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 Population balance equation is used to model the population dynamics of microalgae 

 Number of daughter cells, size-specific growth and division rates are evaluated 

 Prediction of number concentration and size distribution in the linear phase 

 Calculation of the life-cycle time of microalgae 

 Description of the methodology combining experiments and the numerical method 

 

 

 

 

ABSTRACT 

Microalgae are versatile microorganisms with applications in food, energy and fine chemicals, among 

others. Modelling the dynamics of microalgae inside a photobioreactor is a convenient and inexpensive 

way to determine the concentration of cells over time. Numerous models have been developed in the 

literature, but only a few are able to give relevant biological information. Such information can then be 

used to further improve the production process. The objective of this work was to develop a model for the 

determination of microalgal dynamics inside a photobioreactor as a function of the environmental 

conditions, to retrieve the size-specific growth and division rates as well as the number of daughter cells. 
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The results demonstrate how to evaluate the time needed for microalgae to complete a full life-cycle. 

Inexpensive laboratory-based procedures and mathematical modelling are combined for the determination 

of relevant biological parameters. 

List of abbreviations: PBE, population balance equation; PBR, photo-bioreactor; OD, optical density; 

CT, cycle time. 

 

Keywords: Microalgae, size-specific growth rate, size-specific division rate, number of daughter cells, 

life-cycle time, population balance. 
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INTRODUCTION  

Microalgae are versatile microorganisms used in the production of biofuels, food and fine chemicals [1–

3]. Mathematical models applied to microalgal growth are cost-effective tools to optimize production. 

Numerous models can be found in the literature. Monod’s model can be considered as one of the 

first models applied to microalgal growth [4]. Limitation of carbon, nitrogen and phosphorus 

concentrations in the medium have been investigated [5,6]. Particular attention has been given to 

the development of models by considering inhibition caused by specific concentrations of certain 

elements in the medium [7]. Other environmental conditions such as temperature and light 

intensity may strongly affect the growth rate and the characteristics of the population [6,8]. 

Although temperature is a key parameter, only a limited number of reports have taken it into 

account [9,10]. On the other hand, light has been studied extensively, and numerous reports 

consider its effect on the biomass. The reduction of light intensity due to the increment of 

microalgal concentration have been investigated [11]. Additional studies involve the 

concentration of CO2 [12,13], pH [9] and turbulence [14,15]. Finally, a combination of the above 

environmental parameters has been considered to obtain a complete relationship between growth 

and environmental parameters. For example, pH and temperature [9], nutrients and light intensity 

[16] and a blend of nutrients, temperature, light intensity and CO2 [10] have been considered in 

research studies. A recent paper has investigated the effect of population dynamics in a mixed 

culture, to evaluate the change in microalgal population in a polluted environment [17]. 

 

The specific growth rate of a given algal population, which is utilized in most of the cited 

models, depends on a combination of cellular growth rate, division rate and the number of 

daughter cells. However, each specific phenomenon is often neglected and only the change in 

biomass concentration can be calculated [18]. Although all cited works are extremely useful in 

determining the change in biomass, these models do not provide any physiological information 

related to microalgae. Important biological parameters such as the number of daughter cells and 

the size distribution of microalgae cannot be calculated. Such information can be particularly 

relevant when trying to optimize the bioprocess. The Population Balance Equation (PBE) applied 

to microalgae can provide such information, but only a few studies can be found in the literature.  

Using some predefined growth rate expressions from the literature may be inconsistent, the 
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nature of the model being different from the PBE. Hence, here an expression is derived by 

directly fitting the population balance model to experimental data generated in different 

conditions. Thus, the problem is first reversed to generate a proper function for growth rate, 

division rate and the number of daughter cells as a function of environmental conditions. These 

functions are then replaced in the model to calculate the number density of microalgae over time. 

This approach should give a realistic relationship between the mentioned parameters, the number 

and the size of cells. As for all other models, this approach is reliable only for the microalgal 

species under consideration and only if operating within the environmental conditions defined by 

this work.  

This work analyzes the effects of temperature and light intensity during the linear phase of 

growth. A similar approach can be followed for the stationary and the other phases, but the 

results may be different, since the mechanisms of growth and division can be affected. At the 

basis of this work is the fact that microalgal growth and physiology change in different 

environments. To understand the effects of the environmental condition on the growth, a series of 

experiments was performed where, in each case, one of the parameters was modified, while the 

remaining environmental conditions were kept constant without limiting the growth. The 

determination of biological parameters is relevant since it allows the development of a model for 

calculating the growth rate and division rate for each specific size. The goal of the following is 

the calculation of microalgal number density, size distribution, overall growth rate (commonly 

referred to as specific growth rate in other works), size-specific growth rate, size-specific 

division rate, the average number of daughter cells and life cycle time. The objective is to present 

a methodology, which allows the calculation of these parameters, which are not easily obtained 

from experiments. To verify the results, a detailed experimental setup and measurements 

procedure are proposed, as well as information on the numerical solution of the number–based 

PBE.  

MATERIALS AND METHODS  

This section includes the major information related to the experimental setup and measurements, 

while additional details are available in Supplementary materials (Appendix A). 

Experimental setup 
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Chlorococcum sp. (spherical-shaped single-cell microalgae) was used for the experiments and 

provided by ENN Co. Ltd., China. A schematic representation of the experimental setup is shown 

in Figure 1. The proposed design was chosen because when the microalgae solution is directly 

cooled by pumping the solution to a chiller, two major problems arise: microalgae may suffer 

strong shear stress and rupture when passing through the pump while some cells may tend to 

stack in the pipes. In contrast, direct heating of the microalgae solution may cause some 

significant temperature gradients inside the PBR. Hence, the reactor was placed inside a water 

bath to control the temperature, while the temperature sensor was inside the PBR.  

BG11 medium (Qingdao Hope Bio-Technology, Qingdao, China) (see composition in Suppl. 

Appendix A) was used to provide the necessary nutrients to the microalgae. The nutrients were 

introduced into the system at the beginning of the experiment; thereafter, only deionized water 

was added to the reactors to maintain a constant volume. All experiments were performed in 

triplicate for each indicated environmental condition. 

Measurements 

Daily measurement of optical density (OD), size distribution and environmental parameters were 

required. The OD is commonly used to define the concentration of cells in the solution [19]. To 

avoid errors in the measurement caused by the chlorophyll content of microalgae [29], OD was 

measured at 750 nm. The correlation derived by [29] was used to calculate total number of 

microalgae [20]. Finally, the size distribution of cells was determined microscopically (Nikon 

Eclipse E100). Several images, accounting for several hundred cells, were taken at random and 

saved for later analysis. ImageJ [21] was used to define the size distribution of microalgae (e.g., 

Figure 2). Suppl. Appendix A presents the entire procedure, including a step-by-step image 

analysis and statistical approximation.  

Given a certain population, a sample of several hundred cells was analysed to determine the size 

distribution. After diameter and area of particles was measured, the distribution was 

approximated to a lognormal function [22]. Further information is given in Suppl. Appendix A. 

Effect of environmental conditions 

Jo
ur

na
l P

re
-p

ro
of



6 

 

Table 1 shows the cases utilized for defining a model able to predict the growth of microalgae 

using BG11 medium, with temperature and light in the range of 23-30 °C and 420-1020 lumens 

respectively. Two environmental parameters were considered in this study: 

 Temperature effect: light flux was constant throughout the experiments at three different 

temperatures; light and nutrients were not limiting factors, i.e. there was no reduction in the 

growth rate due to lower light penetration in the solution.  

 Light effect: temperature was maintained at an approximately constant value by using 

temperature controllers at three different light fluxes; nutrients were not a limiting factor. 

This work focused on the linear phase of growth, being the one that combines an elevated 

increase in microalgal population as well as maintaining a high concentration of cells inside the 

PBR.  

Microalgal modelling 

Population Balance Equation to model the growth of microalgae 

PBE has numerous applications, from computational fluid dynamics to biology, from multiphase 

reaction engineering to particulate systems. Among microalgal applications, PBE has been used 

in maximize microalgae harvesting [23,24] and the growth inside the PBR [25–28]. All 

simulation and optimization problems were performed using a machine with i7-4750HQ 

processor. Apart from the ImageJ software, most of the work was performed using MATLAB. 

Based on the experimental system setup (Figure 1), the volume inside the batch reactor did not 

change. Furthermore, the number density function  was not dependent on the spatial coordinates. 

It can be stated that: 

 
𝜕𝑛

𝜕𝑡
+
𝜕(𝐺𝑛)

𝜕𝐿
= 𝐵 − 𝐷 (1) 

𝑛 is the number density, 𝐺 is the growth rate of cells, while 𝐿 and 𝑡 are the size and time 

coordinates, respectively. Equation 1 still includes the eventual source and sink terms on the 

right-hand side of the equation. Birth 𝐵 and death 𝐷 terms can include a diverse number of 

phenomena occurring in the system, such as agglomeration, breakage and nucleation [29].  

Population Balance Equation (PBE) can be used to model the growth of cells. Several reports 
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have been addressed to model the growth of bacteria [30,31] and microalgae [26–28,32]. 

Additional work on cell growth has also been developed [33]. Cells can be seen as particles and 

cell division can be represented by the breakage components of the equation. The population 

balance can be written, as shown in Equation 2: 

 

𝜕𝑛(𝑡, 𝐿)

𝜕𝑡
+

𝜕

𝜕𝐿
(𝐺(𝑡, 𝐿)𝑛(𝑡, 𝐿))

= ∫ 𝑋(𝐿,𝑤)𝑆(𝑤)𝑏(𝐿, 𝑤)𝑛(𝑡, 𝑤)𝑑𝑤 − 𝑆(𝐿)𝑛(𝑡, 𝐿)
∞

𝐿

 

(2) 

where 𝑛(𝑡, 𝐿) is the number density function, representing the number of cells in a unit volume 

of size included in the interval 𝐿 and 𝐿 + 𝑑𝐿 at time 𝑡. 𝐺 denotes the growth rate of the cells in 

terms of size change over time. The growth rate can be either a constant or a size-dependent 

variable. In the present case, it is considered as a function of size. On the right-hand side of the 

equation, the breakage function represents the reproduction of microalgae in their life cycle. The 

first term considers the breakage of larger particles of size w to particles of size 𝐿 and depends on 

the number of particles of size w at time t, on the probability of larger cells to break 𝑆(𝑤) and on 

the possibility of these particles to break into particles of size [𝐿, 𝐿 + 𝑑𝐿]. After division, a 

number of daughter cells are formed. X(L,w) is the number of daughter cells of size L generated 

from the division of size w cells. The second term considers the breakage of particles of size 𝐿 to 

smaller particles. 

 

Numerical solution of PBE 

The discretized form of the PBE that is used for the proposed problem is given by Equation 3.  

 

𝑁𝑖
𝑗+1

= 𝑁𝑖
𝑗
+ ∆𝑡 [−

𝐺𝑖
∆𝐿𝑖

S𝑖𝑁𝑖
𝑗
+ S𝑖−1

𝐺𝑖−1
∆𝐿𝑖−1

] − S𝑖𝑁𝑖
𝑗
∆𝑡

+ ∑ (𝑋𝑆𝑘𝑏𝑘𝑖𝑁𝑘
𝑗
∆𝑡)

𝐿𝑚𝑎𝑥

𝑘=𝐿𝑐𝑟

 

(3) 

Where 𝑁𝑖
𝑗
 is the number of particles in the size interval 𝑖 at time 𝑗, 𝐺𝑖 is the growth rate of 

interval 𝑖, S𝑖 is the size-specific division rate and 𝑋 is the number of daughter cells. 𝑏𝑘𝑖 is the 
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probability for particles of size k to divide into particles of size 𝑖. Finally, ∆𝑡 and ∆𝐿𝑖 are the time 

and size interval 𝑖, respectively. Where the size discretization is uniform, then it can be assumed 

that ∆𝐿 = ∆𝐿𝑖. In this first example, 𝑏𝑘𝑖 is taken as equal to 1 for the first size interval (𝑖 = 1) 

and equal to 0 for all other size intervals (𝑖 ≠ 1). This assumption will obviously influence the 

results since cells can be generated only at very small sizes. The discretization is done, as shown 

below in Figure 3. The right grid point of each interval in size coordinate is the representative 

for the interval itself. All daughter cells are generated in the first interval that has a representative 

size equal to L2.  

 

Model adjustment for improving the first moment (total volume)  

Assuming that all cells are formed in the smallest size interval, the number of daughter cells 

generated per division can be fixed according to the size of mother cells. The number of daughter 

cells from a mother cell of size 𝑖 is given by 𝑋𝑖 =
𝑉𝑖

𝑉1
⁄ = (

𝑑𝑖
𝑑1
⁄ )

3

. However, this is not the 

average number of cells created in the population. In Equation 3, the number of daughter cells 

which was indicated with 𝑋 would now include a subscript 𝑘 (becoming 𝑋𝑘), indicating that the 

number of new-born cells depends on the size of the mother cell. With this consideration, it is 

still possible to obtain the average number of daughter cells using the following equation: 

 �̅�𝑗 =∑ 𝑋𝑘
𝑘

𝑋𝑘𝑆𝑘𝑏𝑘1𝑁𝑘
𝑗
∆𝑡

∑ (𝑋𝑘𝑆𝑘𝑏𝑘1𝑁𝑘
𝑗
∆𝑡)

𝐿𝑚𝑎𝑥
𝑘=𝐿𝑐𝑟

 (4) 

Equation 4 represents the ratio between particles created from size k and the total number of 

particles created. This means that the average number of daughter cells �̅�𝑗 may change at each 

time iteration. As shown below, the number will change only for a certain amount of time and 

then reach an asymptotic value. Lcr represents the critical size from which microalgae start 

dividing and, in the present case, microalgae start dividing when they are larger than 4.5 µm. 

 

RESULTS AND DISCUSSION 

After the growth rate and the division rate were retrieved from data fitting, it was observed that 
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the behaviour of those functions could be approximated as follows: 

 𝑮 = 𝒶𝑳𝒷 + 𝒸 (5) 

 𝑺 = 𝑑 +
1 − 𝑑

1 + 𝑒𝑥𝑝(−𝑒 ∗ (𝑳 − 𝑓))
 (6) 

Based on Equations 5 and 6, the values of all parameters were calculated for each case study at 

different environmental conditions. These parameters enabled a decoupling of the size and 

environmental conditions. In this case, all introduced parameters are a function of temperature 

and light only. A specific parameter was calculated at a specific light flux and temperature range 

and repeated for each size of microalgae. This allowed the generation of a 4-dimensional matrix: 

three dimensions are given by the environmental conditions (light and temperature) and the size 

of microalgae, while the fourth dimension is given by the calculated parameter itself (in this case 

growth and division rate). 

The supplementary materials (Appendix B) contains extended results. The dependence of 

parameters 𝒶,𝒷 and 𝒸 on the temperature and the light are shown in Suppl. Figure B1. While it 

is not easy to give an exact physical interpretation of these parameters, it is possible to detect 

several examples of interesting behaviour, e.g. the growth rate tends to be higher at higher light 

intensities. From the results shown in Suppl. Figure B1, it is possible to predict that the effect of 

the parameter 𝒷 becomes more important for larger particles and therefore their growth rate 

should be more dependent on parameter 𝒸 compared to smaller particles. Therefore, it can be 

expected that the growth rate of large particles should resemble 𝒸, with higher values at average 

temperatures. On the other hand, small sizes are less affected by 𝒷, and therefore their growth 

rate will resemble 𝒶. Parameters inbetween will see a transition phase depending on the size and 

environmental conditions. This analysis confirms that the size of cells (or rather the stage of the 

life cycle in which the cell is located) may affect growth rate. 

Equation 6 is inspired by the logistic function. From the fitting results of parameters 𝒹, ℯ and 𝒻, 

it is possible to notice that the division rate is lower at low size ranges but increases substantially 

at larger sizes (Suppl. Figure B2).  

Another approach that could be followed is the application of traditional growth and division 

terms [27,28]. There may be a drawback to this because such types of correlation derive the rate 
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of growth or division representative of the population and may not be ideal when dealing with 

individual cells (or groups of cells) of different species and operating in different conditions. 

Therefore, a generic quadratic function was included to create a correlation between size-specific 

growth rate, size-specific division rate, size of cells, temperature and light. To the best of our 

knowledge, such a correlation has not been proposed previously.  

The change in the growth rate of microalgae can be quite significant under different conditions, 

depending on their size. Small cells grew faster at higher light intensities and lower temperatures 

(Figure 4). Nevertheless, when growing in size, cells grew faster at higher temperatures. Larger 

cells may have an increased growth rate at higher temperatures because of their cell cycle. Since 

the size distribution at higher temperatures favoured smaller cells, the presence of larger particles 

dropped by increasing the growth rate and allowing cells to grow to a critical size where division 

occurred. From a biological point of view, this may be caused by some internal cell reactions, 

which are facilitated at higher temperatures (activation temperature). The coefficient of 

determination, in this case, was equal to 0.9918. In contrast, the division rate of microalgae is 

irrelevant for small microalgae and increased at larger sizes (Figure 5). Small cells had a higher 

probability of division when the temperature and the light intensity were higher. This is feasible 

considering that microalgae living at high temperatures reach the mature stage earlier and 

therefore tend to divide sooner.   

Suppl. Figures B1 and B2 show the correlation between the growth and the division rate with 

model parameters at different environmental conditions. The light is expressed in terms of 

luminous flux (lumen, lm). The constants required to calculate the parameters shown above at 

different light intensities and temperatures can be found in Table 2 and Table 3. The physical 

meaning for each constant has not been given yet, and can be investigated in future studies.  

In the present case, the growth rate is referred to as the increase in microalgae size. For this 

reason and to take into account a possible correlation between the two considered environmental 

conditions, a quadratic form of equation was used to calculate the parameters of the size-specific 

growth rate and division rate. A similar approach was followed by others when the correlation 

between variables was generalized [34,35]. In future, other possible functions to represent 

growth and division rates as functions of the size of microalgae should be further investigated. 

The errors presented in Table 2 and Table 3 are achieved by running a sensitivity analysis on 
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each parameter and guarantee that the model represents the experimental data within a 5% error. 

Future developments of the model will consider a reduction of needed parameters as well as 

comparison with functions such as Arrhenius type.  

Effect of temperature on growth and division rates 

The growth rate did not reach high values except for small-sized microalgae. Growth was 

favoured by higher light intensities and lower temperatures. In addition, from Suppl. Figure B3, 

it is observed that a stronger light favoured a faster growth for cells over a wider range of 

temperatures. We observed that the growth rate decreased at increasing cell size (Suppl. Figure 

B3), in agreement with observations from [28]. Suppl. Figure B4 shows the division rate as a 

function of temperature, at various constant light intensities. Almost the totality of cells divided 

at large sizes, and the phenomena were favoured at higher temperatures.  

 

These results become relevant when looking at the size distribution of microalgae. Considering 

the experimental range of this work, when operating at lower temperatures, the size distribution 

of cells shifted towards larger sizes. On the other hand, microalgae were smaller at higher 

temperatures [20]. For example, the division at 24°C occurred mainly after the cells were larger 

than 8 µm, whereas microalgae growing at 30°C divided at 7 µm. 

 

Effect of light on growth and division rates 

The growth rate is a function of light intensity at some fixed temperature values. Suppl. Figure 

B5 shows the growth rate as a function of light intensity and microalgal size for different values 

of temperature. The effect of light intensities on the division rate at various temperatures is 

shown in Suppl. Figure B6. 

Within the environmental conditions considered, the amount of light influenced the growth of 

microalgal cells. However, the effect was limited to those with a small size. In particular, the 

highest growth rate at 450 lm was approximately 0.5 µm/h while at 1020 lm the growth rate 

increased to over 1 µm/h. In all cases under investigation, the growth was close to zero. These 

trends confirm observations from others [36,37], and are partially caused by the model 

assumption for which newly produced cells start growing from the first size interval. Future 

developments of the model will consider a relaxation of this assumption, allowing any new cells 
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to start growing from any size interval; in this case, a probability study needs to be carried out. 

The results confirm that the growth rate was higher at higher light intensities and was favoured at 

lower temperatures. On the other hand, the size-specific division rate was triggered at smaller 

sizes and at higher temperatures, but did not seem to be affected by changes in light intensity.  

 

Additional considerations  

A more intuitive representation of growth rate and division rate is shown in Figure 6 and Figure 

7, respectively. Once again, the same considerations performed earlier can be verified. 

The difference from other observations on Chlorella [25] is the effect of light intensity on the 

number of daughter cells. It appeared that temperature affected the number of daughter cells 

while the light intensity did not (Figure 7). The trend of the size-specific growth-rate is similar 

to that obtained by others [28], although the approach to the problem is different, by considering 

an average initial distribution. The model confirms the increase in the average size of cells when 

the temperature is reduced. It is also in agreement with the results obtained by experiments in 

synchronous growth conditions, confirming that the growth rate of microalgae is higher at higher 

light intensities [36]. Besides modelling reports confirming the effects of environmental 

conditions [27,28,38], the correlation between microalgae growth and environmental conditions 

has been confirmed by reports in which synchronous cultures of microalgae were cultivated 

[36,37,39]. Among the main observations recovered from these works, it is found that: 

 The growth of cells, or the increase in mass, depends on the light intensity. The average 

size in which the division occurs does not depend on the light intensity unless the light intensity 

is particularly low. 

 Number of daughter cells is not affected by different temperatures, but it is highly 

affected by different light intensities. 

 The size distribution of cells is influenced by the temperature with smaller cells at higher 

temperatures. 

Different from what observed in [36], the number of daughter cells was not greatly influenced by 

light intensity since the trend of the division rate was very similar; it appears that the temperature 

had a greater influence on the number of daughter cells. This may be partially caused by the 
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assumptions in the model and partially because the species is not the same (although Chlorella 

and Chlorococcum belong to the same division of green algae, Chlorophyta [40]). Considering 

that the growth of the microalgal population inside a PBR depends on the growth rate of cells as 

well as on the division rate, the proposed methodology separates the two aspects, giving more 

information compared to other models. 

Finally, it was observed that the nutrient concentration did not affect the growth, especially in the 

linear phase, when nutrients are not a limiting factor. Obviously, higher nutrient concentrations 

increase the maximum cell density. However, when the concentration becomes very high, the 

growth rate may be affected by the reduced light efficiency caused by the increasing number 

density (scattering effect). 

 

Previous applications of PBE to microalgae 

A modified breakage equation has been applied to predict cellular growth [9]. However, the 

results achieved were unsatisfactory and it was not possible to define any correlation between the 

particle size and growth rate. Following the modified breakage equation model applied to 

microalgae [8], the classical form of PBE was employed to model the microalgal growth [27]. 

The equation contained in separate terms the cell growth and division rate, and it consisted of 

simulating the dynamic growth of microalgae as a function of nutrient concentration and light 

intensity [27]. Most of the parameters were obtained from literature data and the number of 

daughter cells was assumed to be equal to 2, while other environmental conditions were 

neglected [27]. The approximation of cell division as binary breakage is a strong assumption 

since the number of daughter cells may easily differ from 2, depending on the environmental 

conditions. Size distribution was generated using a cellometer, while the cell density was 

regarded as a constant. No discussion was provided on the linear correlation between the growth 

rate and the mass of microalgae. Others took account of a variable number of daughter cells [38]. 

Yet, the growth rate was retrieved from literature. It was shown that the size distribution of 

microalgae might change over time along the algal life cycle (for example the size distribution in 

the first day could be different from that after several days in a specific environmental 

condition); it was considered that division may occur from different average sizes of mother 

cells. Although temperature is a relevant factor in the population dynamics, which may strongly 
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affect the growth of microalgae [38], the authors operated under isothermal conditions. A more 

complex (yet similar to [27]) growth rate calculation was utilized; as explained elsewhere by the 

same research group, the growth rate can be assumed linearly proportional to the mass of cells 

[41], but still not much discussion is given. The work is a very relevant analysis since it can tell 

how the initial average size affects growth and performance of the population in different 

average mother cell sizes. However, this does not explain how cells behave in the system if they 

are smaller or larger than the average, and the approach used in this paper is different.  

Life-cycle time 

The dependence on environmental condition affects the parameters under investigation and, 

therefore, the average time needed by cells to complete a life cycle. The cycle time (CT) depends 

on the growth rate of each size interval, as shown in Equation 7.  

 𝐶𝑇 = ∑
∆𝐿𝑖
𝐺𝑖

𝑖

 
(7) 

The parameters obtained above can be used to retrieve the cycle time of microalgae. For 

example, at T = 30°C and Lt = 420lm, the life-cycle time is equal to 𝐶𝑇420
30 = 20.4 ± 7.8ℎ. 

At 30 °C and 600 lm, 𝐶𝑇600
30 = 16.8 ± 1.4ℎ, while at 30 °C and 1020 lm, 𝐶𝑇1020

30 = 22.5 ±

7.7ℎ. Although no value related to Chlorococcum was found in literature, the results can be 

compared with those achieved experimentally by synchronous culture of Chlorella [36]. In that 

case, microalgae completed a life cycle in approximately 28 h, which is in the same range as 

here. A minimum of three experiments was performed to achieve the indicated values while the 

standard error was calculated using the theory from [42].The indicated values express the 

minimum amount of time needed for a cell to grow from the smallest size interval to the first size 

interval in which microalgae can divide. Different values (either smaller or larger) will be 

obtained if cells start growing from a different starting interval and if the division occurs at larger 

sizes. A statistical study needs to be addressed for a better estimation of the life-cycle time in 

future studies. 

 

Conclusions and future perspectives 

This work illustrates a methodology to retrieve important biological information from microalgal 

cells. The proposed approach allows the determination of size-specific parameters which are not 
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commonly found in the literature. Although the proposed methodology is applied to 

Chlorococcum sp., a similar approach can be followed for other microalgal species or, generally, 

to other types of microorganisms. It has two major advantages: first, it allows the calculation of 

biological parameters from scratch, without requiring data from literature, and secondly, it 

requires a basic instrument that can be found in almost any laboratory. 

 

This work can be extended by including the uncertainty analysis to reduce the number of 

parameters. Additionally, different correlations for growth, division and environmental 

conditions can be tested. Application to other types of microorganisms to test the model and 

retrieve biological parameters could be an additional investigation. Finally, some research can be 

suggested to develop a correlation with internal substances of interest, e.g. by forcing growth to 

larger cell sizes, if the desired substance is more concentrated in larger cells to optimize the 

production. 
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List of Figures  

 

Figure 1.  Schematic representation of the experimental setup. The PBR was placed inside a 

water bath to regulate the temperature with a temperature controller. LED lights represented the 

light source, while air was introduced into the system through an air pump.  
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Figure 2.  Raw microscope image (a) and image after analysis with ImageJ (b). 

 

 

Figure 3.  Example of a uniform size discretization to solve the PBE. 
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Figure 4.  Growth rate [µm/h] of microalgae as a function of temperature and light at four 

assigned sizes. Generally, high light intensities and lower temperatures favoured the growth. 

 

 

Figure 5.  Division rate [-] of microalgae as a function of temperature and light at four assigned 

sizes. Division occurred when cells were mature (large-sized cells).  
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Figure 6. Change in microalgal growth rate as a function of size in different environmental 

conditions. Growth was favoured at small sizes, high light intensities and low temperatures. 

 

 

 

Figure 7.  Change in microalgal division rate under different environmental conditions. Division 

occurred when cells were mature, at smaller sizes with a higher temperature.  
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Table 1 Experiments conducted using BG11 medium. 

 23°C 27°C 30°C 

420 lm ✓  ✓ 

600 lm  ✓ ✓ ✓ 

1020 lm ✓  ✓ 
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Table 2 Constants needed to calculate the growth rate parameters 𝒶,𝒷, 𝒸. All the parameters and their absolute errors are 
calculated using the same type of equation. Following is an example for 𝒶: 𝒶 = 𝑘𝐺,1

𝒶 𝐿𝑡2 + 𝑘𝐺,2
𝒶 𝑇2 + 𝑘𝐺,3

𝒶 𝐿𝑡2𝑇 + 𝑘𝐺,4
𝒶 𝑇2𝐿𝑡 +

𝑘𝐺,5
𝒶 𝐿𝑡 ∙ 𝑇 + 𝑘𝐺,6

𝒶 𝐿𝑡 + 𝑘𝐺,7
𝒶 𝑇 + 𝑘𝐺,8

𝒶  

 𝑘𝐺,1
𝑝𝑎𝑟

 𝑘𝐺,2
𝑝𝑎𝑟

 𝑘𝐺,3
𝑝𝑎𝑟

 𝑘𝐺,4
𝑝𝑎𝑟

 𝑘𝐺,5
𝑝𝑎𝑟

 𝑘𝐺,6
𝑝𝑎𝑟

 𝑘𝐺,7
𝑝𝑎𝑟

 𝑘𝐺,8
𝑝𝑎𝑟

 

𝒶 
-8.721 
(±0.010) 

1808.0 
(±3.3) 

0.3156 
(±0.0004) 

-3.198 
(±0.008) 

-321.9 
(±0.2) 

1.18 104 
(±4.1) 

5.39 104
  

(±75) 
-3.04 106

  
(±1721) 

𝒷 
1.49 10-5

  
(±2.2 10-7) 

0.09907 
(±7.4 10-5) 

-2.38 10-7 
(±9.6 10-9) 

-1.1 10-4 
(±1.8 10-7) 

0.00609 
(±4 10-6) 

-0.0974 
(±9.3 10-5) 

-5.303  
(±1.7 10-3) 

65.45  
(±0.04) 

𝒸 
1.81 10-7 
(±4.4 10-9) 

-3.8 10-4 
(±1.5 10-6) 

-4.57 10-9 
(±1.9 10-10) 

-4.18 10-8 
(±3.5 10-9) 

9.38 10-6 
(±8.1 10-8) 

-2.97 10-4  
(±1.9 10-6) 

0.0173 
(±0.030) 

-0.1545  
(±7.8 10-4) 
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Table 3 Constants for the calculation of the division rate parameters 𝒹, ℯ, 𝒻 . bbsolute errors are indicated beteeen braceets. 

Folloeing is an example for 𝒹: 𝒹 = 𝑘𝑆,1
𝒹 𝐿𝑡2 + 𝑘𝑆,2

𝒹 𝑇2 + 𝑘𝑆,3
𝒹 𝐿𝑡2𝑇 + 𝑘𝑆,4

𝒹 𝑇2𝐿𝑡 + 𝑘𝑆,5
𝒹 𝐿𝑡 ∙ 𝑇 + 𝑘𝑆,6

𝒹 𝐿𝑡 + 𝑘𝑆,7
𝒹 𝑇 + 𝑘𝑆,8

𝒹  

 𝑘𝑆,1
𝑝𝑎𝑟

 𝑘𝑆,2
𝑝𝑎𝑟

 𝑘𝑆,3
𝑝𝑎𝑟

 𝑘𝑆,4
𝑝𝑎𝑟

 𝑘𝑆,5
𝑝𝑎𝑟

 𝑘𝑆,6
𝑝𝑎𝑟

 𝑘𝑆,7
𝑝𝑎𝑟

 𝑘𝑆,8
𝑝𝑎𝑟

 

𝒹 -3.33 10-7 
(±3.6 10-10) 

1.54 10-4 
(±1.2 10-7) 

1.33 10-8 
(±1.6 10-11) 

1.53 10-7 
(±2.8 10-10) 

-2.47 10-5 
(±6.5 10-9) 

5.28 10-4 
(±1.5 10-7) 

-0.00261 
(±2.7 10-6) 

-0.0325 
(±6.3 10-5) 

ℯ 0.000202 
(±4 10-6) 

0.1206 
(±1.6 10-3) 

-5.93 10-6 
(±1.6 10-7) 

-6.01 10-5 
(±3.1 10-6) 

0.01245 
(±7.2 10-5) 

-0.3481 
(±1.7 10-3) 

-9.583 
(±0.030) 

217.4 
(±0.7) 

𝒻 2.12 10-6 
(±2.7 10-8) 

0.07068 
(±9 10-6) 

-7.66 10-8 
(±2.1 10-10) 

5.38 10-6 
(±2.2 10-8) 

-1.6 10-4 
(±5 10-7) 

0.000358 
(±1.2 10-5) 

-4.078  
(±2 10-4) 

65.27  
(±5 10-3) 
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