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Abstract.Microalgae biomass is promising feedstock for the industrial production of biodiesel. Hence, research
and development are required in various domains especially optimizations of growth conditions including
temperature effect for mass scale operation (production of biomass, harvesting, extraction of lipid, etc). Since in
middle east region, seasonal temperature variation and more rapid daily fluctuations are amenable to alter the
growth kinetics ofmicroalgae in outdoor culture andhence affect algae biomass production efficiency.Therefore, in
this study, a mathematical model was developed to calculate how the algae sp. (Chlorella kessleri) will react at
different temperatures. The model integrates Monod model and Arrhenius equation, and as such it describes the
relationship of algal growth rate with culturing temperature and limiting nutrient concentration. The apparent
activation energy and pre-exponential factors were calculated to be 2537 cal/mol and 0.0077day�1, respectively.
The developed models could be useful to anticipate the effective impacts of temperature on outdoor algae culture.
1 Introduction

The trend in recent years is replacing fossil fuels by liquid
biofuels. First generation biofuels have achieved the
required production rate economically. The energy source
for this generation was food and oil crops including oil,
sugar, maize and animal fats. It is obvious that the
generation and consumption of liquid biofuels will remain
the same and might grow in the near future. In general, the
utilization of first-generation biofuels has formed several
arguments, mainly because of their effect on international
food markets and on food security, particularly with
respects to the most vulnerable regions of the global
economy. Relevant questions were appeared about their
effectiveness and sustainability of their production.
Second-generation biofuels produced fuels from the whole
plant matter of dedicated energy crops or agricultural
deposits, jungle gathering remains or lumber processing
waste, rather than from food crops. However, the
production technologies for the second-generation biofuel
in the most part have not met the scales for commercial use
and not attract with the market demand which has so
far prevented any substantial exploitation [1]. For a
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technically and economically feasible fuel supply, some
conditions must be satisfied: relatively cheap, should need
low or no additional land usage, environmentally friendly
and no contribution to air pollution, and should use
minimal amount of water. Microalgae exploitation could
achieve these requirements and therefore makes an
important influence to meeting the main energy demand
and, in the mean, while providing environmental assis-
tances [2]. Microalgae are all unicellular and simple multi-
cellular microbes, counting both prokaryotic microalgae,
i.e. cyanobacteria (Chloroxybacteria), and eukaryotic
microalgae, e.g. green algae (Chlorophyta), red algae
(Rhodophyta) and diatoms (Bacillariophyta) [2–4]. Algae
culture has several potential advantages that include:
(i) uses non-arable land for their culturing so does not
vulnerable to food security, (ii) provides high oil yield per
acre (using microalgae yield of 10 000-gallon oil per acre
compared with 625-gallon oil per acre for oil palm), (iii) has
fast exponential growth and (iv) uses CO2, nitrogen,
phosphorus and brackish/waste water during growth. As
such, algae culture can contribute to CO2 biofixation,
wastewater treatment and source of biofuel [5–12].

Generally, temperature, nutrient (nitrogen and phos-
phorus) concentration, light intensity, initial CO2 con-
centration and initial inoculum size are the parameters
that affect the microalgae growth rate. Among these,
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Fig. 1. Schematic diagram of the experimental setup used to
cultivate microalgae.
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temperature and nitrogen concentration are considered
the main parameters. It is well known that models of cell
culture are useful tools to predict growth kinetics as well
as better information in aquatic resource management
[13–15]. To our knowledge there is no mathematical model
for Chlorella kessleri (one of the green microalgae sp.)
available in literature. Therefore, this paper develops a
mathematical model of C. kessleri growth at different
temperature and nitrogen concentration. For this, both
Monod model and Arrhenius equation were applied. The
development of this model could open the opportunity to
propose models of automated bioprocess control and
optimize productivity at large scale, which in turn helpful
for biodiesel production.
2 Materials and methods

2.1 Chemical and reagents

All the solvents and chemicals used were obtained from
Sigma–Aldrich, unless stated otherwise.
2.2 Algae species and growth conditions

The microalgae species (C. kessleri) was obtained from
Algae depot in the USA. The algae species was cultured in a
media called Bold’s Basal Medium (BBM), which was
prepared based on the recipe shown in the Supplementary
Table S1. The pH of the medium was adjusted to 7 by
NaOH (0.1M). The experimental setup for this study is
shown in Figure 1. To avoid the lag phase, the microalgae
species was initially pre-cultured and then moved into the
photobioreactors (PYREX 1L Erlenmeyer flasks, working
volume was 500mL each). The initial concentrations of the
microalgae strain were 2.2� 107 cellsmL�1. The photo-
bioreactors were arranged on a bench, where Grolux
fluorescents light bulbs (light intensity of 65mmolm�2 s�1

measured by an LI-250 Light Meter) were placed above
the water bath that regulates the culturing temperature.
CO2–air mixture (96% air and 4% CO2) was fed at the
bottom of the batch reactors.
2.3 Measurement of algae biomass

For growth analysis, the algae samples (1mL each) were
obtained in every 24 h intervals. The cell concentration was
calculated by measuring the absorbance at 690 nm using a
UV-spectrophotometer (UNICAM). The dry biomass
values (g/L) were obtained after vacuum filtration of
10mL sample at every 3 days, with drying at 55 °C for 24 h.
The biomass concentration (g/L) was estimated based on a
biomass-optical densities standard curve (Supplementary
Fig. S1).
2.4 Measurement of algae growth kinetic parameters

The specific growth rate (m, or SGR, day�1) and biomass
productivity (P, gdwL

�1 day�1) were determined from cell
concentration and dry biomass weight data by using the
following equations (1) and (2), respectively [15–20]:

Specific growth rate;m ¼
ln N2

�
N1

� �
t2 � t1

ð1Þ

Biomass productivity;P ¼ Xt �X0

tx � t0
ð2Þ

where N1 and N2 are the biomass concentrations (g/L) at
the beginning t1 and at the end t2 of the exponential growth
phase, respectively; Xt is the biomass concentration (g/L)
at the end of the cultivation period tx and X0 the initial
biomass concentration (g/L) at t0 (day).
2.5 Determination of nitrogen removal efficiency

The removal of nitrogen efficiency was estimated by
quantifying the level of removal (obtained by subtracting
from initial to final values) from the culturingmedium. The
filtrate (obtained while performing biomass dry weight)
was subjected to nitrate test using Chromo tropic acid
method with acid persulfate digestion respectively accord-
ing to procedure given in Hach Company, 2015 [21].
2.6 Development of mathematical models and
validation

Mathematical model was developed to determine the
quantitative linkage between environmental parameters
(temperature, nitrate concentration in the medium) and
cell growth kinetics. For simplification, prior to formulate
model, the following assumptions were made: (i) light
intensity was kept constant, (ii) initial inoculum size was
kept constant and (iii) death kinetics were ignored. First,
the effect of limiting nutrient (nitrate) on the growth of
microalgae was described by the Monod model as shown in
equation (3) [22].

m ¼ f Sð Þ ¼ mm

S

Ks þ S

� �
ð3Þ



Fig. 2. Growth curve for microalgae sp. Chlorella kessleri in
BBM at 25 °C in a batch bioreactor.

Fig. 3. Consumption of nitrate with time by Chlorella kessleri in
BBM at 25 °C.
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where m is the specific growth rate, day�1; mm the
maximum specific growth rate, day�1; S the limiting
nutrient concentration, mg/L and Ks the half saturation
coefficient, mg/L.

Themaximum specific growth rate (mm), which appears
in the Monod model, is not a function of limiting nutrient
concentration, rather, it is a function of temperature and
light intensity. Since the light intensity was assumed
constant, the maximum specific growth rate can be a
function of temperature only and it may be described fairly
by the Arrhenius equation (4) [22].

mm ¼ Ae�E=RT ð4Þ
where A is a constant, day�1; E the activation energy,
cal/mol;R the universal gas constant, cal/K/mol andT the
temperature, K.

Upon combination of equations (3) and (4),
equation (5) was formulated, which can describe the
growth of microalgae as a function of temperature and
limiting nutrient concentration.

m ¼ Ae�E=RT S

Ks Tð Þ þ S

� �
: ð5Þ

The half-saturation coefficient is an empirical value which
can be found easily by plotting specific growth rate (m) vs.
nutrient concentration (S). It is important to note that Ks
is the substrate concentration at half maximal specific
growth rate (mm) and it depends on environmental
conditions such as the temperature.

For model validation, theoretical specific growth rates
(computed using the model equation) vs. nutrient concen-
trations (S) were plotted for different temperature. These
figures were compared with those obtained in experiment.

3 Results and discussion

3.1 Growth profile of microalgae sp. Chlorella kessleri

To characterize the time-resolved growth phase, it is
important to explore the growth behavior of microalgae sp.
C. kessleri in BBM at different culturing temperature. The
population of C. kessleri grown at 25 °C in a batch photo-
bioreactor containing BBM is shown in Figure 2. One can
see from this figure that for 3 h incubation, the growth of
C. kessleri was slow. The growth then continued to
increase until day 9 before touching the stationary phase.
The logarithmic growth phase was observed within 3–9
days and thereby maximum specific growth rates at
different culturing temperature were determined in this
region. Limiting nutrients concentration in the form of
nitrate (NO�

3 ) was monitored by plotting the nitrate
concentration (mg/L) vs. time (day). The decreasing
pattern of consumption of limiting nutrient, nitrate by
C. kessleri, is shown in Figure 3. It is important to note
that different growth and nitrate consumption patterns
were observed at different culturing temperatures. As
such, it is important to develop a model that describes the
temperature effect on microalgal growth.
3.2 Development of mathematical model for algal
growth

In order to obtain the parameters of pre-exponential factor
(A) and activation energy (E) in the Arrhenius model,
maximum specific growth rate (mm) was calculated for each
temperature and the data were shown in Table 1. Figure 4
shows a plot of ln(mm) vs. 1/T. It was a straight line with
the R2 value of 0.7621, indicating good fit. Since in
biological system, the R2 value should be more than 0.75 to
validate the empirical model [23]. The A and E were
calculated to be 0.0077 day�1 and 2537 cal/mol. Thus,
Arrhenius model was rewritten with these values as:

mm ¼ 0:0077 exp
1277

T K½ �
� �

: ð6Þ

It is essential to note that negative activation energy
was observed. The probable reason behind this is that
increasing the temperature causes increase in the growth of
algae to a certain level then decrease in the growth. The



Table 1. Data used to fit the Arrhenius model.

T (°C) mm (day
�1) ln(mm) 1/T (K�1)

25 0.55 �0.605 0.0034
35 0.52 �0.653 0.0033
40 0.44 �0.834 0.0032

Table 2. A comparison between experimental and
predicted maximum specific growth rates.

T (°C) mexp
(day�1)

mArr
(day�1)

%Errorexp=Arr

25 0.55 0.56 2.2%
35 0.52 0.49 6.6%
40 0.44 0.45 4.7%

Fig. 5. The effect of temperature on the half saturation
coefficient (Ks).

Fig. 4. A plot of ln(mm) vs. 1/T.

Table 3. Half saturation coefficient at
different temperatures.

T (°C) Ks (mg/L)

25 48
35 51
40 37
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model (Eq. (6)) was used to anticipate the maximum
specific growth rates. A comparison between experimental
and predicted values of the maximum specific growth rates
in terms of % errors is shown in Table 2. The maximum
error between predicted and experimental specific growth
rate was found less than 7%. Thus, the developed model
was reliable.

The next step was to incorporate both temperature and
nutrient concentration into one model. The nutrient
limitation was modeled by finding the empirical coefficient
of the Monod equation, which is the half-saturation
coefficient (Ks). The half saturation coefficient was found
graphically from a plot of specific growth rate (m) vs.
nutrient concentration (S). Since the half saturation
coefficient (Ks) is a function of temperature, its values
were determined for each temperature as shown in Table 3.
A relationship between the half saturation coefficient and
temperature is obtained by plotting Ks (mg/L) vs.
temperature (K) as depicted in Figure 5. Apparently, a
second order polynomial relationship (as seen in Eq. (7))
was obtained for describing the effect of temperature on the
half saturation coefficient. It is obvious from the figure that
at moderate temperature the value of Ks was relatively
higher than that of both low and high temperature. Then,
equation (7) was incorporated into the Monod model
(Eq. (3)), and a resultant model was obtained (Eq. (8)),
that describes the specific growth rate as a function of
limiting nutrient concentration.

Ks ¼ Ks Tð Þ ¼ �0:2067T 2 þ 125:6T � 19029 ð7Þ

m ¼ mm

S

�0:2067T 2 þ 125:6T � 19029
	 
þ S

" #
: ð8Þ

Finally, an integrated model was made (as shown in
Eq. (9)) by combining equations (8) and (6) and it describes
the algal growth as a function of temperature and limiting
nutrient concentration. This model was used to predict the
specific growth rate for any temperature and nutrient
concentration. The optimum temperature and nutrient
concentration that will maximize the specific growth rate
can also be measured.

m ¼ 0:00771 exp
1276:9

T K½ �
� �

� S

�0:2067T 2 þ 125:6T � 19029
	 
þ S

" #
: ð9Þ



Fig. 6. A comparison between experimental and model prediction of specific growth rate (m) at different temperatures: (A) 25 °C,
(B) 35 °C and (C) 40 °C.
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3.3 Model validation

The maximum specific growth rate was determined by
model equation (6) that agrees satisfactorily with the
experimental data for all temperature. For integrated
model (Eq. (9)) validation, predicted specific growth rates
vs. nutrient concentrations (S) were plotted for different
temperatures, separately as shown in Figure 6A–C. These
figures were compared with those obtained in experiment
in the same figures. The predicted data are relatively
deviated from the experimental values indicating fairly
predictions in specific growth rate because these models are
quadratic equations and are possibly inadequate to define
the algal growth effectively in all kinetic regimes. Besides
this model is solely a function of temperature and limiting
nutrient concentration. Other important factors (e.g., light
intensity, initial inoculum size, decay rate) that could
possibly affect the specific growth rate of microalgae were
ignored during model development.

4 Conclusions

In the present study, a mathematical model was formulat-
ed by combining Monod model and Arrhenius equation
based on some assumptions. It describes the relationship of
algal growth rate with culturing temperature and limiting
nutrient concentration. This model was used to predict
microalgal (C. Kessleri) specific growth rate at different
temperatures. The apparent activation energy and pre-
exponential factors were calculated to be 2537 cal/mol and
0.0077 day�1, respectively. The developed model agreed
fairly with experimental data and could be useful to
visualize the effective impacts of temperature on outdoor
algae culture. However, to get a perfect prediction of
growth rate by the model, it is important to develop a
comprehensive model considering all possible factors such
as culture temperature, nutrient (nitrate and phosphate),
light intensity, initial inoculum size, CO2 uptake rate and
death kinetics. Our research is underway in this direction.

Supplementary material

Supplementary Table and figure. The Supplementary
Material is available at https://www.rees-journal.org/
10.1051/rees/2019005/olm.
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