [48] model of light:
6=135
When coupled with Muller-Feuga [100] model of
light:
6=116
Pegallapati and H = fryp 1066720 (16)  Indoor Nannochloropsis Hrep = L.2day™!
Nirmalakhandan [80] salina
Scenedesmus sp. Hrep = Léday™
Ketheesan and Indoor and  Nannochloropsis Indoor:
Nirmalakhandan [154] outdoor salina Hrop = 2.0day™!
Outdoor:
Hyep = 1.15day™"
Sukenik et al. [30,156] 1 1 (17) Indoor Dunaliella tertiolecta Ep = 3500 K
P= PrefeXP(—Eo(; - @))
Geider et al. [92] Pavlova lutheri
Skeletonema costatum
Thalassiosira
pseudonana
Isocrysis galbana
Chen et al. [130] K= Mgy 121~ Topt] (18) Micrpcystis ¢ =157
aeruginosa c; =024
Carvalho and Malcata [99] p=p ( X ) (19) indoor Pavlova lutheri K = —2.72day™!
N Ximax K, = —2.86°C~!
_ kr I K3 = 129x10%]. mol~!
Hmax = ra1® 1 Ky = 1.19x108cell. mL~!
Xmax = (K4 + KST)(% Ks = —3.69x10%cell.(mL. °C)~!
Ke = —12.4J. mol~!
Bernard and Remond [15] (T = Trnax)(T = Tnin)? (20) Indoor Various species Parameters are available in [15]
= Bmax (o~ Ty (@ (D) ~b(T)
a(T) = (Topt = Tnin)(T—Topr)
b(T) = (T_T;)p[)(Tnpl + Tnin — 2T)
min <T< Tinax
Munoz-Tamayo [89] Indoor Hnax = 0.76day™!
Tnin = —0.2°C
Topt = 26.7°C
Tnax = 33.3°C
Ippoliti et al. [12] pP=np (T = Tinax)(T = Tnin)? (21) Indoor and  Isochrysis galbana Tinin = 11.88°C
"X (Topt — Tmin)(@(T) =b(T)) outdoor Topt = 35.73°C
a(T) = (Topt — Tnin)(T—Topt) Tnax = 46.15°C
b(T) = (T_Topl)(npl + Typin — 2T)
Tinin <T<Tinax
Rarrek et al. [162] F(T) = 1-|T—Topt | Taep (22) Topt = 25°C
Tiep = 0.05K~1
Blanchard et al. [152] P = Buxd %3 eBA—¢7) (23) Indoor Benthic diatom Isolated in September 1995
b = T,:’:xai ;sz Buax = 5.81ug C (ug Chl a) th™'T,p, = 25.3°C
max = 38.2°C
B=176
Isolated in December 1995
Buax = 3.04ug C (ug Chl a)h™'T,p, = 25.4°C
Tnax = 34.9°C
B=103
Slegers et al. [163] Indoor Phaeodactylum Topt = 21.64°C
tricornutum Tnax = 30.31°C
B =157
Thalassiosira Topt = 24.73°C
pseuinana Thnax = 31.4°C
B=183
Quinn et al. [116] U= /"maxﬂ (24) Outdoor Nannochloropsi E, = 63kJ mol~!
L4k oculta Topt = 23°C

Ea _ Ea
= ex — &
kr = p(RTgp[ RT)
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Bougaran et al. [120] proposed a threshold coupling model that
considered both phosphorus and nitrogen limitation where the
minimum quota function is related to the specific growth rate. They
proposed the same form of function for both N and P:

Qmin
1—=run
Q

®=4

max 1— Qmin

(23)

Qmax

This equation resolves the infinite quota problem with Droop’s
model by adding a maximum quota as well as maintaining the simpli-
city of the equation.

Another model was proposed by Guest et al. [126] which used the
same condition as Bougaran (threshold model for N and P) and Droop’s
model as a basis.

’ Qmin4
= 1-| —
g ”’"w‘( (Q)]

Even though this equation still has the same issue with infinite
quota as Droop’s model, due to the fourth power, the function rapidly
reaches the vicinity of its maximum value where its difference from
maximum is negligible for common values of Q. This makes the model
appropriate when compared to the experimental data.

Another aspect of modelling the effect of nutrient, is understanding
the relationship when there is more than one nutrient involved. Haefner
[127] presented five methods for combining multiple parameters: (1)
Liebig’s law of minimum, (2) multiplication, (3) arithmetic average, (4)
mean resistance, and (5) additive rates.

Liebig’s law of minimum, which is also known as threshold model,
assumes that the most limited nutrient determines the rate of growth.
Therefore, it describes the growth to be related to minimum value of
nutrients functions:

M= Mygemin(f (S1), £ (S2), £(S3))

The function of each nutrient can be any of the discussed models
such as Monod or Droop models.

Multiplication method assumes that all the nutrients affect the
growth at the same time and not only limitation in one nutrient lowers
the growth rate, but multiple limitations deteriorate the situation. It
relates the final value to be relative to multiplication of all functions:

M= Mgy £ (SD- £(S2). £(S3)
The third method is using the arithmetic average of the functions:

J () +£(S2) +£(S3)

max 3

(24)

(25)

(26)

H=H @27

Mean resistance method is inspired by the effect of a resistance in an
electrical circuit and uses the reverse of each function:

1
L S W U
F6) T fS) T fs3) (28)

Haefner [127] added the fifth method (additive rates) based on a
study by O’Neill et al. [128] where they compared eight different
methods of simultaneous limitation by applying them to data from
terrestrial and aquatic experiments, and found additive model to be the
most accurate.

SISZ

H = Hax KS, + S, + kS,

29
As can be seen, this equation is based on the Monod model.
Among all the mentioned methods, two approaches are the most

common among the researchers when modelling co-limitation of nu-

trients: threshold model and multiplicative model [2]. Multiplicative
model, unlike threshold model, has been used widely and not only for
co-limitation, but also for connecting the effects of other parameters
such as light and temperature; however, Haefner [127] stated that in
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practice using multiplication appears to underestimate growth when
the number of limiting nutrients increase.

Law of the minimum was employed in the model proposed by
Bougaran et al. [120] and Guest et al. [126]. As in the latter study, the
co-limited relationship was expressed with the following equation:

_ . QP,min " QN,min 4
U= Uy min] | 1— , | 1—
Qp

Qn

(30)

2.3. Temperature

After nutrient and light, temperature plays the most crucial role in
the growth of microalgae [15]. Many studies have been undertaken to
understand the effect of temperature on the growth rate and many
models have been proposed in a variety of forms (Table 3). This di-
versity in the form of models suggests the complicated nature of the
relationship between growth and temperature.

Many of the models for effect of temperature on the growth of mi-
croalgae are inspired from bacterial or other microbial growth models.
Hence, all seem to follow similar trends.

One of the first models is known as Hinshelwood model [141] which
was derived using Arrhenius law for growth of bacteria and later was
used for microalgae growth:

E

E
u=keT—le T (31)
where T is absolute temperature and ki, k, E;, and E, are model
parameters. E; and E, replaced the activation energy over gas constant
(%) in the original form of Arrhenius law and k and k, are pre-ex-
ponential factors. Thermodynamically, in this equation, the first term
can be interpreted as the production (growth) rate and the second term
as the consumption (death) rate of the bacteria due to high tempera-
ture. However, as the temperature is decreased in this model, specific
growth rate declines but never reaches zero except at temperature of
absolute zero. This makes the model unrealistic at low temperatures.

Ratkowsky et al. [142] explain that Van’t Hoff and Arrhenius rela-
tions cannot provide a good approximation of the temperature de-
pendency of the growth rate. They plotted the logarithm of the growth
rate against the reciprocal of absolute temperature and suggested the
following model which uses the square root of growth rate:
\/ﬁ = b(T — Tin) (32)
where T,,;, is the temperature below which no growth takes place and b
is the model constant.

However, this equation worked well from the minimum tempera-
ture to the optimum temperature, where the growth rate is at its
maximum value, but for higher temperatures this equation is not valid.
When the temperature is increased beyond the optimum value, the
growth rate starts to decrease while this equation does not predict this
effect. To cover this flaw, an extension of this model was proposed
[143]. In the new model an exponential term was added to correct the
previous equation for higher temperatures:
\/ﬁ =b(T - Tmin)(l_ec(TiTmax)) (33)
where T, is the maximum temperature limit for growth and c is a
model constant. They applied this model to 30 sets of data for various
bacteria and found this model to be fairly accurate.

Sharpe et al. [144,145] proposed a model considering three energy
states: (1) inactivation due to low temperature, (2) inactivation due to
high temperature, and (3) active (developing) state. They modelled the
transition between the states and used a different equation for the ki-
netic rates to describe the growth rate changes with temperature:
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ol 1)

In this equation R is the universal gas constant, and the rest of the
parameters are defined as follows:

(34)

— AH,: enthalpy of activation of growth

— AS;: entropy change of low temperature inactivation

— AH;: enthalpy change of low temperature inactivation
— ASy: entropy change of high temperature inactivation
— AHjy: enthalpy change of high temperature inactivation
— ¢: is the model constant

Schoolfield et al. [146] described this formulation to be unsuitable
for regression due to high correlation of parameters. They explained
that the complexity of the model makes parameter estimation some-
times impossible. Therefore, they reformulated the function to facilitate
the regression process.

oo (255 - 1)
1+exp(%(% - %)) + exp(%(% - %))
Schoolfield et al. [146] used 25°C (298 K) as the reference tem-
perature and included specific growth rate at this temperature (u,;) as
one of the parameters in the model. The reason for selection of 25 °C as
the reference temperature was mainly due to observed high activity for
most microalgae around this temperature. In Eq. (34) T; and Ty are
temperatures of half-inactivation at low and high temperature, re-
spectively.
Zwietering et al. [147] modified the extended Ratkowsky model, so

that the growth rate is related to the square of the first term but not the
exponential term.

M =
(35)

p = (b(T — Tyin)?(1—ecT~Tmax)) (36)

Then, they compared the modified model with several other models
including Schoolfield [146] and Ratkowsky [142,143] models for
growth of enzymes and reported that despite having only four para-
meters, their model had less deviation from experimental data than
more complicated models like Schoolfield’s. Lobry et al [148] suggested
a new empirical model using three cardinal temperatures (Tin, Top; and
Tnax)- The growth takes place when the temperature is between T,,;, and
Tnax, therefore, out of this range there is no positive growth and at T,
the specific growth rate reaches its maximum value. These three tem-
peratures are part of the characteristics of each species and having a
model based on these values facilitates the application of the model.

(Tmax - T)(T - Tmin)
(T - ’Eth)Z + (Tmax - T)(T - Tmin)

®=H

This model was unable to predict the suboptimal curve of growth
with temperature, thus it was modified and cardinal temperature model
with inflection (CTMI) was introduced [141]:

u
= #MGX
(T - Tmax)(T - Tmin)2
(npl - min)[(rl:)pl - min)(T - ’E)pt) - (];Jpl - mn_x)(ﬂ)pt + Tmin_ZT)]
(38)
Rosso et al. [141] compared the new model with Ratkowsky [143]
and Zwietering [147] model for 47 sets of data of various bacterial

species. The comparison showed that CTMI was able to show a better fit
for 21 of the 47 sets while Ratkowsky model performed better for 20 of

248

Renewable and Sustainable Energy Reviews 97 (2018) 233-258

the 47 sets and in the remaining six sets Zwietering model had the
lowest deviation. The performance of this model was very close to that
of Ratkowsky model, but its ease of use and meaningful parameters
made CTMI a powerful tool which later was used by Bernard et al. for
microalgal cultures [15]. They used CTMI for various algal species and
showed its good fit with experimental data. However, it must be
mentioned that CTMI has certain limitations in terms of its applic-
ability. To have positive values for u all across the valid range, the
average of T, and Tpa, should be less than T, or in other words T,
needs to be closer to T, than T,,;, , otherwise the model will produce
negative numbers for growth [15].

In 1999 Yan and Hunt [149] used cardinal temperatures to predict
the change in photosynthetic rate of plants by temperature, modifying
previous models by Yin et al. [150] and Gao et al. [151] for growth in

Ccrops.
-T
opt

%pt* Tinin
Tmax—Topt

T— Tmin
TZ)pt - Tmln

Tmax

:u=l’lmm¥

Tmax

(39

The model, then was further simplified by assuming T,,;, to be zero
which led to the following equation:

Topt

Tmax

— T T Tmax—Topt
Tmax - npt 7:)1:/[

Another model was proposed by Blanchard et al. [152] for the
change in growth of motile benthic diatoms with temperature. Al-
though, the model seems to fit the experimental data acceptably, it is
observed that in suboptimal temperatures the model predicted a smaller
degree of curvature compared to that of experiments.

Some studies used a normal distribution model (Gaussian curve) to
predict the effect of temperature [18,95]. In this model, growth is
maximum around T, and as the temperature decreases or increases the
growth will change in a Gaussian bell-shape. In a study, Franz et al.
[72] used Gaussian curve to explain the effect of temperature and as-
sumed that microalgal strains had adapted to local climate, and
therefore, had the best performance at average temperature of their
specific geographical location. They suggested two equations: the first
one assumes T, to be average temperature for all the studied locations:

T — T )
K= Fonax®XP| —| =

and the second equation takes T, 44, €qual to the average temperature
of each location:

T~ Tave,day )2
{ILL = /xmaxexp(—( B d y) );T < T;we,day

” = Mmmv
(40)

(41)

(42)
{M = Maxs Tave,day <T< Tave,day+8 (43)
T — Tove,day+8
{,L{ = #maxexp(_(iave,day ) ); Tave,day+8<T
s (44)

where s is a model constant.

As it can be seen, in the second model the growth rate stays at the
maximum value for a temperature range of 8 °C which is due to the
hypothesis that temperature has less effect on the growth rate when the
light intensity is low [72] and ultimately makes the model application
very limited. Moreover, the change in growth with temperature does
not fully fit a Gaussian distribution as based on experimental data the
change is not symmetrical. Dauta et al. [58] have also used the same
basis for their model but added skewness to the functions to get the
asymmetry in the shape of the model.

Eppley [153] proposed a very simple model for growth of various
species of phytoplankton in the sea using about 200 data points.
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u = 0.851x1.066" (45)

Here T is temperature in degrees Celcius. This model is surprisingly
simple and easy to use and many other researchers utilised it as a basis
for their models [70,76,80,154]. However, this model only performs as
an envelope for various species or in other words as the author stated
the equation is “useful as a generalisation of the maximum u to be
expected for a photosynthetic unicellular algae.” [153]

So far in all the discussed models the effect of temperature was as an
independent and separate function which could be coupled with that of
other limiting factors. But there are studies that included the effect of
temperature in other functions such as light [155]. For instance, Der-
moun et al. [87] (Eq. (14) in Table 1) and Talbot et al. [86] (Eq. (13) in
Table 1) used the Peeters and Eilers model [54,56] for light but con-
sidered the constants to be temperature dependant. Grobbelaar [88]
used the same principle but applied it to Baly’s model [36].

o Ksall

=a,a, ———
o K a? (46)

In this equation a;, a,, and a; are model constants, K is light sa-
turation constant, and 6 is temperature factor calculated via following
equation:

_ T-10

10

° @)
where T is temperature in °C.

As it can be seen, the effect of temperature on the growth of mi-
croalgae can be difficult to model and having numerous equations in
variety of forms is a proof for it. Most of the studies reviewed here used
a standalone function to describe this effect with a few cases where it
was combined with light function. There are also studies where pho-
tosynthesis was described as a function of temperature and was later
used to calculate specific growth rate or productivity assuming they
have a linear relationships [30,91,92,156]:

1 1
P = Pyexp| —Eo| = — —
ref' p[ O(T T;ef)]

where B, is photosynthesis rate at T,,s. Eq. (48) was inspired by Van ‘t
Hoff equation which was originally derived to describe variation of
equilibrium constant with temperature in a chemical reaction.

(48)

2.4. pH and carbon

For each strain of microalgae, there is an optimum pH where the
growth rate is maximised [164]. But pH is a parameter which is closely
affected by the amount of carbon in the media, as carbon dioxide in-
jection is a common way to lower pH level [165]. In modelling ap-
proaches, their effects are considered together, thus only one of them is
included in the models. Moreover, carbon is one of the main nutrients
for algal growth and in many studies the same models used for nu-
trients, was applied to carbon as well [80,104,129]. However in the
studies considering the effect of pH, the models were diverse. Also, in
some studies pH was maintained constant using other means while
carbon dioxide concentration was varied [17]. Table 4 summarises the
models considering the effect of pH or carbon on the growth of mi-
croalgae.

Dissolved inorganic carbon in a culture can be in different forms
such as carbon dioxide, carbonate, and bicarbonate [166] and they do
not contribute equally to the growth. Algal cells use carbon dioxide to a
larger extent compared to bicarbonate and barely use carbonate [167].
For pH levels between 6.5 and 10, where most of algal cells grow, bi-
carbonates are the dominant form of carbon (Fig. 2).

As mentioned before models that include the effect of carbon con-
centration treat carbon as a nutrient. Goldman et al. [104] used Monod
model (Eq. (8) in Table 4) to relate specific growth rate to total in-
organic carbon for Scenedesmus quadricauda and Selenastrum
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capricornutum. To calculate total inorganic carbon they added the
amount of carbonic acid, bicarbonate and carbonate, as well as aqueous
carbon dioxide. They stated that algal growth should be related to total
inorganic carbon not one specific form of it. However, King and Novak
[168] used the data from Goldman et al. [104] and argued that specific
growth rate is a function of free carbon dioxide and not total inorganic
carbon. Lee and Zhang [76] also used aqueous carbon dioxide in Monod
model (Eq. (8) in Table 4) for growth of Chlorella sp. when concentra-
tion of carbon dioxide is below 50 mgL™. For higher concentrations
Andrews model was utilised to include the inhibitory effect of carbon
caused by low pH as a result of high carbon concentration. Baquerisse
et al. [94] selected Steele model [52], which was originally used for
irradiance, and replaced light parameters with carbon dioxide para-
meters to explain the growth kinetic of Porphyridium purpureum.

The second type of models are those where pH level is incorporated
directly into the model. Bailey and Ollis [169] derived a model for the
effect of pH on the reaction rate of enzymes:

1

[H*]
Ky

H=H
M Kon

[HY]

(49)

In this equation Ky and Koy are model parameters and [H*] is hy-
drogen ion concentration which can be calculated from pH
(H*] = 107PH), They classified enzymes into three groups: (1) cataly-
tically active, (2) acid inactive, and (3) basic inactive. The same for-
mulation was used by Tang et al. [170] for bacterium Clostridium for-
micoaceticum and later by Bitaube Perez et al. [158] for Phaeodactylum
tricornutum. Zhang et al. [132] modified this model by adding a third
constant to denominator and resulting in Eq. (50):

1
M= Mpax @ 4 Kon
17 oy T Y (50)

where Ky, Koy and K; are model parameters Jayaraman and Rhinehart
[18] included pH as a parameter in their model assuming only carbon
dioxide concentration is responsible for pH changes. Therefore, instead
of using carbon dioxide concentration as an input, they used a function
of pH to describe the effect of carbon.

1

K= Hinax: 1+eA(PH_PHup[)

(51)
Where pH, is the pH at which growth is maximised and A is the model
constant.

Costache et al. [82] used a model based on Arrhenius equation to
describe the effect of pH on Photosynthesis rate which showed a close
fit to experimental data for Scendesmus almeriensis:

P = Bygx (BieCVPH — By eC2/piT) (52)

In this equation Bj, B,, Cj, and C, are model constants and P and
P,.qx are photosynthesis rate and its maximum value respectively. Filali
et al. [71], however, considered all three types of inorganic carbon
(CO,, HCO;, and CO$7) and by using equilibrium constants and pH,
calculated the total amount of inorganic carbon.

[TIC]

H= Hnee X K[ TICT (53)
[CO,] = - K[ITIC] D

¥ T [P (54)
[H*] = 10-PH (55)
CO, + H,0 < HCO; + H* (56)
HCO; « CO}™ + H* (57)

Where [TIC] is the molar concentration of total inorganic carbon, K; and
K, are equilibrium constants of HCO; and CO;~ formation (Egs. (55)
and (56)), X is biomass concentration, and K; is carbon saturation
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Table 4

Models considering the effect of pH or carbon concentration.
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Source

Formula

System

Alga type

Estimation

Jayaraman and
Rhinehart [18]
Costache [82]

Fernandez et al. [83]

Bailey and Ollis [169]

Tang et al. [170]
Bitaube Perez et al.
[158]

Zhang et al. [132]

Rarrek et al. [162]

Ifrim et al. [171]

Ippoliti et al. [12]

Monod model [38]

Goldman et al. [104]

Hsueh et al. [105]

Marsullo et al. [96]

Lee and Zhang [76]

1

K= Fmax T3 exp(2 pH = pHopn)

P= Pmax(Ble_Cl/pH — BzeCZ/pH)

H = Hmax

K= Mmax

1

115 Kon

Kp  [HY]

1

+] K
L HT Ko

Ky o [HY]

H= 'umax(l_‘pH_pHopt IpHdep)
PHgep: model parameter

PH,p;: pH associated with maimum growth

— 1—.
M= Mgy XpHe' —PH

XpH =

PH = pHmax
PHin —pH

PHpin: minimum pH for growth
PHpax: maximum pH for growth

P = Buax.

a(pH) = (PHopt_pHmin)(pH - pHopl)
b(pH) = (PHopt_PHmax)(pant+pHmin — 2pH)

(pH — pHmax)(pH — pHinin)?

(pHopt —pHmin)(a(pH) —b(pH))

PHpin: minimum pH for growth
PHpax: maximum pH for growth

PH,p;: pH associated with maimum growth

C
M= ‘umasz+C

@®

)

®3)

@

5)

(6)

@)

®

Indoor

Outdoor

Indoor

Indoor

Indoor and

outdoor

Indoor

Indoor

Indoor

Indoor

Gladieria sulphuraria

Scendesmus almeriensis

Scendesmus almeriensis

Phaeodactylum
tricornutum

Chlamydomonas
reinhardtii

Isochrysis galbana

Scenedesmus
quadricauda

Selenastrum
capricornutum

Nannochloropsis sp.
Phaeodactylum
tricornutum

Thalassiosira pseuinana

Chlorella sp.

PHopr = 2.5

By =25

B, =533

G =645

Cy =692

By = 2.4098
B, = 533.01
C = 6.2684
C, = 68.8062

Hpmax = 0.064071

Ky = 2.3x10~mol.L~!
Koy = 1.2x10"1%mol.L~1
For nitrate:

M = 14528071

K; = 0.7602

Ky = 0.401x10’mol.L™! Koy = 0.865x107mol.L~!
For ammonium nitrate:
Mgy = 1.2942h71

K = 1.1835

Ky = 0.2826x107mol.L~}

Kon = 0.666x10’mol.L ™1
For urea:

Mgy = 1.4198h71

K; = 0.3499

Ky = 0.2609x107mol.L~1
Kon = 0.8042x107mol L1
Phopt = 8.5

pHdL'p =03

PHop = 7.34
PHpin = 2.24

pHmax =10

u = 2.29day~!
pH 7.1-7.21

Ks = 0.3mg.L7!
pH 7.25-7.39
Ks = 0.36mg.L!
pH 7.44-7.61
Ks = 0.71mg.L~!
u = 2.45day~!
pH 7.05-7.23
Ks = 0.4mg.L!
pH 7.25-7.39
Ks = 1.0mg.L~!
pH 7.43-7.59
Ks = 12mg.L!
Ks = 1.9mM
Hmaxe = 3.5day™!
C:

Kg = 0.001mol.m=3
C:

Ks = 0.001mol.m™3
NiKs = 3.6mgL™!

(continued on next page)
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Table 4 (continued)
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Source Formula System Alga type Estimation
Filali et al. [71] _ [TIC] (©)] Indoor Chlorella vulgaris = 0.08h7!
M= Fmax X R op +(1IC) e ~Smol.10%ell~!
X: biomass concentration Ks = 1.28x107mol.10°ce
Kcr: model parameter
De L[z; ;olzss;]egler et al. 1= = (10) Indoor Arlj_;(c;rﬂl(l)ecchol;);eeslla Hmaxe = 11.12day™!
, Ks+C+ o p Ks = 15.03gL!
(Heterotroph) 1
K; = 47.4gL
Pegallapati and Indoor Nannochloropsis salina Mo = 1.2(day™1)
Nirmalakhandan Ks = 2.316x10~M
[80] K; = 0.0046M
Scenedesmus sp. Hmaxe = 14(day™)
Ks = 9.818x10™*M
K;=1M
Abdollahi et al. [138] Indoor Auxenochlorella e = 14.18day™!
protothecoides Kg = 8.45gL"1
K; = 49.5gL71
Lee and Zhang [76] Chlorella sp. Ks = 4.26mgL™!
Kis = 250mgL~!
iri . C-C : _ 1
Kasiri et al. [75] 1= 0 = (11) Indoor Chlorella kessleri Momax = 0.73day
Ks+C=Co+ = Ks = 3.75mgL™!
Co: minimum concentration of carbon for growth K; = 1.79x103mgL~!
Baquerisse et al. [94] (12) Indoor Porphyridim purpureum

C
c 1-g
H = Bmax- g o

Copt: carbon concentration associated with
maximum growth

constant. They used mass transfer equations to calculate the amount of
carbon dioxide in the culture and using the above equations determined
total inorganic carbon concentration and specific growth rate.

N Pco,
COo;] =
[CO7] Heo, (58)
dTIC *
e kpa([COS] = [CO,]) (59)

Pco, s partial pressure of carbon dioxide in the air, Heo, is Henry’s
constant for solubility of carbon dioxide in the medium, [CO}] is the
maximum obtainable concentration of carbon dioxide in the medium,
and kg a is the mass transfer coefficient.

Ifrim et al. [171] presented an equation in which they used
minimum and maximum pH thresholds for growth:

o 1- PH—PHmax
e pHmin—pH
(60)

Ippoliti et al. [12] proposed an equation (Eq. (7) in Table 4) based
on CTMI (originally developed to describe the effect of temperature on
growth). They used pH thresholds as well as optimum pH for growth,
which showed to be a good fit to the experimental data.

In most studies carbon dioxide is assumed to be in excess, and
therefore its effect is neglected while in large-scale cultivation, the
limitation of carbon is a common issue in microalgal cultures [166]
particularly at high culture densities or when there is no carbon dioxide
injection into the system and increasing the amount of carbon dioxide
significantly improves the productivity [164]. Despite this, there are
very few researchers who included CO, in their model as a limiting
factor and mostly the same approach as other nutrients has been em-
ployed.

2.5. Salinity

microalgae production is a process that requires massive amount of
water, and procuring it is a major challenge. Yang et al. [172] reported
that to produce one kilogram of biodiesel, 3726 kg of water is needed.

The cost of using fresh water significantly affects the viability of mi-
croalgae production. Considering the majority of areas where micro-
algae can have highest productivity have limited or no access to
freshwater [7], use of saline water, in the form of seawater or under-
ground saline water, is an inevitable option to grow microalgae in large
scale [7]. However, there is another challenge when any type of saline
water is used. Areas with high intensity of sunlight are the best loca-
tions for cultivating microalgae as a higher level of irradiance accel-
erates the growth rate. On the other hand, higher light intensity means
more evaporation, especially for open ponds, which causes an increase
in salinity level [173]. Some types of microalgae are compatible with
high-salinity water: (1) marine, (2) halotolerant, and (3) halophilic
microalgae [174]. Salinity is an important parameter for the growth of
these microalgae [175], and different types of microalgae have different
reactions to high salinity [175,176]. Some strains of marine microalgae
such as Tetraselmis sp. show higher productivities compared to fresh-
water microalgae [177,178]. Fabregas et al. [179] observed the max-
imum cell density for Tetraselmis suecica in the range of 2.5-3.5%
salinity, and below this range, the density dropped in proportion to
salinity. Laing and Utting [180] found this range to be 2.5-3% for
Tetraselmis suecica and 1.5-2.5% for Isochrysis galbana. Controlling the
salinity of the culture is a difficult task, especially when one of the goals
is to minimise the consumption of freshwater and also maximise nu-
trients utilisation. Fon Sing [181] discussed the importance of recycling
the media to use the unconsumed nutrients which will eventually re-
duce the cost of production. However, using this strategy means a
constant increase in the salinity of the media which can significantly
affect photosynthesis and consequently growth rate [182]. But despite
incredible advancements in understanding the physiology of salinity
effects [183], its relationship with growth is still not clear [182]. Sali-
nity can affect microalgae in three ways: (a) causing osmotic stress, (b)
uptake or loss of ions which results in ion stress, and (c) causing
changes in cellular ionic ratios [183]. None of those has been a subject
of mathematical modelling. Any change in osmotic pressure leads to
inhibition of photosynthesis or can cause swelling which may result in
the cells being burst [184]. The effect of salinity becomes more critical
considering that elevated salinity level in the culture puts the cells
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under stress [185]. The stressed cells grow slower and start accumu-
lating lipids [186,187] which is not a desirable behaviour in growth
phase when cell number growth is the goal. If saline water is to be used
for microalgae cultivation, it is vital to understand the effect of salinity
on growth and how changes in salinity, whether it is gradual (due to
evaporation) or sudden (due to the addition of recycled medium), af-
fects the growth. But despite the importance of this process parameter,
to the extent of authors’ knowledge, no effort has been made to include
this effect in mathematical models.

2.6. Oxygen

Oxygen build-up in the culture is a major issue in microalgal growth
[188-190] as oxygen is a by-product of photosynthesis [191] and its
concentration can reach over four times of air saturation in the culture
[192] which constrains photosynthesis rate. This can happen in both
closed photo bioreactors and open ponds; however, due to diffusion to
atmosphere and use of paddle wheels, high concentration of dissolved
oxygen is less prominent in open ponds [188]. This effect was first
discovered by Warburg in 1920, who observed that photosynthesis of
Chlorella was dropped significantly when culture was exposed to pure
oxygen [193]. Inhibition of growth by elevated oxygen, mostly referred
to as Warburg effect, has been observed in many plants as well [194].
Many researchers have reported a decrease in productivity when a high
concentration of oxygen was present in algal cultures [188,192,195].
Ugwu et al. [191] demonstrated a decrease in the productivity when
dissolved oxygen was increased from 120% of air saturation to 300%.
When the culture was stripped of oxygen, photosynthesis rate of C.
vulgaris was increased and when the medium was exposed to pure
oxygen, the photosynthesis rate dropped by 35% [189]. Turner et al.
[193] showed that when Chlorella pyrenoidosa was exposed to less than
20% oxygen concentration in gas phase, no significant increase in the
photosynthesis was observed but when oxygen level exceeded 20%,
inhibition up to 42% was recorded. Also in a test for Chlorella vulgaris,
they observed that when the culture was exposed to air again, the level
of inhibition decreased; however, they could not conclude if this is al-
ways reversible. Merrett and Armitage [196] found that decreasing
oxygen level in air from 21% to 2% result in an increase in cell number
for Euglena gracilis but when the same experiment was done for Chla-
mydomonas reinhardtii no such effect was observed. Torzillo et al. [197]
believe that high oxygen concentration causes sensitivity to photo-
inhibition and therefore lowers productivity while lowering the tem-
perature can deteriorate the situation and increase the sensitivity.
Richmond [188] reported that in extremely high concentration of
oxygen photooxidative death can happen. Although the limiting effect
of accumulated oxygen on the photosynthesis and growth is well
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accepted and attempts have been made to predict the concentration of
oxygen in the microalgal culture [189], very few models can be found
to describe this effect [82,198] (Table 5). Miyachi et al. [199] proposed
a second order equation for degree of inhibition:

P [0,

H=l = 0
max O+[ 2] (61)

where H is degree of inhibition, K, is model constant, P is photo-
synthesis rate and B, is photosynthesis rate at the absence of oxygen
(replaced by nitrogen) and [O,] is oxygen partial pressure in gas phase.
Fernandez et al. [81], however, used a first order Eq. (61) which re-
sulted in Eq. (62).

Ko
P=PBpp—2—
" Ko + [01] (62)

In a study to simulate a biocoil Photobioreactor, Concas et al. [3]
used a linear function to describe the inhibitory effect of oxygen:

[0s] )
[02]max

M= e | 1=
’"“"( (63)

In this equation [O,],4c is oxygen concentration at which growth
becomes zero. Costache et al. [82] related photosynthesis rate to the
rate of oxygen generation and developed the following equation:

z
Ko, (64)
where Ko, and z are the model constants.

3. Gaps and pathways for future researches

Despite the extensive and detailed studies in the modelling of the
growth rate of microalgae, there is still room for improvement. Some of
the gaps have been reported in previous reviews [2,51]; however there
are still a number of areas which have not been addressed. The fol-
lowing areas are the most important areas of research to achieve better
models for application in industrial systems:

3.1. Light

Light is one of the most important parameters in modelling the
microalgae growth, and almost all suggested models have included the
effect of this parameter and are thoroughly reviewed by Bechet et al.
[51] and Lee et al. [2]. This does not mean that no more study can be
done in this area. Contrarily, there are still a few ambiguities when it
comes to irradiance. Firstly, how the light intensity should be utilised is

Table 5
Models considering the effect of dissolved oxygen.
Source Formula System Alga Estimation
Miyachi et al. [199] Pop K(Z) (€]
"MK Z 4022
Turner and Brittain [200] Indoor Chlorella at CO, = 1x10~6 mol L1
Ko = 042 atm
at CO, = 91x10~°mol L~!
Ko = 1.71 atm
Costache et al. [82] ( ([02] )Z) 2) Indoor Scendesmus almeriensis Ko = 32.08 mg -1
P = Buax| 1-| —=
Ko z =549
Fernandez et al. [83] Outdoor Scendesmus almeriensis Ko = 0.8373 mol m—3
Z = 54333
Ippoliti et al. [12] Indoor and outdoor Isochrysis galbana Ko = 19.99 mg L}
z=29

Concas et al. [79]

[02] ) 3)

u= #max(l_[ozlmax

Fernandez et al. [81] “@

_ Ko
P = Bravigg s 03]

Indoor

Outdoor light

Spirulina platensis Hpax = 2:06x1075 571
[O2]max = 47.9g m™3

Scendesmus almeriensis Ko = 1.13mol O, m—3
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still a subject of debate, whether incident irradiance is more proper or
average irradiance [2]. Some studies use incident [29,34,72] while
some use average light intensity [71,154] and a few cases use both at
the same time [59]. It must be well understood that which irradiance
needs to be used and where it should be used to have the best outcome.

Additionally, it is widely known that just a particular spectrum of
light (PAR) is influential on photosynthesis, and some wavelengths are
absorbed better than the others. Considering that wavelengths have
different penetration depth and therefore different distribution
throughout the culture, it is clear that light spectrum and wavelength
has a role to play in the growth models which is neglected in all the
models. The only models where wavelengths played a role in light
distribution in the culture was by Blanken et al. [27]. Therefore, more
studies need to be done to formulate the effect of wavelength, as in the
existing models, it is assumed that all wavelengths have the same effect
on the growth rate.

The light application form is another debatable subject. As discussed
by Bechet et al. [51], it is usually used in form of photon flux density
(PFD), conventionally reported in uE m~2 s~! or umol photon m~2s~%, or
energy flux (W m~2). Despite the popularity of the former, the latter is
more convenient in energy studies. Using PFD is more justifiable con-
sidering the efficiency of photons with different wavelengths (as men-
tioned before), and energy flux is more applicable when looking at the
amount of energy that is required for reactions within a cell. This issue
has also been discussed previously in a review by Lee et al. [2]. The
summary of their review shows the diversity of the manner in which
effect of light was interpreted. However, to this day, no clear solution
has been suggested.

Another issue which has been mentioned in previous studies [51], is
the difference between indoor and outdoor data. Majority of the models
have been derived and tested using indoor data, while outdoor cultures
experience entirely different growth conditions. In case of light ex-
posure, while indoor data are collected using artificial lights and under
constant irradiance, in an outdoor environment sun is the only source of
light and the intensity of this light is constantly changing throughout
the day. All these make the results of parameter estimation from an
indoor data rather useless for outdoor modelling.

It has been realised through this research that the most critical gap
in the majority of the studies is lack of focus on the ultimate application
of microalgae. Whether the goal is biofuel or any other product, the
production is done outdoor and in large scale and if the model is trying
to predict the productivity over a long period of time, a new approach
to modelling is needed as some of the effects discussed in the models
lose their significance. For instance, as illustrated by Tredici [201] due
to light attenuation only a few centimetres of the culture is in the light-
saturated zone, while the majority of the culture is photolimited and
maybe only a few milimetres in the photoinhibted zone. This implies
that the culture as a whole is severely light-limited. In other words, if
long-term production data is used, as found by authors in a yet un-
published work, the culture does not experience photosaturation or
photoinhibition at a significant level. However, the issue with this ap-
proach is the need for a large amount of outdoor data which is an ex-
tremely time-consuming task.

3.2. Temperature

The effect of temperature has been studied widely for microalgae
and also for other photosynthetic organisms. In most cases its function
has been included in the model in the form of multiplication; however,
there are some cases where effects of light and temperature were cou-
pled together using more complex functions. When the temperature is
solely studied, the growth seems to increase exponentially at first but
then it slows down and abruptly declines to zero in a narrow tem-
perature range. This sharp drop is often associated with the death of
algal cells due to disruption in the metabolism [202] as a result of
deactivation of enzymes or modification of proteins [203]. The short
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span of declining growth phase imposes limitations in measuring
growth between optimum and maximum temperature, as the growth is
sensitive to slight temperature variations in this range. Thus, it is more
difficult to obtain suitable data points in this range, which result in high
uncertainty in parameter estimation [203]. Bernard and Remond [15]
found rather large confidence intervals for the cardinal temperatures
especially when there was only one data point for growth above op-
timum temperature. Since the result of parameter estimation and its
stability highly depends on the number of data points, the challenge
here is to acquire more growth rates at various temperatures specifi-
cally at levels higher than optimum temperature.

Temperature also has impacts on chemical reactions and enzymatic
activities, which suggest that all other reactions around an algal cell,
such as nutrient uptake, will be affected by temperature variations.
Moreover, temperature affects pH and also gas absorption in the media
which have an influence on growth directly or indirectly. All these
suggest that there is still much more to temperature than just its direct
effect on growth which needs to be investigated further.

Furthermore, all the reviewed models in this paper describe the
growth under constant temperature, but when it comes to variating
temperatures, which is the case in outdoor cultures, none of the models
is able to explain how algal growth rate reacts to these changes and how
fast to they adapt to the new temperature. As we know temperature is
changing during the day and despite the fact that temperature variation
in the culture is smaller than the air, the temperature fluctuation is
significant enough to influence cells activity.

3.3. Temperature and relationship with light

There is no doubt that temperature affects the growth rate, and
there is a minimum and a maximum temperature between which
growth can take place. Some of the suggested models are accurate but
in a narrow range, and some are solely empirical correlations with no
theory behind them. There are also many cases where the relationship
between temperature and light has been simplified to a multiplication
of light and temperature functions [15,72,96,204], while just a few
studies coupled the effect of light and temperature in one equation
[86,87,97,99]. Furthermore, the effect of temperature on photoinhibi-
tion is another issue that has not been widely modelled and in many
cases, the photoinhibition effect is overestimated especially when the
light intensity at different depths is used to calculate photoinhibition.

As mentioned before lack of validation based on outdoor data is a
serious problem in microalgal growth modelling, but what makes the
situation more complicated is the fact that in most cases high daily
irradiance is associated with higher temperatures. Therefore, when
outdoor data is being used it is rather difficult to observe to what extent
the change in growth is due to change in irradiance and to what extent
due to temperature variation.

In their study, Bechet et al. [51] reviewed various light and tem-
perature models to find the most suitable approach for modelling the
outdoor systems. They suggested the use of uncoupled models where
the interdependency between light and temperature is neglected. The
reason for this suggestion is the complexity of the models for this re-
lationship which may lead to overfitting. However, this approach may
cause an error in the prediction if this interdependency is significant.

3.4. Carbon-pH relationship and its effect

Carbon is the primary nutrient for the growth of algal cells, and in
dense cultures, it is a limiting factor. It also directly affects pH of the
culture which is another important parameter for the growth of the
microalgae. Therefore, a good understanding of the relationship be-
tween pH and carbon concentration in the medium and also between
growth rate and these two parameters is required. The existing models
lack a justified relation between these two as all of them used one of
these two parameters to determine growth rate. But while carbon
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dioxide concentration has a substantial effect on pH of the media it is
not the only parameter that manipulates it. The model proposed by
Jayaraman and Rhinehart [18] suggests that lower pH results in a
higher growth rate which is acceptable to a certain value but further
decreasing pH value beyond that point will cause a drop in the growth
rate [205]. The approach used by Filali et al. [71] showed better results;
however, it used pH solely to calculate the amount of inorganic carbon
which was used in a Monod-type model. Hence, high amount of carbon
will increase the growth rate in this model and makes it unable to de-
termine an optimum pH for growing microalgae. This suggests that this
model may only be applicable in a narrow range of pH. The problem
with mentioned models is that even though they show the positive ef-
fect of elevated carbon concentration on microalgae growth, they fail to
show its adverse effect at very low pH values. Therefore, when only
carbon concentration is used, models considering an inhibitory effect
for carbon [80,94] are more appropriate. On the other hand, since
determining the amount of carbon in a culture can be more difficult
than pH, the models using pH are easier to implement. Moreover, the
majority of these models are able to predict an optimum pH for growth
which means they are considering the limiting effect of high and low
pH.

The main issue with the existing models is considering the effect of
pH and carbon content as a whole, which is not exactly correct. The
reason for this consideration is the use of carbon dioxide injection as a
mean for pH control, which ties these parameters together and makes
observing the effect of each of them independently impossible. In an
attempt to uncouple the pH and carbon content, where the buffer was
used to control pH instead of carbon dioxide injection, Bartley et al.
[165], observed optimum pH for Nannochloropsis salina to be higher
than previous studies [206-208]. This may suggest that the reason
many researchers find better growth at lower pH levels could be be-
cause of the presence of more carbon dioxide. However, more studies
seem necessary in this area to approve it, and also to see the effect of pH
and carbon content on the growth of microalgae separately.

3.5. Salinity

Salinity is an influential parameter if saline water is to be used for
microalgal cultivation. As discussed before, using saline water has
multiple advantages when it comes to economy of microalgal systems.
The effect of salinity is widely accepted, and some explanations have
been provided to clarify the mechanism of this effect [183]. However,
no model is proposed including salinity as a parameter and describing
the impact of changes in salinity on the growth rate, which leaves this
area wide open for investigation and model development. Under-
standing the effect of salinity on growth not only helps in predicting
growth rate but also in designing suitable strategies to maximise pro-
ductivity while minimising the costs. For instance, implementation of
medium recycling causes a constant increase in salinity level of the
medium which may make maintaining an optimal level of production
difficult. Two strategies are commonly known to overcome this issue.
First, starting from microalgae with lower salinity tolerance and as the
salinity level rises using the medium for the strains with higher toler-
ance [174]. The second approach is to use strains of microalgae which
have high productivity over a wide range of salinity [209]. Either of
these approaches requires a good understanding of the effect of salinity
on key production measurements such as growth.

3.6. Indoor vs outdoor

As mentioned before, despite the large number of models that were
developed to describe the growth of microalgae, there is no clear evi-
dence suggesting that any of the models are reliable to be used for
outdoor cultures. The gap between controlled-condition modelling and
real-situation modelling is still significant. This gap can be observed
from different aspects. First of all, in a controlled condition usually only
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one or two process parameters are changing and the rest are kept
constant so that observation of the effects of those parameters are more
clear and more reliable. Despite being beneficial to see the effect of one
process parameter decoupled from other parameters, this approach
overlooks how multiple process parameters interact. In a real outdoor
condition all the parameters are in constant variation, hence if there is
an overlooked interaction between two parameters, the model will not
be able to predict reliable values. Moreover, the continuous variation of
process parameters is another aspect that has not been included in the
models. All the models that are reviewed in this paper found the growth
rate based on a constant value of the process parameters which means
the model determines a steady-state value for the growth rate. But since
in an outdoor condition all the parameters are changing, these models
are unable to predict how cells respond to these fluctuations dynami-
cally and how fast do they adapt to a new condition. This issue is valid
for all the process parameters and hence makes modelling more chal-
lenging. Acclimation is a major phenomenon in microalgae. As the
process conditions change, the cells try to adapt to the new condition.
In a more complicated situation, a major factor such as light varies at
different locations in a culture. As discussed before, at each time the
majority of the culture is light-limited which causes cells to adapt to
low light intensity. Therefore, when they are exposed to regions with
high irradiance, they do not use the light efficiently [201]. If the
modelling is based on long-term outdoor data, acclimation will become
less of an issue, as for some outdoor conditions, such as irradiance and
temperature, the average over an extended period hardly changes ra-
dically but often in a gradual manner by changes in the seasons. So the
cells have already been provided sufficient time to adapt to the new
condition which facilitates the modelling process. Finally, to make it
more complicated, we need to realise that hydrodynamics in a culture
also play a major role in the conditions each cell experiences which has
a significant effect on the light history of cells, absorption of carbon
dioxide from atmosphere and release of produced oxygen.

3.7. Comprehensive growth models

A comprehensive growth model is a model that takes into account
the effect of multiple process parameters to predict growth rate under
outdoor conditions and lack of such a model is noticeable. There are
major challenges in the path to a successful comprehensive model.
These models tie various process parameters together and as the
number of the process parameters increase the model becomes more
difficult to validate. Having more process parameters is associated with
having more model constants which implies that massive amount of
data is required for parameter estimation and model validation.
Obtaining datasets large enough to properly serve such a model may
require extensive time and resources.

Having a large number of constants in a model also causes another
issue with the model called overfitting. Overfitting happens due to high
degree of freedom in a model as a result of numerous model constants
and makes the result of parameter estimation unreliable even if the
model produces a low error in its predictions. Commonly, as a result of
overfitting, the model may converge to unrealistic values for its con-
stants and when tested against a second set of data for validation, it
may result in significantly larger error values.

4. Practical implications of this study

Modelling a biological system is a challenging task since there are
thousands of reactions involved within each cell to be included. The
typical mindset towards modelling such systems is to model general
characteristics of the system without getting involved in too much de-
tail of cell metabolism. There are numerous metabolic reactions in-
volved, and the data needed to model them are often difficult to obtain
which makes such modelling practically impossible. The majority of the
models discussed in this paper tried to model a microalgal system based
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on indoor laboratory data. However, since one of the goals of using
microalgae is for commercial production, focusing on indoor data
seems impractical. There are numerous effects to be included in the
modelling which is another main challenge. However, by changing the
focus from short-term indoor data to long-term outdoor, some of the
issues could be resolved or ameliorated. An excellent example of this
difference is the importance of acclimation which is crucial in short-
term but insignificant in long-term studies.

Moreover, outdoor data comes with its specific pattern that could
potentially facilitate modelling. For instance, light and temperature
variation throughout a day follows a particular pattern with minor
changes due to weather conditions. An ideal short-term model would be
able to predict the influence of these changes on the growth, but as
discussed before, developing such a model is a difficult task. On the
other hand, long-term modelling can resolve the issue since the average
over an extended period changes gradually and commonly does not
have drastic fluctuations. Although, the short term modelling has the
potential to provide more accurate results, in reality, long-term mod-
elling can provide solutions that are easier to develop and to apply. A
demonstration of this approach can be seen in the authors’ previous
works [210,211].

Salinity is another factor that has a significant role in practice. As
discussed earlier, using saline water in the form of seawater or saline
underground water facilitates the provision of water where there is
little access to freshwater. More importantly, it considerably reduces
the total cost of production. The cost of maintaining a microalgae
culture is rather high, and any step in lowering the cost is an ad-
vancement towards a viable production. Using saline water, however,
requires a good understanding of the relationship between salinity of
the medium and production indicators such as growth. A model to
describe this relationship is still missing from the literature, having
which could improve the predictions for productivity and profitability
of an algal system.

5. Conclusion

A review of available models considering the effects of light, tem-
perature, nutrients, pH, carbon concentration, and oxygen on the
growth of microalgae is presented. Salinity is one of the key parameters
in the growth of marine algae which has not been considered in the
modelling so far. There is clear evidence to show the benefits of using
saline water for growing microalgae, but due to evaporation and re-
cycling, the salinity of the media will increase continuously if such type
of water is used. Therefore, it is vital to model the effect of salinity on
growth in order to achieve a practical model for microalgal production.
Also, as discussed before in a review by Bechet et al. [51], when it
comes to outdoor cultivation, not many models have been validated for
this condition. Even if a model has performed well on laboratory data,
given that outdoor cultivation is associated with a different source of
light and many uncontrollable conditions, its reliability is still ques-
tionable. This issue is more significant when it comes to the effect of
light as by nature the artificial light sources that are used in the labs
have different spectra and intensity compared to sunlight. Thus, a va-
lidation using outdoor data is necessary for the models to certify their
usability in a real condition. Additionally, these conditions fluctuate
regularly and this behaviour is not included in most of the models. If a
model is going to be used for outdoor data, especially when the model is
used for process control, predicting its response to the variations in
process conditions is critical. Modelling the effects of these variations
on growth is an extremely difficult task. However, if modelling is done
for a longer period, instead of the instantaneous response to changes,
some of the issues may not be valid as they affect short-term growth and
not long-term. For instance, the specific growth rate of a culture within
a week or a fortnight can sum up the effects of process conditions and
neglect the small variations which are insignificant in large scales.

Furthermore, the majority of the discussed models were designed to
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consider the effect of only one or two parameters while in reality, all
the mentioned parameters will be playing a notable role in the growth.
Therefore, a combination of various models is needed to form a com-
prehensive model which can predict growth under various changes in
the process conditions. However, developing a comprehensive model
itself will bring up new issues as these models have a large number of
constants and require extensive experimental data for parameter esti-
mation and validation. Overfitting is another common issue when the
number of model constants grows. However, one way to avoid these
issues to some extent, is by studying a culture as bulk and in wider
timeframes. This means instead of studying the effect of the parameters
at different depths, and within small time intervals, the overall per-
formance of a model can be studied for a culture in longer periods.
Moreover, outdoor cultures usually experience a more or less same
pattern of conditions. For instance, the changes in light and tempera-
ture within a day is generally similar in most days with only slight
changes due to the day of the year and weather conditions
Furthermore, in long-term, the range in which a certain process para-
meter varies is not wide. Daily solar irradiance for a particular location
is within a relatively narrow range, and therefore it is unnecessary to
model the effect of irradiance for a broad range. These patterns and
correlations between process parameters can be helpful in simplifica-
tion of the models and construction of a model with a lower number of
constants which would be easier to apply and verify. Such a model may
not have the meaningfulness of the detailed mechanistic models in
terms of formulating what happens inside a cell, but it may be more
applicable in large scale cultures and for long-term cultivation of mi-
croalgae.
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