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Abstract (English) 
 

 

 

 

Light is an essential parameter for the growth of photosynthetic microorganisms. For this 

reason, information on the light spectrum and light intensity distribution within a 

photobioreactor (PBR) are helpful to develop highly automated growth methods.  

In this work, we designed a floating optical sensor to measure the spectral light intensity at 

different points within the PBR. In addition, the sensor is equipped with a localization 

algorithm so that a light intensity distribution map within the PBR can be plotted. 

Moreover, a model is proposed to simulate the spectral distribution of light inside a 

photobioreactor with a ray trace software for different wavelengths within the 

photosynthetically active radiation (PAR) spectrum. The method was designed to obtain 

quickly and reproducible light distribution simulations within the photobioreactor faster than 

the other methods proposed in the literature, bypassing the need to determine the radiative 

properties of the algal cells. This model has been used to assess the accuracy of the optical 

sensor measurements within the PBR. 
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Abstract (Italiano) 
 

 

 

 

La luce è un parametro importante per la crescita dei microrganismi fotosintetici. Per questo 

motivo, le informazioni sullo spettro della luce e sulla distribuzione dell'intensità della luce 

all'interno di un fotobioreattore (PBR) sono utili per sviluppare metodi di crescita altamente 

automatizzati. 

In questo lavoro abbiamo progettato un sensore ottico flottante per misurare l'intensità della 

luce spettrale in diversi punti all'interno del PBR. Il sensore è dotato di un algoritmo di 

localizzazione, in modo da poter tracciare una mappa della distribuzione dell'intensità 

luminosa all'interno del PBR. 

Inoltre, viene proposto un modello per simulare con un ray-tracing software la distribuzione 

spettrale della luce all'interno di un fotobioreattore per diverse lunghezze d'onda all'interno 

dello spettro della radiazione fotosinteticamente attiva (PAR). Il metodo è stato progettato 

per ottenere simulazioni di distribuzione della luce facilmente e riproducibili all'interno del 

fotobioreattore più velocemente rispetto agli altri metodi proposti in letteratura, aggirando 

la necessità di determinare le proprietà radiative delle cellule algali. Questo modello è stato 

utilizzato per valutare l'accuratezza delle misurazioni del sensore ottico all'interno del PBR 
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1 Chapter 1 
 

 

 

Introduction 
 

1.1 Introduction 

 

As reported by the International Energy Agency, Global Energy Consumption 

continues to show high growth rates year after year. In their major part, the energy demands 

are still satisfied by fossil fuels: 86% of the energy consumed worldwide and almost 100% 

of the energy used in transportation is being produced by fossil fuels. This has led to 

increased CO2 and other greenhouse gas emissions in the atmosphere, which has triggered 

global climate change  [1–7]. 

Some of the most significant energy sources capable of replacing fossil fuels are 

solar, wind, water energy, and biofuels  [4,6,7]. The production and use of biofuels in 

transportation are considered a solution to the cause-effect problem discussed in the first 

paragraph.  

Based on the origin of production, biofuels can be classified into four generations. 

First-generation biofuels include the fuels extracted from edible crops like starch, 

wheat, corn, soybean, animal oil, etc. However, the first generation of biofuels showed a 

negative effect on food security in the environment due to the use of fertilizers, and it 

requires big surfaces of cultivable land for feedstock generation.  

The second generation of biofuels is obtained from several trees, grass, bushes, 

agricultural residues, etc. Unlike the first generation, the second generation of biofuels is 

produced from non-edible oils and doesn’t compete with food. On the other hand, to grow 

the feedstock for this generation of biofuels is still needed cultivable land or forests. One 

major concern related to their production is deforestation. 

Meanwhile, microalgal species are used as feedstock for the third generation of 

biofuels. Biofuels produced from the microalgae are considered a possible alternative to 

fossil fuels due to the advantages it has concerning the other generations: no arable land is 
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needed; it doesn’t have a negative impact on food security; brackish and saline water can be 

used for their cultivation; feedstock can be grown in rough conditions.  

Moreover, genetically modifying the microalgae can produce a new generation of biofuels, 

which is called the fourth generation of biofuels  [8–11]. 

Despite the effort made to industrialize the cultivation and harvesting of the 

microalgal biomass, their large-scale cultivation is still restrained. As a result, biofuel 

production costs are still not competitive with conventional fuels [12,13]. To reduce the costs 

of biofuel production, a synergic effort must be spent to research the conditions that can 

enhance algal productivity, discover and test new extraction methods, and simultaneously, 

strong investments need to be made by companies to develop highly automated growth and 

harvesting methods. 

Presently, the research on microalgae is focused on the design, optimization, and 

scale-up of algal PBRs to increase their overall productivity [14–16]. The parameters that 

can be optimized are light transport and distribution, gas exchange, medium supply, and 

temperature  [17]. Among these parameters,  light intensity and light spectrum have a crucial 

effect on the algal growth rate  [14,18–25].  

The online monitoring of the spectral light distribution within the algal suspension is 

a key factor in ensuring microalgae growth stability in photobioreactors  [26,27]. 

This study's objective was to develop a floating light sensor (FloSen) to monitor, in 

real-time, the spectral light intensity and the turbidity within an algal PBR. 

We designed a sensor that can float freely within the algal suspension providing real-time 

information on the spectral irradiance, turbidity, and the 3D position where the measurement 

was taken. The localization of the sensor is based on the measurement, with an embedded 

magnetic sensor, of a non-uniform magnetic field generated by a set of anchor coils attached 

to the PBR in specific positions along its height. 

The first prototype of the floating sensor has a cylindrical shape with a height of 36 

mm and a diameter of 24 mm. It is equipped with four optical sensors measuring light 

intensity in four bands of the light spectrum: red, green, blue, and infrared. Moreover, the 

sensor is also equipped with a Bluetooth module providing point-to-point communication 

with a PC supervisor. The wireless communication protocol allows the remote measurement 

of light intensity while the sensor is floating inside the algal suspension. The sensor is also 

provided with a Li-ion battery recharged without using any external connections by a small 

array of solar cells embedded on the printed circuit board of the sensor. 

The calibration of the sensor was done by measuring the transmitted light intensity by an 

algal suspension of Nannochloropsis Oculata during its growth phase (0.21 g/l to 1.26 g/l). 
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Meanwhile, to test the sensor, we developed a model that calculates light's spectral 

distribution at different points within the photobioreactor. 

To model the light propagation within an algal suspension, many researchers have 

used analytic expressions like Lambert-Beer law [17–20] or Cornet’s model  [28,29]. 

However, a more accurate approach followed by researchers to deal with this problem has 

been to use the Radiative Transfer Equation (RTE) for a non-emitting medium.  
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Where 𝐼𝜆 is the spectral irradiance expressed in 
𝑊

𝑚2 𝑛𝑚 𝑠𝑟
,  𝜅𝜆 (𝑚−1) is the spectral absorption 

coefficient,  𝜎𝑠𝜆 (𝑚−1) is the spectral scattering coefficient, �̂� is the direction of propagation, 

𝜙𝜆  (𝒔
^

𝒊, 𝒔
^
 ) represents the scattering phase function, i.e., the probability that a ray is scattered 

from the direction �̂�𝒊 in direction �̂�, and 𝑑Ω𝑖 is the solid angle around the direction �̂�𝒊  [30]. 

The RTE parameters depend on the microalgae species and can be determined 

experimentally [31–34] or theoretically  [35–37]. For instance,  [33] have developed an 

experimental method that consists in performing normal-normal and normal-hemispherical 

transmittance measurements to determine, respectively, the extinction coefficient 𝛽𝜆, the 

absorption coefficient 𝑘𝜆, and nephelometric measurements to retrieve the phase function. 

Meanwhile, the theoretical method is based on the Lorentz-Mie theory [38]. However, in the 

models based on the theoretical method, typically, the microalgae cells are considered to be 

homogeneous with some effective complex index of refraction [31], and their shapes are 

approximated as volume-equivalent spheres  [28], coated spheres  [39] or even infinitely 

long cylinders. 

The research results on the microalgae's radiative properties are eventually used to 

solve the RTE equation. So far, different numerical methods have been exploited to solve 

the Radiative Transfer Equation (RTE)  [40–46]. For example, Pottier et al.  [36] apply the 

two-flux method to solve the RTE for a torus shape photobioreactor after theoretically 

calculating the radiative characteristics of Chlamydomonas reinhardtii microorganisms. 

Diversely,  [44] implements the discrete ordinate finite volume technique. 

We developed a new experimental method to simulate the spectral distribution of light within 

a turbid medium, bypassing the two-step procedure: cell radiative properties calculation and 

RTE solution, carried out by a significant part of researchers until now.  

We conducted several experiments to measure the scattered light from the microalgal 

suspension within different solid angles at different concentrations and wavelengths. We 
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wanted to fit the experimental data with a scattering phase function available in different ray 

trace software to facilitate the reproduction of the method. Based on the literature, it was 

chosen the Henyey-Greenstein (HG) phase function  [34,47–49].  

Thanks to the method developed, we found the HG parameters of the bulk scattering 

model provided by Zemax OpticStudio software for different concentrations at six 

wavelengths within the photosynthetically active radiation (PAR) region: 401 nm, 456.7 nm, 

523 nm, 543.5 nm, 632.8 nm, and 675.7 nm for a Nannochloropsis oculata suspension. This 

set of HG functions was easily implemented on Zemax OpticStudio software to calculate 

the spectral distribution of light inside the volume of a column internally illuminated PBR.  

The simulation results were further used to validate the functioning of the floating sensor 

FloSen. 

 

1.2 Aims and objectives 

 

This study focused on developing a sensor to monitor in real-time the spectral distribution of 

light within an annular photobioreactor used for algal cultivation. The sensor was designed to float 

freely within the algal suspension. In addition, a localization method was developed based on the non-

uniform magnetic field generated by sequential coils placed along the PBR height.  

To test the functioning of the sensor, we needed to have data about the spectral 

distribution of light within the PBR. Eventually, utilizing the ray trace software Zemax 

OpticStudio, we developed a model to calculate the spectral distribution of light at different 

points of the PBR. In the context of this model, several optical measurements have been 

carried out for different samples of algal suspensions. Moreover, experimental 

measurements and data analysis have also been done during the sensor test. 

 

1.3 Outline of the thesis 

 

Chapter 1 introduces the context of the work and gives a full view of the study. 

Chapter 2 reviews the properties of the microalgae species, the photosynthesis process, and 

the light interaction with algae. The Radiative Transfer Equation, which is derived in the 

general case and in the specific case for an algal suspension, is in the focus of this chapter. 

Further, in this chapter, different approximated methods to solve the RTE are discussed, and 

also the methods used so far to solve it for an algal suspension are studied. Finally, a short 

overview of the cultivation methods of the microalgae is given at the end of the chapter. 
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Chapter 3 describes two PBRs developed during the thesis period and the LabView software 

used to adjust the light intensity. 

The model developed to calculate the spectral distribution of light within an algal suspension 

is explained in Chapter 4. This model is applied to the PBRs described in Chapter 3. Further, 

also the results of the simulations are discussed.  

The block diagram, the circuit, and the floating sensor software are described in Chapter 5. 

This chapter also presents the localization algorithm. 

Chapter 6 contains the experimental part of the thesis: the experimental measurements and 

the tests of the sensor. 

The main results of the research are summarized in Chapter 7. 
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2 Chapter 2 
 

 

 

Radiative Transfer Equation 

 

 

Currently, 86 % of the global energy produced in a year comes from the combustion 

of fossil fuels. Due to the direct carbon combustion for energy are generated more than 24 

gigatons of CO2 annually, resulting in an increase in the atmospheric CO2 concentration 

from 300 ppm to 380 ppm over the last 100 years.  This has triggered a global climate change 

and has contributed to biological extinctions [2–5,50–52]. The solution to this problem can 

be using alternative energy sources like solar, water, wind energy, and biofuels. Based on 

production, there exist four generations of biofuels: the first generation of biofuels is 

produced from edible crops, the second generation of biofuels is produced from non-edible 

crops, the third generation of biofuels is produced from microalgae biomass, the fourth 

generation of biofuels is made from genetically modified microalgae [8–11]. 

Photobioreactors (PBRs) are systems used to grow microalgae by controlling their life 

parameters: salinity, temperature, CO2, light, and pH. Many studies claim that the radiative 

light transfer inside the PBR is of paramount importance as it can be used to determine the 

kinetic rates, energetic yield, biomass composition, and pigment contents  [29,37,53–57]. As 

a result, the study and the radiative transfer equation's solution within the PBR are required. 

This equation is characterized by three parameters: the absorption and scattering cross-

section and the phase function. Therefore, any radiative analysis of a photobioreactor starts 

with determining these three parameters [58].  
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2.1 Microalgae 

 

Microalgae are prokaryotic or eukaryotic oxygen-evolving photosynthetic autotrophs 

that can live in harsh conditions due to their unicellular or simple multicellular 

structure  [59–61]. They are found worldwide, mainly in waters, but they can also be found 

on all types of soils  [62]. Even though only 30000 species have been studied, it is estimated 

that more than 50000 microalgae species exist on Earth  [60,61]. 

Microalgae species are essential for Earth’s ecosystem as they produce nearly half of 

the atmospheric oxygen via the photosynthesis process, playing a prominent role in the 

global carbon cycle  [60–63]. Moreover, lately, a great interest has risen in using the 

microalgae feedstock to produce third-generation biofuels. Many research reports and 

articles describe the advantages of the third generation of biofuels with respect to the other 

generations. Indeed, the production of microalgae doesn’t require arable land, microalgae-

based biofuel doesn’t compete with food, and it is estimated that microalgae produce two to 

tenfold more biomass per unit land area than the best terrestrial systems. It is reported that 

microalgae have higher photosynthetic efficiency than other plants due to their greater ability 

to capture light and convert it to chemical energy.  [13,50,60,64–76]. 

 

2.1.1 The ultrastructure of microalgae  
 

The microalgae cell comprises several organelles of different sizes and shapes 

embedded in the cytosol: chloroplasts (eucaryotic cells), nucleus, nucleolus, mitochondria 

(eucaryotic cells), lipid vesicles, gas or fluid-filled vacuoles, and pyrenoids. A complex cell 

wall and the cell membrane, which have different characteristics for eucaryotic and 

procaryotic cells, surround the cell content. 
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Figure 2-1: Sketch of an algal ultrastructure (a) and of the chloroplast (b) for an 

eucaryotic cell  [61] 

In the case of procaryotic cells, thylakoids lie free in the cytoplasm and contain the 

photosynthetic organism. They appear as flattened sacs and may be arranged in concentric 

rings, in parallel bundles, dispersed, etc. In eucaryotic cells, the thylakoids are placed in the 

chloroplast and contain the chlorophylls and a surrounding matrix called stroma [61,62]. 

Moreover, additional compartments could be developed as metabolites microalgae 

can synthesize such lipid and starch bodies during nitrogen starvation [77,78]. 

How will light interact with the microalgae cells? When light rays hit a microalgae cell, they 

will partly get scattered and partially absorbed. The ray lights' energy that gets absorbed is 

partly used for the photosynthesis process. The rest of the energy is dissipated either in the 

form of heat or by fluorescence. Meanwhile, the energy used during the photosynthesis 

process is converted into biochemical energy used for respiration, growth, and other 

metabolic processes (Figure 2-2). The following sections will discuss the physics behind 

these interaction phenomena in general and specifically for microalgae cells. 

 

 

Figure 2-2: Light interaction with the microalgae cell 
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2.1.2 The oxygenic photosynthesis 
 

Life on Earth is entirely dependent on the photosynthesis process. Photosynthesis is a 

photo-biochemical process that transforms light energy into chemical energy. Oxygenic 

photosynthesis is the form of photosynthesis that produces molecular oxygen from the 

oxidation of water  [79,80]. This form of photosynthesis is carried out by microalgae and 

cyanobacteria  [79]. The reaction of oxygenic photosynthesis in microalgae occurs within 

the chloroplast (Figure 2-1). Two types of reactions occur during photosynthesis: light 

reactions and dark reactions. The light reactions, which consist of converting light energy 

into chemical bonds, occur in the thylakoid membrane. In specific, during these reactions 

the energy of the photons absorbed from the pigments is used from the photosystems for the 

reduction of the NADP+ to NADPH and the phosphorylation of the ADP. NADPH and ATP 

are then utilized during dark reactions, consisting of CO2 fixation. The stroma is the place 

where the dark reaction occurs  [81]. 

 

 

2.1.3 Absorption of light from the pigments  
 

There are three types of pigments: chlorophylls (Chls), carotenoids (Cars), and 

phycobilins. The most common chlorophylls are Chl a, Chl b, and Chl c. Carotenoids can be 

𝛽 – carotene, fucoxanthin, and peridinin. Finally, the most common phycobilins are 

phycoerythrobilin, phycocyanobilin, and allophycocyanin  [82]. The relative pigment 

composition of the microalgal species depends on different environmental parameters such 

as temperature, quantity and quality of light, photoperiods, pH, nutrient limitation, nitrogen 

supplements, salinity, pesticides, and heavy metal stress. Light intensity plays an essential 

role in controlling chlorophyll (Chls) and 𝛽 – carotene accumulation in algal cells. There is 

an inverse relationship between the Chls content and light intensity; on the other hand, the 

𝛽 – carotene content per cell increases with light intensity  [83]. 
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Figure 2-3: Relative absorption curve as a function of wavelength for different types of 

pigments  [84]. 

 

Pigments are crucial elements in photosynthesis. The first step in photosynthesis is the 

absorption of light by pigments. A photon with sufficient energy will excite the chlorophyll 

molecule during this process, going from the ground state to the excited state. 

 

 

Figure 2-4: A Jablonski-Perrin diagram of the energy levels in a Chl a molecule and the 

absorption spectrum corresponding to these levels [79] 

Figure 2-4 shows the Jablonski – Perrin diagram of the energy levels in Chl a. There 

are three electronic states: the ground state, the first excited state, and the second excited 

state. Each electronic state is composed of several substates corresponding to molecular 
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vibrational and rotational energy. It can be deduced that blue photons will take the molecule 

to the nth excited state while red photons will take it to its first excited state. The highest 

excited state is very unstable, and the molecule will soon pass to the first excited state. The 

critical fact is that no matter the energy of the absorbed photon, the photochemical process 

starts from the lowest exited state  [79,81]. De Mooji et al. [155] reports no essential 

difference in the absorption cross-section of the microalgae grown under different light 

colors. On the other hand, as mentioned above, the pigments on the microalgae depend on 

the perceived light intensity. So the pigment content correlates to the biomass-specific light 

absorption rate. 

The absorbed energy from the pigments is funneled then into chlorophyll a molecule, in the 

reaction center (RC) of the two photosynthetic units: photosystem I (PSI) and photosystem 

II (PSII)  [79,85]. In the reaction center of PSII, two chl a molecules form a dimer called 

P680 with an absorption peak at 680 nm. In the same way, a dimer is formed in the PSI 

reaction center but with an absorption peak at 700 nm  [61]. After trapping the excitation 

energy by special photoactive Chl molecules in the RCs of these two photosystems, light 

energy is converted into chemical energy due to the Linear and Cyclic Electron Transfer 

(LET and CET, respectively). 

 

 
Figure 2-5: Schematic representation of photosynthetic electron transport  [86] . 

 

The first step in the LET reaction is water–splitting from the PSII, which captures the photon 

and utilizes excitation energy to oxidize water molecules into protons and molecular oxygen 

O2. The electrons removed from the oxidation of water molecules are transported via 
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Plastoquinone (PQ) pool (see Figure 2-5) to the Cytochrome b6f complex. Then they are 

used to translocate protons across the thylakoid membrane. On the other hand, the reaction 

center P700 will be oxidized due to the absorption of photons by PSI. As a result, electrons 

from PC (plastocyanin) fill the electron-hole P700+. The electrons removed by the oxidation 

reduce ferredoxin (FDX). At the same time, on the stromal side, the NADP+ reductase 

transfers the electron from FDX to NADP+ to form NADPH. Due to the electron transport, 

a proton gradient is built up across the thylakoid membrane  [86,87].  

 

 

2.1.4 Fluorescence  
 

Nearly 100% of the excitation energy absorbed by a light-harvesting pigment, rather 

than Chl a, is transferred to Chl a. The energy transferred to Chl a or absorbed directly by 

Chl a may be:  i) dissipated as heat, ii) used for re-emission of a red photon, or iii) sent to 

PSII for the process of photosynthesis. The photon re-emission process due to the transition 

of the Chl a from the first excited state to the ground state is called fluorescence  [61,81]. 

Fluorescence, heat, and photosynthesis are complementary processes. As a result, by 

measuring the fluorescence, one could retrieve photosynthesis and heat dissipation 

information  [88]. As stated before, fluorescence occurs due mainly to the de-excitation of 

the molecule from the first excited state to the ground state because the energy of the 

molecule in the second excited state will be dissipated through internal conversion and 

vibrational relaxation in heat. As a result, the fluorescence spectrum of the Chl a doesn’t 

depend on the incident spectrum. But on the other hand, the strength of the fluorescence 

signal depends on the excitation spectrum  [61]. 
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Figure 2-6: In vivo absorption spectrum (black line) and fluorescence emission spectrum 

(grey line) for the diatom Thalassiosira pseudonana  [81]. 

 

2.2 Light interaction with particles 

 

When interacting with a medium containing small particles, light intensity 

distribution may change due to absorption and/or scattering. The interaction of the 

electromagnetic wave with the particle will depend on: 

a) The shape of the particle 

b) The complex index of refraction of the particle’s material 

c) The relative size of the particle concerning the wavelength of the EM,  

x = 
2𝜋𝑎

𝜆
, where a is the diameter of the particle 

d) The clearance between particles 

 

The complex refractive index m of a medium is called the ratio between the light phase 

velocity in vacuum and its velocity in that medium: 

m  = n + ik, 2-1 

where n characterizes the effect of the medium on the phase and k on the amplitude of the 

electromagnetic wave. 

The absorption coefficient is related to the imaginary part of the refractive index:   
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𝜎𝑎 =  
4 𝜋

𝜆
 𝑘 2-2 

  

where 𝜆 is the wavelength of the wave in vacuum  [30,89,90]. 

For the first time, the interaction of light with single particles was studied by Lord 

Rayleigh. His solution was obtained for particles of spherical shape with a diameter much 

smaller than the wavelength of the electromagnetic wave (EM) [30,91,92]. Meanwhile, the 

Lorenz-Mie theory describes the interaction of the electromagnetic wave with a spherical 

particle that is too large to apply the Rayleigh theory but too small to employ geometric 

optics. A detailed derivation of this theory can be found in the books of Bohren and 

Huffman  [93], van de Hulst [94], and Kerker [79]. In this thesis, some equations derived by 

Mie starting from Maxwell’s equations will be given to give a general hint of the work that 

was done in this field. 

The absorption and scattering of light by a particle are characterized by absorption 

cross-section 𝐶𝑎𝑏𝑠 and scattering cross-section 𝐶𝑠𝑐𝑎, respectively. The sum of these two 

quantities is called the extinction cross-section: 

𝐶𝑒𝑥𝑡 = 𝐶𝑎𝑏𝑠 + 𝐶𝑠𝑐𝑎 2-3 

The absorption, scattering, and extinction cross-section have the dimensions of the area, and 

generally, they are functions of the particle’s orientation and of the polarization state of the 

incident light. Often, they are nondimensionalized with the projected surface area of the 

spherical particle, obtaining like this the efficiency factors:                       

𝑄𝑎𝑏𝑠 = 
𝐶𝑎𝑏𝑠

𝜋𝑎2
 , 𝑄𝑠𝑐𝑎 = 

𝐶𝑠𝑐𝑎

𝜋𝑎2
 , 𝑄𝑒𝑥𝑡 = 

𝐶𝑒𝑥𝑡

𝜋𝑎2
 2-4 

 

 

Figure 2-7: Interaction of light with spherical particles [30] 
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Radiation, when encountering a spherical particle may be scattered by an angle 𝜃. 

Due to the spherical particle symmetry, an azimuthal angle is not needed to describe the 

scattering of light by the particle. On the other hand, the intensity of the wave scattered is 

proportional to two complex amplitude functions 𝑆1(Θ) and 𝑆2(Θ) which represent two 

perpendicular polarizations. The ratio between the scattered light intensity at the angle 𝜃 and 

the incident unpolarized light intensity is described by the relation  [30,94,95] : 

𝐼𝑠𝑐𝑎(𝜃)

𝐼𝑖𝑛
= 
1

2
 
𝑖1 + 𝑖2
𝑥2

 2-5 

Where x = 
2𝜋𝑎

𝜆
, and 𝑖1, 𝑖2 represent the nondimensional polarized intensities: 𝑖1 (𝑥,𝑚, 𝜃) =

 ‖𝑆1‖
2 , 𝑖2 (𝑥,𝑚, 𝜃) =  ‖𝑆2‖

2. From the definition of the scattering cross-section  [94], one 

may write down the relation regarding the scattering efficiency: 

𝑄𝑠𝑐𝑎 = 
𝐶𝑠𝑐𝑎

𝜋𝑎2
 = 

1

𝜋𝑎2
 𝑎2 ∫

𝐼𝑠𝑐𝑎

𝐼𝑖𝑛
 𝑑𝛺 =  

1

𝑥2
 ∫ (𝑖1 +
𝜋

0
𝑖2) 𝑠𝑖𝑛 𝜃 𝑑𝜃4𝜋

 2-6 

A significant physical quantity used to describe the scattering of light from particles 

is the scattering phase function Φ(�̂�𝑖,�̂�). The scattering phase function represents the fraction 

of the energy that is scattered from the incident direction �̂�𝑖 to any given direction �̂� and it is 

normalized over the solid angle:              

𝛷(𝛩) =  
1

4 𝜋
∫ 𝛷(�̂�𝑖, �̂�)𝑑𝛺
4𝜋

= 1 2-7 

                      

Based on the definition of the scattering phase function and using equation 2-5 together with 

equation 2-7, we could express the phase function as below:  

𝛷(𝛩) =  
𝑖1 + 𝑖2

 ∫ (𝑖1 + 𝑖2)𝑑𝛺4𝜋

= 2 
𝑖1 + 𝑖2
𝑥2𝑄𝑠𝑐𝑎

 2-8 

 So, the scattering properties of light by a spherical particle can be expressed as a function 

of the complex amplitude functions 𝑆1(Θ) and 𝑆2(Θ). These two functions are derived from 

the Lorentz-Mie theory for the general case of arbitrary values of the complex index of 

refraction m and the size parameter x, and in the book of van de Hulst  [94], derived as 

below: 

𝑆1(𝛩) =  ∑
2𝑛 + 1

𝑛(𝑛 + 1)

∞

𝑛=1

 [𝑎𝑛 𝜋𝑛(𝑐𝑜𝑠 𝛩) + 𝑏𝑛 𝜏𝑛(𝑐𝑜𝑠 𝛩)] 2-9 
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𝑆2(𝛩) =  ∑
2𝑛 + 1

𝑛(𝑛 + 1)

∞

𝑛=1

 [𝑎𝑛 𝜋𝑛(𝑐𝑜𝑠 𝛩) + 𝑏𝑛 𝜏𝑛(𝑐𝑜𝑠 𝛩)] 2-10 

 

Where the functions πn and τn are related to the Legendre polynomials  [96]: 

𝜋𝑛(𝑐𝑜𝑠 𝛩) =  
𝑑𝑃𝑛(𝑐𝑜𝑠 𝛩)

𝑑 𝑐𝑜𝑠 𝛩
 2-11 

 

𝜏𝑛(𝑐𝑜𝑠 𝛩)] = 𝑐𝑜𝑠 𝛩 𝜋𝑛(𝑐𝑜𝑠 𝛩) − 𝑠𝑖𝑛
2 𝛩 

𝑑 𝜋𝑛 (𝑐𝑜𝑠 𝛩)  

𝑑 𝑐𝑜𝑠 𝛩
  2-12 

 

The coefficients an , bn are called Mie scattering coefficients and are complex functions of 

x and y = mx: 

𝑎𝑛 = 
𝜓′
𝑛
(𝑦)𝜓𝑛(𝑥) −𝑚𝜓𝑛(𝑦)𝜓

′
𝑛
(𝑥)

𝜓′
𝑛
(𝑦)𝜁𝑛(𝑥) − 𝑚𝜓𝑛(𝑦)𝜁′𝑛(𝑥)

 2-13 

  

𝑏𝑛 = 
𝑚𝜓′

𝑛
(𝑦)𝜓𝑛(𝑥) − 𝜓𝑛(𝑦)𝜓

′
𝑛
(𝑥)

𝑚𝜓′
𝑛
(𝑦)𝜁𝑛(𝑥) − 𝜓𝑛(𝑦)𝜁′𝑛(𝑥)

 2-14 

  

The functions ψn, ζn(x) are called Riccati-Bessel functions  [96]. 

This way, the determination of the characteristic quantities of light interaction with a 

spherical particle is reduced to the problem of the determination of the Mie scattering 

coefficients. The calculation of the Mie scattering coefficients is not trivial. Before 

developing electronic computers, there were no papers on computing scattering problems 

using Mie theory. At present, several computations algorithms are available. A significant 

step forward was the program MIEV0 written by Wiscombe  [97,98]. He compared the 

accuracy of some Lorenz-Mie scattering numeric solution routines and discussed the 

efficiency of different calculation methods. From various studies, it is concluded that Mie's 

theory can be applied in the case of size parameters up to 10  [99,100]. On the other hand, 

this theory is still used as a standard reference to validate methods for more complex 

scattering problems  [101,102]. Several other issues were studied, starting from Mie's theory. 

Aden and Kerker  [103] published a theory for a coated dielectric sphere. Further, Kaiser 

and Schweiger  [104] created an algorithm for a sphere having two coatings, and Li Kai [95] 

studied the case of spherical particles consisting of multiple layers. 
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Besides Lorentz-Mie theory, there were developed several other light scattering theories, 

like the Separation of Variables Method (SVM), T-Matrix, Generalized Multipole 

Technique (GMT), Null-Field Method with Discrete Sources (NFM-DS), Finite Difference 

Time Domain Method (FDTD), Finite Element Method (FEM), Method of Moments 

(MOM), Volume Integral Equation Method (VIEM) [96,97]. 

 

2.2.1 Henyey-Greenstein phase function  
 

Strong forward-scattering peaks characterize large particles. An approximate phase 

function that could model the strong scattering peaks of the large particles is called 

Henyey-Greenstein (HG) phase function:  

𝐻𝐺(𝛩) =  
1− 𝑔2

[1+ 𝑔2+2 𝑔 𝑐𝑜𝑠 𝜃]3/2
 , 2-15 

 

Where g is the asymmetry parameter and takes value in the segment [-1, 1]. Henyey-

Greenstein phase function can also be written in the form of the Legendre polynomial series: 

HG(Θ) = 1 + ∑(2𝑛 + 1) 𝑔𝑛 𝑃𝑛 (cos 𝜃)

∞

𝑛=1

 2-16 

 

Van de Hulst  [94] and Hansen  [106] have shown that the HG phase function gives accurate 

results when the particles are non-dielectric [30]. Even though the microalgae are dielectric 

particles, this thesis shows that the HG bulk scattering model can give a very good 

approximation of the light scattered from a microalgal suspension. 

The n-th order phase function, which would describe the scattering of light after n-scattering 

events, is given:         

 

𝐻𝐺(𝑛)(𝛼) =  
1

4 𝜋
 

1− 𝑔𝑛
2

(1+ 𝑔𝑛
2−2 𝑔𝑛 𝑐𝑜𝑠(𝛼))

3
2

                                           2-17 

 

The mean cosine of the scattering angle after n-scattering events is 𝑔𝑛 = 𝑔
𝑛  [107,108]. 
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2.2.2 Microalgae cell models  

 

The composition of the microalgae cell, with several size scales and shapes of its 

components, makes the optical modeling of it a challenging task. However, according 

to  [109],  the molecular medium can be considered effectively homogeneous, leaving us 

with the task of considering only the cell organelles and the cell itself while dealing with the 

problem of modeling the microalgae interaction with light. 

A forward and straightforward approach to model the interaction of light with the 

microalgal cells is to consider the latter as a homogeneous sphere with an effective complex 

index of refraction  [110,31,36,111,112]. The imaginary part of the effective complex 

refractive index was retrieved from measurements of the spectral absorption coefficient 

by  [110]; meanwhile,  [58] asset it from measurements of pigment concentrations. The real 

part of the complex index of refraction was estimated using the relations of Kramers-

Kronig  [37,110,113]. The retrieved of the real part refractive index values are found to be 

in the interval (1.35-1.41), and the imaginary part of the refractive index assumes values in 

the interval (0.000-0.01), depending on the wavelength and the algal species [114,115]. This 

result is because microalgae cell is mainly made of water, which has a refractive index of 

1.33; meanwhile, the organelles’ refractive index changes from 1.36 in the case of cytoplasm 

to 1.51 for the chloroplast  [37,77]. 

On the other hand, the refractive index of proteins, carbohydrates, and fates are 1.6, 1.53, 

and 1.46, respectively  [90]. Meanwhile, for most organelles, the complex part of the index 

is close to zero, except for the pigments that absorb light, which have two peaks in the blue 

and red regions of the PAR  [116]. This is why monitoring the algal growth is done mainly 

by measuring the Optical Density (OD) at 750 nm. Measuring at this wavelength avoids the 

absorption by the pigments, i.e., this is treated as pure light scattering measurement  [117]. 

This model is not very accurate. It can be used to model light absorption from the 

cells, but it fails to accurately predict the scattering phase function and the spectral 

backscattering ratio  [77,118]. Moreover, the model is not sufficient to describe the 

polarization properties of the scattered field. Quirantes and Bernard  [39] modeled the cell 

as a coated sphere to address these problems. The outer coating represented the optical 

properties of the chloroplast, and the inner coating described the optical properties of the 

cytoplasm and other organelles. On the other hand, Bhowmik and Pilon  [77]  modeled the 

heterogenous nature of the microalgae cell using the T-matrix method. They compared the 

results with the volume-equivalent homogeneous sphere model and with the coated sphere 
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approximation and concluded that both approximations failed to give accurate results of the 

scattering phase function. 

Another approach followed by the researchers was to consider the shape of the cells 

and not approximate them as spherical  [58]. 

Until now, a model was not developed that considers both the heterogeneous nature of the 

cell and its shape. 

 

2.3 Derivation of RTE for a non-absorbing medium 

 

So far, we have discussed the optical properties of the microalgae cells individually. 

An algal suspension is a random distribution of discrete absorbing scatters and can be 

described by the radiative transfer equation for a non-emitting medium. In the paragraph 

below, we will write the radiative transfer equation in the general case for an emitting 

medium, deriving it step by step. Then, we will simplify it for a non-emitting medium in a 

second moment. 

Let’s denote 𝐼𝜆 the radiative energy flow per unit of time per unit solid angle per unit 

wavelength and unit area normal to the rays. In an absorbing medium, the absolute amount 

of absorption is directly proportional to the magnitude of the incident intensity: 

 

(𝑑𝐼𝜆)𝑎𝑏𝑠 = − 𝜅𝜆𝐼𝜆𝑑𝑠, 2-18 

 

Where, 𝜅𝜆 ( 𝑚−1) is the absorptions coefficient, and ds is the distance light has traveled 

through the medium. 

If we consider the attenuation of light by out-scattering (scattering away from the direction 

that is considered), we may write:  

 

(𝑑𝐼𝜆)𝑠𝑐𝑎 = − 𝜎𝑠𝜆𝐼𝜆𝑑𝑠, 2-19 

 

Where, 𝜎𝑠𝜆 (𝑚−1) is the scattering coefficient. 

As a result, the total attenuation of the light intensity will be characterized by the extinction 

coefficient: 

 

 𝛽𝜆  =  𝜎𝑠𝜆 + 𝜅𝜆 2-20 

 

On the other hand, apart from the attenuation of light intensity due to absorption and out-

scattering, light intensity augmentation also occurs due to in-scattering. 
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Figure 2-8: A pencil of rays within the algal suspension scattered from the direction �̂�𝑖 in 

the direction �̀� 

 

Let’s consider an infinitesimal pencil of rays impinging on a volume element dV = dA ds, in 

the direction  �̂�𝒊 as shown in Figure 2-9. From the definition of the light intensity at the 

beginning of this section, the spectral radiative heat flux, impinging on the area dA, within 

the solid angle dΩi can be written as below: 

𝐼𝜆(�̂�𝑖)(𝑑𝐴 �̂�𝑖 ∙  �̂�) 𝑑Ω𝑖  𝑑𝜆 

From a simple geometrical analysis, one can find that this flux travels through the volume 

dV for a distance 
𝑑𝑠

�̂�𝒊∙ �̂�
. As a result, according to equation 2-19, the total amount of the flux of 

energy scattered away from the direction �̂�𝑖 will be:  

𝜎𝑠𝜆(𝐼𝜆(�̂�𝑖)(𝑑𝐴 �̂�𝑖 ∙  �̂�) 𝑑𝛺𝑖 𝑑𝜆) ( 
𝑑𝑠

�̂�𝒊∙ �̂�
)=  𝜎𝑠𝜆  𝐼𝜆(�̂�𝒊) 𝑑𝐴 𝑑𝛺𝑖  𝑑𝜆 𝑑𝑠  2-21 

Not all the amount of the flux scattered in the direction �̂�𝒊, will be scattered into the cone d𝛺 

around the direction �̂�. Indeed, the fraction of the flux scattered into the cone dΩ can be 

described with the phase function 𝛷𝜆 (�̂�𝑖, �̂�) help: 

𝜎𝑠𝜆  𝐼𝜆(�̂�𝒊) 𝑑𝐴 𝑑𝛺𝑖  𝑑𝜆 𝑑𝑠
𝛷𝜆(�̂�𝑖, �̂�)

4𝜋
 𝑑𝛺 2-22 

Where 
1

4𝜋
 is the normalization constant for the phase function, so that equation 2-7 is 

satisfied. By integrating over the total solid angle, we can calculate the energy flux scattered 

into the direction �̂� from all the incoming directions �̂�𝒊:  
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(𝑑𝐼𝜆)𝑠𝑐𝑎(�̂�) 𝑑𝐴 𝑑Ω 𝑑𝜆 =  ∫ (σsλ 𝐼𝜆(�̂�𝑖) dA 𝑑𝜆 𝑑𝑠
Φ𝜆(�̂�𝒊, �̂�)

4𝜋
) 𝑑Ω 𝑑Ω𝑖

4𝜋

  

Which can be written:  

(𝑑𝐼𝜆)𝑠𝑐𝑎(�̂�) =
𝜎𝑠𝜆
4𝜋
 𝑑𝑠 ∫ ( 𝐼𝜆(�̂�𝒊) 𝛷𝜆(�̂�𝒊, �̂�)) 𝑑𝛺𝑖

4𝜋

 2-23 

Another process that we should consider before preparing to write the RTE is the emission. 

The change of intensity due to emission will be given:  

(𝑑𝐼𝜆)𝑒𝑚 = 𝑗𝜆 𝑑𝑠, 2-24 

Where jλ is called emission coefficient. At local thermodynamic equilibrium, the intensity 

everywhere must be equal to black body intensity. As a result:  

𝑗𝜆 = 𝜅𝜆 𝐼𝑏𝜆 2-25 

So, substituting equation 2-30 into equation 2-30, we have: 

(𝑑𝐼𝜆)𝑒𝑚 = 𝜅𝜆 𝐼𝑏𝜆 𝑑𝑠 2-26 

Now taking into consideration equations 2-18, 2-19, 2-23, 2-26, we can make an energy 

balance on the radiative flux of energy traveling in the direction �̂� within a small pencil of 

rays as depicted in Figure 2-9: 

𝐼𝜆(𝑠 + 𝑑𝑠, �̂�, 𝑡 + 𝑑𝑡) – 𝐼𝜆(𝑠, �̂�, 𝑡) =  𝜅𝜆 𝐼𝑏𝜆 𝑑𝑠 − 𝜅𝜆𝐼𝜆(𝑠, �̂�, 𝑡)𝑑𝑠 − 𝜎𝑠𝜆𝐼𝜆(𝑠, �̂�, 𝑡)𝑑𝑠 

                                                                 + 
𝜎𝑠𝜆

4𝜋
 𝑑𝑠 ∫ ( 𝐼𝜆(�̂�𝒊) 𝛷𝜆(�̂�𝒊, �̂�)) 𝑑𝛺𝑖4𝜋

 2-27 

 

 

 

Figure 2-9: A pencil of rays inside the suspension in the direction �̂� 

The outgoing intensity can be expanded into Taylor series:  
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𝐼𝜆(𝑠 + 𝑑𝑠, �̂�, 𝑡 + 𝑑𝑡) =  𝐼𝜆(𝑠, �̂�, 𝑡) + 𝑑𝑡 
𝜕𝐼𝜆
𝜕𝑡
+ 𝑑𝑠 

𝜕𝐼𝜆
𝜕𝑠
   2-28 

 

This way, substituting relation  2-28 in relation 2-27 and keeping in mind that ds = c dt we 

have: 

1

𝑐

𝜕𝐼𝜆

𝜕𝑡
+
𝜕𝐼𝜆

𝜕𝑠
=   𝜅𝜆 𝐼𝑏𝜆  −  𝜅𝜆𝐼𝜆 − 𝜎𝑠𝜆𝐼𝜆   + 

𝜎𝑠𝜆

4𝜋
∫ ( 𝐼𝜆(�̂�𝒊) 𝛷𝜆(�̂�𝒊, �̂�)) 𝑑𝛺𝑖4𝜋

 2-29 

 

This equation results from several assumptions, i.e., the medium is homogeneous, and at 

rest, the medium is nonpolarizing, and the medium has a constant index of refraction. The 

RTE for a medium with a varying refractive index has been derived by Pomraning  [119]. 

However, for most engineering applications, like in our case, the speed of light is very large 

compared to local time and length scales. As a result, the first term in equation 2-34 can be 

neglected:  

 

(
𝑑𝐼𝜆(𝒔

^
)

𝑑𝑠
) = �̂�𝑖  ∙ 𝛻𝐼𝜆 = 𝜅𝜆 𝐼𝑏𝜆 − 𝜅𝜆𝐼𝜆 − 𝜎𝑠𝜆𝐼𝜆 +

𝜎𝑠𝜆
4𝜋
∫ 𝐼𝜆(𝒔

^

𝒊) 𝜙𝜆(𝒔
^

𝒊, 𝒔
^
)

4𝜋

𝑑𝛺𝑖 2-30 

 

 

2.3.1 Methods to solve the RTE 

 

Before discussing different methods studied to solve the RTE, let’s derive the formal 

solution. For this, we need to write the RTE in terms of nondimensional optical coordinates, 

so let’s introduce:  

 

𝜏𝜆 = ∫ 𝜅𝜆 + 𝜎𝑠𝜆 𝑑𝑠 =  ∫ 𝛽𝜆 𝑑𝑠
𝑠

0

𝑠

0

 2-31 

 

And on the other hand, we will also define the single scattering albedo as: 

 

𝜔𝜆 = 
𝜎𝑠𝜆

𝜎𝑠𝜆 + 𝜅𝜆
= 
𝜎𝑠𝜆
𝛽𝜆

 2-32 

 

As a result, using relations 2-31 and 2-37 in the RTE, the latter can be written in the form:  

 

𝑑𝐼𝜆
𝑑𝜏𝜆

=  −𝐼𝜆 + (1 − 𝜔𝜆)𝐼𝑏𝜆 + 
𝜔𝜆
4𝜋
 ∫ 𝐼𝜆(𝒔

^

𝒊) 𝜙𝜆(𝒔
^

𝒊, 𝒔
^
)

4𝜋

 𝑑𝛺𝑖 2-33 
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The last two terms in equation 2-33 are called the source function for the radiative intensity: 

 

𝑆𝜆(𝜏𝜆, �̂�) = (1 − 𝜔𝜆)𝐼𝑏𝜆 + 
𝜔𝜆
4𝜋
 ∫ 𝐼𝜆(𝒔

^

𝒊) 𝜙𝜆(𝒔
^

𝒊, 𝒔
^
)

4𝜋

 𝑑𝛺𝑖 2-34 

 

Finally, the RTE will be written in the form: 

 

𝑑𝐼𝜆
𝑑𝜏𝜆

+ 𝐼𝜆 = 𝑆𝜆(𝜏𝜆, �̂�) 2-35 

 

A formal solution to this equation will be: 

𝐼𝜆(𝜏𝜆) =  𝐼𝜆(0) 𝑒
−𝜏𝜆 +  ∫ 𝑆𝜆(𝜏

′
𝜆, �̂�)𝑒

−(𝜏𝜆− 𝜏
′
𝜆)𝑑𝜏′𝜆

𝜏𝜆

0

 
2-36 

The first term in equation 2-41 is the contribution to the local intensity by the intensity 

entering at s = 0, which decays exponentially due to extinction. The integrand is related to 

emission from the medium. 

Analytical exact solutions to the radiative transfer equation are complex. Researchers 

have followed two approaches to solving the RTE:  

i) Develop exact solutions for idealized situations 

ii) Develop approximate solution methods for more real situations 

Most exact solutions are limited to gray media. The media are isothermal or at radiative 

equilibrium, and the scattering is usually considered isotropic. 

There exist several approximate methods for the one – dimensional problem. 

Schuster  [120] and Schwarzschild individually developed a simple solution for a one-

dimensional, plane-parallel slab. They assumed the radiative intensity isotropic but different 

over the upper and lower hemisphere and derived the solution for a non – scattering media. 

Since this method divides the intensity into two constant components for two directions, is 

often called the two-flux approximation method  [30]. 

Another method for the one-dimensional plane-parallel slab is the Milne-Eddington 

approximation method (moment method), developed independently from Milne and 

Eddington  [30,121,122]. 

The spherical harmonics method permits finding an approximate solution of an 

arbitrarily high order to equation 2.33 in the case of the grey medium by transforming it in 

a set of partial differential equations (PDEs). The disadvantage of this method is that low 

order approximations are accurate only in media with near isotropic radiative intensity, and 



Chapter 2: Radiative Transfer Equation 

 

 

25 
 

the high order approximations are characterized by mathematical complexity  [30]. 

Descriptions of this method can be found in the books of Kourganoff  [123], Davison  [124] 

and Murray  [125], and Modest  [30]. 

Another method to solve the RTE is the Discrete Ordinate Method (DOM). Like the 

spherical harmonics method,  DOM is a tool to transform the RTE into a set of partial 

differential equations and can be carried out to any arbitrary order. In this method, the 

transfer equation is solved for a set of discrete directions spanning the total solid angle range 

of 4𝜋. In other words, integrals over the solid angle are approximated by numerical 

quadrature as below: 

�̂�𝑖 ∙ 𝛻𝐼(𝒓, 𝒔�̂�) =  𝜅(𝒓)𝐼𝑏(𝒓) −  𝛽(𝒓)𝐼(𝒓, 𝒔�̂�) + 
𝜎𝑠(𝒓)

4𝜋
∑𝜔𝑗𝐼(𝒓, 𝒔�̂�) 𝛷(𝒓, �̂�𝒊, �̂�𝒋)

𝑛

𝑗=1

 2-37 

Where 𝜔𝑗 are the quadrature weights associated with directions 𝒔�̂�.  

Nowadays, instead of finite differences, like in the DOM, solving the RTE is also 

being used finite volumes, and the method is called Finite Volume Method (FVM). Both 

methods are prevalent, and some versions are incorporated in most commercial 

Computational Fluid Dynamics (CFD) codes. A description of these methods was done by 

Coelho  [126]. Furthermore, Monte Carlo Method is another technique used to solve the 

RTE for a gray medium. This method consists of tracing the photons from their point of 

emission to their point of absorption. Details about this method can be found in the books of 

Modest  [30] or Howell  [127]. 

Another method for which the interest is increasing is the Lattice Boltzmann Method 

(LBM). This method originates from fluid dynamics problems  [126], but lately, it has been 

successfully implemented in heat transfer problems. 

All the methods mentioned until now are used in the case of a gray medium, i.e., the 

absorption coefficient, the scattering coefficient, the emission coefficient, and the phase 

function are considered constant over the electromagnetic spectrum. 

 

2.3.2 Radiative Transfer Equation for microalgae suspension 

 

The microalgal suspension is a non-emitting medium. As a result, for this case, the 

emission coefficient will be zero, 𝑗𝜆 = 0. So, the RTE will have the form:  
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(
𝑑𝐼𝜆(𝒔

^
)

𝑑𝑠
) = �̂�𝑖  ∙ ∇𝐼𝜆 = −𝜅𝜆𝐼𝜆 − 𝜎𝑠𝜆𝐼𝜆 +

𝜎𝑠𝜆
4𝜋
∫ 𝐼𝜆(𝒔

^

𝒊) 𝜙𝜆(𝒔
^

𝒊, 𝒔
^
)

4𝜋

𝑑𝛺𝑖 

The methods used to solve the RTE by the researchers in the field of microalgae 

growth are the ones mentioned in section 1. 

In the study of  [128], Monte Carlo Method was coupled with an optimization 

algorithm. The optimization algorithm was used to determine the algal suspension's radiative 

parameters, which were used later to solve the RTE utilizing the Monte Carlo Method. This 

method allowed them to calculate the local monochromatic energy density at any position 

inside the algal suspension. The species for which the experimental measurements and the 

simulations were carried out in their work were Chlorella sp. and Scenedesmus quadricauda. 

McHardy [43] instead used the Lattice Boltzmann Method to solve the RTE for a 

suspension of microalgae. He coupled fluid dynamics with the RTE in his work, considering 

the gas bubbles like this. The solution was carried out for monochromatic radiation. The 

radiative properties of the cells used in McHardy’s study were taken from Kandilian [127]. 

In another study, McHardy  [42] tried to solve the problem of the lack of information related 

to polychromatic light inside the PBR. This way, he solved the RTE by applying the LBM 

for monochromatic wavelengths, then used the Newton Cote formulas to integrate over the 

whole spectrum. As a result, in this work were obtained polychromatic light intensity profiles 

within the algal suspension.  

Kong and Vigil  [44] used the Discrete Ordinate Method to solve the RTE for a 

microalgae suspension. They implemented a non-gray DOM method by dividing the 

radiation spectrum into N wavelength bands, where each was treated in the same manner as 

for the gray model. To facilitate the multidimensional spectral implementation of the DOM 

method for solving the RTE, they used the open-source finite volume CFD toolbox 

OpenFOAM  [130]. 

 

2.4 Spectral light intensity for microalgae growth 

 

2.4.1 Light intensity 

 

Light intensity plays a prominent role in microalgae growth. Since photochemical 

reactions during the photosynthesis process depend on the number of photons, the quantity 



Chapter 2: Radiative Transfer Equation 

 

 

27 
 

of light shined on the microalgae culture is described by photon flux density (PFD), whose 

units are (𝜇𝑚𝑜𝑙 𝑝ℎ𝑜𝑡𝑜𝑛𝑠/𝑚2𝑠) or (𝜇 𝐸/𝑚2𝑠). The intensity of light of a specific 

wavelength can be converted into pfd using the relation: 

PFDλ = 
Iλ

Eph,λ∗ NA
 (μmol

photons

m2s
) ,       2-38 

 

Where 𝐼𝜆 (W/m2) is the intensity of light, 𝐸𝑝ℎ,𝜆 represents the energy of the photon of a 

specific wavelength 𝜆, and 𝑁𝐴  is the Avogadro number. 

To convert the intensity of light in the photosynthetically active radiation (PAR) region      

I (𝜆), in PFD, firstly, we should consider that light intensity corresponding to the interval 

of wavelengths (𝜆, 𝜆 +  Δ𝜆) may be given: 

Δ𝐼 =  I(𝜆)Δ𝜆      2-39 

Further, the number of photons per square meter per second in the interval (𝜆, 𝜆 +  Δ𝜆) is 

calculated: 

photons/ m2s = 
𝜆

ℎ𝑐
𝐼(𝜆)𝛥𝜆       2-40 

 

Integrating from 400 nm to 700 nm is obtained the number of photons per square meter per 

second in the PAR region. Further, dividing this result by the Avogadro number is 

calculated the PFD in the PAR region. 

PFD =  
1

NAhc
∫ λ I(λ)dλ
7x10−9

4x10−9
   

 

2-41 

In practical situations, the intensity of light in the PAR region can be measured in 

(𝜇𝑚𝑜𝑙 𝑝ℎ𝑜𝑡𝑜𝑛𝑠/𝑚2𝑠) units via a LiCor Li-250 Light Meter provided with a Li-190 quantum 

sensor. 

One of the most essential facts about the quantity of light used for microalgae 

cultivation is that a uniform illumination of the microalgae culture must be provided. 

Uniform illumination is difficult to achieve in dense cultures because of self-shading  [131]. 

The photosynthetic activity of microalgae is described based on measurements of 

oxygen evolution (the rate of oxygen production during the photosynthesis process) as a 

function of light intensity. A representation of the effect of the light quantity on the 

photosynthetic process is given by the light–response curve, which is a typical curve that 

shows how the rate of photosynthesis (𝜇𝑚𝑜𝑙 𝑂2/𝑚
2𝑠) changes with the increase of light 

intensity. 



Chapter 2: Radiative Transfer Equation 

 

 

28 
 

 

 

Figure 2-10: Schematic representation of the rate of the photosynthesis as a function of 

irradiance  [62] 

In Figure 2-10 can be noticed that there is a net consumption of oxygen for low intensities 

because of respiration (the negative part of the curve). It is possible to highlight three regions: 

- The light-limited region: It is evident from the graph that for small values of intensity, 

the rate of photosynthesis increases linearly with the increase of light intensity. In 

this region, irradiance is used with maximum efficiency. The slope 𝛼 is a measure of 

the maximum photosynthetic efficiency of light conversion. The interception of 𝛼 

with the maximum rate of photosynthesis Pmax represents the saturation irradiance IK. 

- The saturation region:  When the intensity of light used for microalgae growth is 

greater than the saturation irradiance IK, the photosynthesis rate becomes 

independent of light intensity. 

- The light inhibited region: The process of photosynthesis becomes less and less 

efficient with the increase of intensity. This phenomenon is called photoinhibition of 

photosynthesis.  [62,132] 
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2.4.2 Spectral composition of light 

 

Photosynthetic organisms have different light-harvesting mechanisms, allowing them 

to use only specific wavelengths. This is why the management of incident light is crucial to 

increasing the productivity of microalgae.  

For example, Nannochloropsis oculata contains only one type of chlorophyll, chl a, and the 

other pigments found in this species of microalgae are the carotenoids: violaxanthin, 

astaxanthin, antheraxanthin, vaucheriaxanthin, zeaxanthin, canthaxanthin, and 𝛽-carotene. 

The absorption spectrum of Nannochloropsis oc. is characterized by two peaks 

corresponding to blue and red wavelengths. However, not all the absorbed photons are 

photosynthetically efficient. The action spectrum, which measures the rate of photosynthesis 

across PAR region based on oxygen evolution, gives information about the most 

photosynthetically efficient wavelengths. 

 

Figure 2-11: The absorption spectrum and the action spectrum of Nannochloropsis 

oculata  [133]. 

The most interesting conclusion that can be pointed out from Figure 2-11 is that green 

photons, even if they are absorbed in small quantities, are photosynthetically efficient  [133]. 

The light source needed for microalgae growth can be provided naturally or artificially. 
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2.5 Cultivation methods 

 

Microalgae can be cultivated in open tanks or closed vessels called photobioreactors 

(PBR). Opens systems are classified into natural open systems like lagoons, lakes, and 

artificial open systems called open ponds. 

 

2.5.1  Open ponds 

 

Nowadays, open ponds are the most widespread microalgae cultivation systems. They 

have a variety of shapes and sizes and are preferable for large-scale growth of microalgae 

because of their low-cost construction, simplicity of design, and high production capacity. 

However, these systems have a low-efficiency production because of the impossibility of 

controlling growth parameters and the high probability of contamination of microalgae 

culture. 

Open ponds can be classified into circular ponds, raceway ponds, and inclined systems based 

on their shape. 

- Circular ponds, as the name indicates, have a circular form. A rotating agitator mixes the 

culture. These systems can’t have an area greater than 10000 m2 because otherwise, the 

mixing wouldn’t be effective  [134]. 

 

 

 

 

Figure 2-12: a) A schematic circular open pond with the main elements; b) A circular 

open pond for spirulina cultivation  [134,135]. 

  

a) b) 
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- Raceway ponds have a raceway shape, and they are provided with an agitating arm that 

serves for mixing and circulation.  

         

 

Figure 2-13: a) A schematic presentation of a raceway pond; b) Raceway Pond for 

biodiesel production  [134,135]. 

 

2.5.2 Photobioreactors 

 

Photobioreactors are closed systems where life parameters for microalgae growth, like 

light, CO2, pH, and temperature, are kept under control. Compared with open ponds, these 

systems are characterized by higher values of photosynthetic efficiency, biomass 

productivity, and biomass concentration. These higher values are related to the fact that the 

key growth parameters for microalgae inside a photobioreactor can be controlled. Moreover, 

the PBR prevents the contamination of the culture  [136]. 

The requirements that a photobioreactor should fulfill to be called efficient are: 

1)  Channel and distribute the light into the cultivation vessel in such a way that a uniform 

illumination of the culture can be achieved 

2) Allow convenient and precise control of important operational parameters so that a high 

growth rate of microalgae culture can be achieved 

3) Minimize the capital costs and operational costs 

4) Minimize energy consumption during the operation 

There exist a variety of photobioreactors. Based on their geometrical structure, 

photobioreactors can be categorized into: flat-plate photobioreactors, tubular 

photobioreactors, vertical column photobioreactors  [136]. 

a) b) 
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- A Flat – Plate photobioreactors has the form of a regular parallelepiped, whose width is 

small compared with its length and height.  

  

Figure 2-14:  a) Schematic view of a Flat – Plate photobioreactor; b) Flat plate 

photobioreactor  [4,137].   

Flat – Plate photobioreactors have received a great interest in research due to their high 

surface-to-volume ratio, which favors a good illumination of the culture. High cell densities 

also characterize this type of photobioreactor. Mixing is achieved mechanically using a 

motor or bubbling air through a perforated tube.  

- A tubular photobioreactor has a tubular geometry with horizontal, inclined, and vertical 

orientations. A large surface-to-volume ratio characterizes these photobioreactors, 

making the culture's uniform illumination easier. On the other hand, the geometrical 

shape of tubular photobioreactors leads to gradients of pH, dissolved O2, and CO2 along 

the tubes, which negatively affects the microalgae growth. 

  

a) b) 
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-  

  

 Figure 2-15: a) Schematic view of a tubular photobioreactor; b) Tubular 

photobioreactor  [134,137]. 

- The vertical Column Photobioreactor has a cylindrical shape characterized by a small 

radius compared with its height to achieve a good surface to volume ratio. Mixing of the 

culture is achieved by bubbling air or air enriched with CO2 gas. This way, mixing is 

more efficient because it is gentle enough not to damage the microalgae culture. Vertical 

Column Photobioreactors that are provided with an internal column are called airlift 

PBR. In this case, the velocity of air rising is greater than the downcoming air, which 

results in a better mixing and a better illumination of the culture (we are considering the 

case when microalgae culture is illuminated from the outer surface of the cylinder). 

- Meanwhile, the vertical column PBR that is split into two columns is called split-column 

airlift PBR. These vertical columns PBRs were created to better mix the microalgae 

culture without damaging them. Schematic views of these photobioreactors are shown 

in the figure below  [136]. 

 

Figure 2-16: Schematic representation of A) vertical column PBR; B) airlift PBR; C) split-

column airlift PBR  [136]. 

a) b) 
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3 Chapter 3 
 

 

 

Photobioreactors 

 

During this thesis were developed two photobioreactors for microalgae cultivation: a 

multiple tube photobioreactor and an annular photobioreactor. This chapter will describe 

the photobioreactors and the software designed for their illumination. 

 

3.1 Multiple tube photobioreactor  

 

3.1.1 The construct of the multiple tube PBR 

 

The multiple tube PBR is an internally illuminated, vertical column photobioreactor 

with a capacity of about 5000 l. The height of the PBR is 5000 mm. The mixing process is 

achieved by bubbling air enriched with CO2 through an aeration membrane placed on the 

bottom of the photobioreactor. 

 

    

Figure 3-1: Rendering of the multiple tube PBR developed by the University of Ferrara 
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3.1.2 Illumination of the multiple tube PBR 

 

Sun light, concentrated via Solar Lens Panels, is used to illuminate the multiple tube 

PBR. The Solar Lens Panel (SLP) is a Fresnel concentrator, which is comprised of 25 groups 

of Fresnel lenses with dimensions of (27x27) cm. Each group of lenses contains 100 Fresnel 

lenses divided into four subgroups with dimensions of (13.5x13.5) cm with 25 lenses each. 

The size of the lenses is 2.7 cm in diameter. 

Every subgroup of lenses is fixed on a PMMA structure found behind them called a 

backplate. The backplate itself is set on the aluminum structure of the solar concentrator via 

four screws. On the PMMA, at the focal length of the lenses, are positioned the optical fibers. 

They are placed on some structures of the PMMA called fiber holders. It is essential to 

underline that the entry surface of the optical fibers is embedded inside the material of the 

fiber holders. The optical fibers corresponding to each block of Fresnel lenses are grouped 

into bundles of optical fibers. So, every concentrator results in 25 bundles, each containing 

100 optical fibers. 

The Fresnel lenses and the PMMA back-plate, together with the holders of the optical 

fibers, are arranged in a closed system with a transparent cover on one side and an aluminum 

foil on the other side. The purpose of the transparent cover is to protect the lenses and the 

holders of optical fiber from impurities, trying to prevent a possible burn of the optical fibers’ 

holders. 

 

 

Figure 3-2: The Solar Lens Panel (SLP) equipped with a sun tracking sensor developed by 

University of Ferrara 
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To achieve a uniform distribution of the concentrated light within the photobioreactor are 

used 15 light diffusers. The bundles of optical fibers are inserted in the top part of the light 

diffusers and held in place with cable glands.  

The light diffuser is similar to a light pipe: It has a cylindrical shape, and its inner surface is 

partially covered by stripes of an optical light film (OLF). The OLF has triangle-shaped 

apertures, whose width is engineered in such a way to spill a quasi-uniform light intensity 

along the whole height of the PBR.  

OLF is a transparent optic film with a smooth surface on one side and a prismatic structure 

on the other side. This structure enables OLF to be reflective at some angles of incidence 

and transparent at some different angles. In this case, it is utilized the reflective ability of 

OLF because it enables the transportation of light through the light diffusor. Meanwhile, in 

the parts of the light diffusor where the OLF is missing, light escapes. The bases of the OLF 

- triangles are chosen to be on the upper side of the diffusor because the light intensity is 

higher in this part. Meanwhile, at the end of the diffusor, light intensity is low due to 

attenuation. That’s why a greater area through which light can escape is needed to have a 

uniform distribution of light through the length of the diffusor. 

To put out the residual light, at the end of the light diffusor, is installed an object in the form 

of a cone, which is covered with a Light Extract Film (LEF) that enables light extraction 

A LabVIEW® software is used to activate the SLP number needed to provide the light 

within the PBR based on the concentration of the algal suspension. 

 

 

3.2 Annular photobioreactor  

 

3.2.1 The construct of the annular PBR 

 

The annular photobioreactor is a property of Biosyntex srl. It is composed of an inner 

polymethyl methacrylate (PMMA) tube with a diameter of 400 mm and an outer PMMA 

tube with a diameter of 500 mm. The height of the PBR is 2000 mm. The thickness of the 

PMMA tubes is 5 mm. The mixing process is achieved by bubbling air enriched with CO2 

through an aeration membrane placed at the bottom of the photobioreactor. 
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3.2.2 Illumination of the annular PBR 

 

The PBR is illuminated artificially. Eight LED bars with 60 LEDs each, equally 

spaced, are placed around the PBR. The LEDs are of three types: white (GW 

CSSRM2.PM), blue (L1F3 – U410200014000), and red (GH CSSRM2.24), and are placed 

in an alternated mode along the height of the PBR. Meanwhile, on the cover of the PBR are 

placed 250 LEDs, still in an alternated mode. The light produced by the LEDs of the cover 

is uniformly distributed along the PBR height using OLF, as explained in section 3.1.2. 

The red LED has a peak at 660 nm and is characterized by a radiant flux of 1.3 W at 

a current of 1 A. The blue LED has a peak at 410 nm, and a radiometric power of 1.4 W 

characterizes it at 1A. Meanwhile, the white LED has a radiometric power of 1.359 W. The 

distance between the LEDs is 96 mm; meanwhile, the distance of the LED bar from the outer 

tube of the PBR is 70 mm. 

 

    

Figure 3-3: Schematic design of the annular PBR (left); Schematic representation of the 

LEDs in the cover of the PBR (middle); Picture of the annular PBR with the LEDs turned 

on (right) 

 

   

Figure 3-4: Relative spectral emission curves of white LED (left), red LED (middle), blue 

LED (right, cyan plot) 

 

The choice of the red and blue LEDs is consistent with the absorption spectrum of a-type 

chlorophyll. Meanwhile, the white LEDs have been chosen because, as shown in Figure 2-3, 

they can be used to cultivate different species, not only N. Oculata.  
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LEDs of the same type have been connected in series to emit the same optical power. In 

addition, LEDs with different chemistry are connected to other channels to tune the light 

intensity and spectrum within the PBR.  

The LED power supply MEAN WELL HLG-120H-C1050B has been used to dim the 

LEDs. An external module (MR-AO-1) connected with the PC supervisor carried out the 

power supply control. This module has four analog voltage outputs 0-10V, and the values 

of the output voltages can be set or read via RS-485, using the MODBUS RTU protocol. It 

is essential to underline that the LED drivers (MEAN WELL HLG-120H-C1050B) are 

voltage-controlled using the module (MR-AO-1). Meanwhile, the LEDs themselves are 

controlled in current by the LED driver. 

Furthermore, each type of LED is connected with one module's output. As a result, the light 

intensity of each LED color can be controlled separately. Moreover, a different dimmer is 

used for the LEDs of the cover. This way, the user can choose if he wants to use only lateral 

illumination, only the illumination from the top of the PBR, or both of them. 
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Figure 3-5: a)Electric scheme of the connection of the LED bars to the LED power supplies, 

where red lines correspond to the powering up of the red LEDs, blue lines to powering up 

the blue LEDs, and the grey lines to the powering up of the white LEDs of each LED bar; b) 

Electric scheme of the connection of the LEDs of the cover 

 

 

3.2.3 Software for the control of the intensity of LEDs 

 

The Photon Flux Density produced by the LEDs can be changed by commanding the 

dimmer connected to the power supply of the LEDs through a LabVIEW® software. As 

stated before, the communication protocol used is MODBUS RTU. 

Two sensors, one facing the lateral LEDs and one facing the cover LEDs, are placed outside 

the liquid at the top of the PBR and are used to control the total lateral PFD and the PFD 

a) 

b) 
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from the top of the PBR. In principle, the user can acquire the desired PFD using the desired 

spectrum via this software. How does the algorithm for the control of the spectral light 

intensity work? 

Practically, in the first place, it is initialized the communication with the module (MR-AO-

1) and the optical sensors by setting their properties like the communication speed and the 

serial port. After that, inside a while loop, the commands are placed to read the PAR actual 

value by the sensors and the MR-AO-1 module's output voltages. Based on the difference 

between the target PAR set by the user and the actual PAR read by the optical sensors, it is 

determined a multiplication coefficient is used to correct the output voltages of the MR-AO-

1 modules. It should be underlined that the user can choose between three different modes 

of illuminating the PBR: only cover LEDs, only lateral LEDs, both cover and lateral LEDs 

simultaneously. 

The software is also equipped with a photoperiod option according to which the user can set 

the period when the PBR illumination is switched on. 

The algorithm of light control of the PBR is described briefly in Figure 3-6 

 

 

Figure 3-6: Schematic representation of the algorithm for the control of spectrum light 

intensity inside the PBR 
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4 Chapter 4 
 

 

    

Simulation of light transfer within two 

photobioreactors of different geometries 

 

  We coupled an optimization algorithm with an optical simulation to simulate light 

propagation within the algal suspension. The optimization algorithm was used to determine 

the parameters of the algal suspension needed by the software to carry out the simulation. 

Based on the literature, the Henyey – Greenstein phase function was chosen to approximate 

the scattering phase function of the algal suspension and the ray trace software Zemax 

OpticStudio to simulate the light transfer within the two PBRs we described in chapter 3.  

 

4.1 Zemax OpticStudio Software 

 

Zemax OpticStudio is a ray–trace software that can model, analyze, and assist in 

designing optical systems. This software provides two types of ray tracing modes: 

sequential and non-sequential. During the sequential ray tracing, rays are traced from 

surface to surface in a predefined sequence, i.e., a ray will start at surface 0, then be traced 

to surface 1, then to surface 2, etc. Meanwhile, non – sequential ray tracing means that rays 

are traced along a physically realizable path. In this case, rays may strike any group of 

objects in any order or hit the same object several times. 

In the case of the non – sequential mode, Zemax OpticStudio software provides 

several different objects, sources, and detectors that allow the user to design and simulate 

his optical system. Moreover, it also supports its programming language: Zemax 

Programming Language (ZPL), a macro language similar to BASIC programming 

language. So, if the user needs to perform a particular calculation or a graphical display that 

is not “built-in,” he can write his own ZPL macro. 
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Figure 4-1: a) Logo of Zemax OpticStudio software; b) Part of a macro written in ZPL 

 

This software offers the possibility of modeling the scattering of rays via an Angle Scattering 

model. According to this model, rays travelling a distance x within the medium have an 

integrated probability of having been scattered given by:  

 

𝑝(𝑥) = 1 − 𝑒−𝜇𝑥, 4-1 
 

Where 𝜇 is the inverse of the mean free path in lens units (in this case, in mm). 

However, if this model is insufficient, the user may create more complex bulk scattering 

functions via an external program called Dynamic Link Library (DLL). Some DLLs already 

provided by Zemax OpticStudio are: Poly_bulk_scat.DLL, Henyey-Greenstein-bulk.DLL, 

Rayleigh.DLL, Mie.DLL, Phosphor. DLL. Each of these DLLs requires specific parameters 

of the medium. 

Henyey-Greenstein-bulk.DLL is the DLL we used to model the absorption and scattering 

by the algal suspension. As mentioned earlier, this model's choice was based on several 

studies [34,49]. To utilize this model, the user needs to provide the software with three 

parameters of the medium: mean free path, transmission, and the asymmetry parameter of 

the Henyey – Greenstein phase function, g. The following sections will explain how these 

parameters were determined in this work [138]. 

 

a) b) 
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Figure 4-2: Image is taken from Zemax OpticStudio Software with the parameters 

required from the Henyey-Greenstein phase function 

 

4.2 Determination of HG bulk scattering parameters 

 

4.2.1 Microalgae strain and culture conditions 

 

This study used the marine unicellular microalgae Nannochloropsis oculata that 

Biosyntex s.r.l, Imola, Italy supplied. Nannochloropsis oc. was cultivated in F medium using 

synthetic marine water (Top Mix Sea Salt), initially in 0.25-1 L flask and after in 0.5 and 1-

L glass tubes with an enriched air carbon dioxide, 98%/2%; pH 7.80 at a temperature of 

25°C. According to culture concentration, artificial light was maintained between 50 and 

300 𝜇𝑚𝑜𝑙 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑚−2𝑠−1 with a photoperiod of 12 h light:12 h dark cycle. 
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Figure 4-3:  Picture of the light tubes where the Nannochloropsis oculata used for the 

measurements was cultivated 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4-4: Micrograph of Nannochloropsis Oculata 

 

The cell size distribution has been quantified using Image J's image processing and analyzing 

software. The software approximates the cells with an ellipsoid. On average, the minor 

diameter resulted in 1.393 𝜇𝑚, and the major diameter resulted in 1.73 𝜇𝑚 with the standard 
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deviation respectively 0.19 𝜇𝑚 and 0.2 𝜇𝑚. Figure 4-5 shows the number frequency of the 

major and minor diameters with bins of 0.1 𝜇𝑚 in width. 

 

a) b)    

Figure 4-5: Measured number frequency of the major and minor cell diameters for 

Nannochloropsis Oculata 

 

 

4.2.2 Description of the experimental measurements 

 

To determine the HG bulk scattering parameters required to model the algal suspension 

with Zemax OpticStudio we used an integrating sphere (Labsphere 3P-GPS-033-SL) of 

diameter 4 inches coupled with the spectroradiometer (Ocean Optics USB4000-XR1-ES) to 

analyze the radiation scattered by the algal suspension. The light sources were six lasers: 

Laser Diode Module 4.4 mW laser (Thorlabs CPS405), Laser Diode Module 4.5 mW laser 

(Thorlabs CPS450), Laser Diode Module 4.6 mW laser (Thorlabs CPS520), Helium-Neon 5 

mW laser (Melles Griot GreNe Laser), Helium-Neon laser five mW laser (Linos Photonics, 

P.N.040634), and Laser Diode Module 4.6 mW laser (Thorlabs CPS670F), each providing 

a continuous laser beam, respectively, at the wavelength 401 nm, 456.7 nm, 523 nm,  543.5 

nm, 632.8 nm, 675.7 nm. 

    In this work, we shined the light produced by the lasers onto a cuvette with microalgae 

suspension. The cuvette had a capacity of 4 ml and a thickness of 10 mm (cod. n. 67.745, 

Sarstedt). After being partly reflected, scattered, and absorbed from the cuvette with the algal 
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suspension, the laser beam was detected from an Integrating Sphere (IS). So, an integrating 

sphere, coupled with a spectroradiometer, which on the other hand was connected to the PC, 

was placed after the cuvette with the algal suspensions. The measurements we performed 

are normal-hemispherical measurements since light rays after the algal suspension enter 

inside the integrating sphere and get diffused due to the diffuse white reflective coating of 

the walls of the integrating sphere. Therefore, the detector, which detects the diffused light, 

is placed perpendicular to the light rays entering the IS.  

 

 

Figure 4-6: Sketch of the experimental setup used to measure the transmitted light: laser 

(a), cuvette with microalgal suspension (b), integrating sphere (c), spectroradiometer (d), 

pc (e) 

 

We varied the distance between the cuvette and the entering port of the Integrating 

Sphere, measuring like this the transmitted power of light within different solid angles.  

. 

 

 

Figure 4-7: Schematic representation of the cuvette positions (x1, x2, x3) with respect to the 

entering port of the integrating sphere 
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This way, for each position 𝑥 of the cuvette, we measured the power collected by the 

integrating sphere, 𝑃(𝛼), within the corresponding solid angle: 

                                         𝛺 =  ∫ 2𝜋 𝑠𝑖𝑛(𝛼)
𝛼

0
𝑑𝛼      4-2 

Based on the literature  [34,49], we choose the Henyey-Greenstein phase function to describe 

light scattering from the algal suspension.  

But we must point out that what we measured from this experiment was not the HG phase 

function itself but the integral of the HG phase function. Indeed, the integral of the HG 

function would give the normalized scattered power as a function of the polar angle 𝛼: 

 

     𝐻𝐺𝑖𝑛𝑡(𝛼) =  ∫ ∫ 𝑔(𝛼)𝑠𝑖𝑛𝛼  
𝛼

0
𝑑𝛼

2𝜋

0
 𝑑𝜑 =  

𝑔2−1

2𝑔
 ( 

1

√1+ 𝑔2 −2𝑔𝑐𝑜𝑠 𝛼 
+ 

1

1−𝑔
 )      4-3 

 

Properties of Equation 4-3: 𝐻𝐺(0) =  0  and  𝐻𝐺(180°) =  1. 

We carried out the experiment described in this section for six different wavelengths of the 

source of light impinging in the cuvette with the algal suspension and for six different 

concentrations of the suspension: 0.21 g/l, 0.34 g/l, 0.62 g/l, 0.77 g/l, 0.96 g/l, and 1.26 g/l. 

The measurements of the transmitted power were taken for 18 different distances of the 

double cuvette – IS. Depending on these distances, the angle 𝛼 took values that varied from 

5° to 89.9°.  

During the experiment, we periodically mixed the suspension to avoid sedimentation. 

Therefore, we assumed that the microorganisms were well mixed and randomly oriented in 

the data analysis. 

 

 

4.2.3 Determination of Henyey-Greenstein bulk scattering parameters 

within Zemax OpticStudio software 

 

The experiment described in paragraph 4.2.2 has been simulated via the Optical Design 

Program, Zemax OpticStudio. 

 We modeled the laser with a Source Ray. A Source Ray is a point that emits rays along 

specified direction cosines  [138]. The power and the wavelength of the light emitted by the 

Source Ray were set according to the laser's power and wavelength in the experiment we 

were simulating. 
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 The cuvette with the algal suspension was modeled with a Rectangular Volume, a six-

sided solid for which the user can determine its dimensions and the material. Its dimensions 

were set equal to the dimensions of the cuvette: (10 × 10 × 45) mm. Meanwhile, the material 

of the Rectangular Volume was chosen Sea Water, and its transmission values were 

calculated from the absorption coefficients of the Sea Water provided by the Handbook of 

Optics  [139]. The bulk scattering from the algal suspension, as mentioned earlier, was 

modeled utilizing the DLL in the Zemax OpticStudio package: Henyey-Greenstein-

bulk.DLL.  

The entry port of the integrating sphere has been modeled with a Detector Surface, an 

object that stores energy data from NSC source rays that strike it. Its dimensions were set 

equal to the dimensions of the IS aperture, and its material was chosen transparent. The 

number of the Detector Surfaces set in the simulation was equal to the number of different 

positions of the cuvette with algal suspension with respect to the aperture of the IS. They 

were placed so that the distance between them and the Rectangular Volume was equal to the 

distance cuvette – IS during the measurements. 

 

Figure 4-8: Shaded model of the simulation, where it is represented the cuvette and the 

detectors placed at specified distances from the cuvette. b) The 3D Layout of the 

simulation represents the scattered rays from the microalgal suspension and the detectors 

used to determine the parameters of the model. 

 

 Before running the simulation, we needed to set the parameters of the HG bulk scattering 

model for the algal suspension for which we took the measurements: Mean Path, 

Transmission, and asymmetry parameter, 𝑔. On the other hand, these are precisely the 

parameters that we intended to determine via this method. For this purpose, we wrote a 

Macro to variate the bulk parameters, and via an optimization method, we chose the triplets 

that best described the measured data. Based on the literature, the asymmetry parameter for 

the algal suspension is characterized by values greater than 0.97  [33,34,140,141]. For this 

reason, while variating the parameters, for g, it was set the constrain 0.96 < g < 1. On the 

other hand, it is important to underline that mean path and transmission don’t represent the 
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true physical values of the algal suspension, but the triplet (Mean Path, Transmission, and 

asymmetry parameter, 𝑔) model very well the absorption and scattering of light from the 

algal suspension. 

The number of Analysis Rays during the simulation was set 105 rays. 

 

Figure 4-9: Plot of the transmitted power as a function of the polar angle: the measured 

data (black) and simulated data (red). The wavelength of the source 𝝀 = 543 nm and the 

concentration of the suspension 0.77 g/l. The parameters of the bulk scattering that lead to 

these results are g = 0.988, mean free path 0.23 mm, and transmittance 0.995. 

 

Figure 4-9 shows the measured power transmitted from the cuvette with the algal suspension 

as a function of the polar angle (black) and the simulated transmitted power (red) using the 

HG bulk parameters determined via the optimization method. 

This figure shows a very good agreement between the transmitted power measured 

experimentally and the transmitted power simulated on Zemax OpticStudio (MAPE 3.07 

%).      

 

4.2.4 Validation of the method  

 

We conducted a second experiment to validate the method we used to determine the HG 

bulk parameters that we will use to simulate the spectral distribution of light within a PBR 

containing the same sample of algal suspension we analyzed. For this reason, we measured 

the transmitted power from an algal suspension (the same for which we determined the HG 

bulk parameters earlier) of 34 mm thickness. 
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Figure 4-10: a) Measurements of light transmitted from a 34 mm thick flask filled with 

algal suspension; b) Spectrum of the incident light in the algal suspension 

 

On the other hand, this exact situation was simulated via Zemax OpticStudio software, 

utilizing HG bulk scattering with the parameters we have already found, as described in 

paragraph 4.2.3. 

The light source used in this experiment was a Neon Tube, whose spectrum is shown in 

Figure 4-10. As can be seen from the figure, the spectrum is characterized by three peaks at 

the wavelengths: 436 nm, 544 nm, and 612 nm. Meanwhile, the HG bulk parameters were 

determined for 456 nm, 543 nm, and 633 nm. As a result, the comparison between the 

simulation and the measurement was made for these three sets of wavelengths: blue (436 nm 

vs. 456 nm), green (544 nm vs. 543 nm), and red (612 nm vs. 633 nm). Figure 4-11 shows 

that the measured data fall within the error bars of the simulated data. 

 

 

Figure 4-11: Transmittance from an algal suspension of 34 mm thickness for different 

concentrations: solid lines (436 nm, 544 nm, and 612 nm) correspond to the measured 

data; dashed lines (456 nm, 543 nm, and 633 nm) correspond to simulated data. 

 

a) b) 
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This result has been considered satisfying, and thus we followed this approach to model 

our photobioreactors. 

 

4.3 Application of the simulation model to the PBR 

 

4.3.1 Annular PBR 

 

In the simulation, the construction of the PBR was done using objects of type 

Cylinder Volume and the Boolean operation of subtraction. As the name indicates, a Cylinder 

Volume is a rotationally symmetric volume defined by three parameters: the radius of the 

front circular face, the radius of the rear circular face, and the cylinder's length  [138]. To 

this extent, we subtracted two Cylinder Volumes to create the inner tube and another two 

Cylinder Volumes to create the outer tube of the PBR. The dimensions of the Cylinder 

Volumes were set according to the dimensions of the annular PBR, and the material was 

chosen polymethyl methacrylate (PMMA), supported by the software. A fifth Cylinder 

Volume was used to model the algal suspension. As previously described, the material of the 

last Cylinder Volume was chosen Sea Water, and the transmission was calculated based on 

the absorption coefficients of the sea water found in the Handbook of Optics [139]. The 

scattering of light by algal suspension was modeled via the Henyey-Greenstein-bulk.DLL 

with the bulk parameters determined as explained in section 4.2.3. 

The LEDs placed around the PBR were simulated by a source of type Source Two 

Angle, which may be a rectangular or elliptical surface that emits light into a cone with 

distinct angles in the X and Y directions  [138]. We chose a rectangular spatial shape for the 

source, with dimensions equal to the ones of the LEDs: (1.35 x 1.35) mm for white and red 

LEDs and (0.75 x 0.83) mm for the blue LED. To set the properties of the Source Two Angle 

for each type of LED, we run several simulations to have the radiation pattern characteristics 

(normalized radiant power as a function of angle) of the simulated source similar to the ones 

of the LEDs. We chose an elliptical angular distribution with the angular distribution of rays 

uniform in angle space. Moreover, we set the X half-angle (the half-angle of the cone of rays 

in the XZ plane) and the Y half-angle (the half-angle of the cone of rays in the YZ plane) 

equal to 58° for the white and red LEDs as a similar radiation pattern characterizes them. 

We set the X half-angle and the Y half-angle equal to 68° for the blue LED. The power was 

set accordingly to the power of each LED. 
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 The spectrum of the white LEDs was built by weighting the six laser wavelengths 

for which the HG bulk parameters were determined.  
 

 

Figure 4-12: Shaded model of the annular photobioreactor simulated 

 

We placed the first Rectangular Detector in air, 5 mm from the outer tube of the 

PBR, and the other detectors were placed within the algal suspension, at 5 mm from each 

other.  

In Figure 4-13 is represented the photon flux density (PFD) as a function of the 

position for three different concentrations of the algal suspension: 0.34 g/l, 0.62 g/l, and 

1.26 g/l. The value zero in the x-axis corresponds to the position of the PBR surface, and 

the negative value means the detector is placed in air, 5 mm away from the outer tube of 

the PBR. As the distance from the outer tube increases, the PFD decreases due to 

absorption. Furthermore, the rate of the decrease is faster for higher concentrations. These 

considerations are well-known and serve as a confirmation of the model's validity. 
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Figure 4-13: PFD at different positions within the algal suspension for three different 

concentrations: 0.34 g/l, 0.62 g/l, 1.26 g/l 

 

Meanwhile, Figure 4-14 is shown the PFD, at different positions within the algal 

suspension, for six different wavelengths of the PAR, for a concentration of 0.34 g/l. It can 

be noticed that the initial number of the “blue” and “red” photons is greater than the 

number of “green” photons. 

 

 

Figure 4-14: The PFD for different wavelengths at different positions within the algal 

suspension. The concentration of the suspension during the simulation was 0.34 g/l. 

 

Moreover, the photon flux decrease rate with the increase of the distance from the outer 

tube of the PBR is greater for the wavelengths 675 nm and 456 nm than the other 

wavelengths. Therefore, we calculated the gradient of the decrease of the photon flux for 

the wavelengths 456 nm, 543 nm, and 675 nm representing the blue, green, and red parts 

of the PAR spectrum.  
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Figure 4-15: Plot of the gradient of the decrease of the PFD within the algal suspension 

with the increase of the distance from the LEDs. 

 

The results in Figure 4-15 are consistent with the higher absorption coefficient of red 

and blue bands meanwhile, and green light features a lower absorption  [141]. 

The change of the spectrum’s shape of the light source within the algal suspension was 

also reported by  [28,44]. 

Zemax OpticStudio software allowed us to visually investigate the change of the shape 

of the light spectrum during propagation within the algal suspension by using detector 

colors. These detectors can accurately display the color of the illumination. We placed four 

detector colors: detector one is placed in the air, 5 mm from the outer tube of the PBR, 

detector two is placed within the algal suspension, 5 mm from the outer tube of the PBR, 

detector three is placed within the algal suspension 5 mm from the inner tube of the PBR. 

Meanwhile, detector four is placed in the air, 5 mm from the inner tube of the PBR. 

a)                                          b)  

 

Figure 4-16: Detector colors to investigate the change of spectrum within the algal 

suspension visually: a) a schematic cross-section of the PBR where is also shown the 

position of the detectors, b) The color detectors at different concentrations of the algal 

suspension within the PBR 
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The incident light on the outer tube of the PBR is provided by blue, red, and white LEDs 

simultaneously. As a result, the detectors placed in the air, just in front of the outer tube of 

the PBR, show a light blue color. 

 In the case of low concentrations, for example, 0.21 g/l, detector 2 shows a light blue 

color meanwhile detector 3, which is positioned deeper within the algal suspension, shows 

a green color. This evidences the fact that in the position of the detector 3 prevail green 

photons. Meanwhile, the photons corresponding to red and blue wavelengths have already 

been absorbed. 

For higher concentrations, for example, 0.96 g/l, detector two placed 5 mm within the 

algal suspension shows a green color. So, blue and red photons are absorbed within 5 mm 

inside the algal suspension. On the other hand, detector three shows a black color which 

signifies the absence of photons.  

From examining the detector colors, we concluded that green photons could travel deeper 

within the algal suspension without being absorbed, which agrees that the blue and red 

photons are characterized by higher extinction coefficients  [141].  

 

4.3.2 Multiple–tube PBR  

 

The model, which calculates the spectral distribution of light within an algal 

suspension, was also applied to the multiple–tube PBR described in Chapter 3. The first step 

in simulating light propagation within this PBR was building its model in Zemax 

OpticStudio software. 

 

Figure 4-17: The cross-section of the simulated photobioreactor. 
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As also described in the simulation of the annular PBR, the algal suspension is 

modeled by a Cylinder Volume of radius 550 mm and of height 100 mm. The height of the 

simulated PBR was set not equal to the real height of the PBR because the light tubes provide 

a uniform illumination along the z-axis. On the other hand, this choice would decrease the 

number of calculations and as a result, also the simulation time. The material of the Volume 

Cylinder was set Sea Water, with the appropriate absorbing coefficients. The scattering and 

absorption from the algal suspension was modeled via the Henyey-Greenstein-bulk.DLL.  

The light tubes were simulated using Source Tube objects which emit rays from the 

surface, and their power was set accordingly to the power at the surface of the tubes in the 

real situation.  

In Figure 4-18 is represented the photon flux density (PFD) at different positions between 

the points (B) and (E) (which are found on the surface of two light tubes) for different 

concentrations. As the distance from the light tube increases, the PFD decreases due to 

absorption. Furthermore, the rate of the decrease is faster for higher concentrations.  

 

 

Figure 4-18: PFD at different positions between points B and E within the 

photobioreactor for different concentrations.  

 

Meanwhile, in Figure 4-19 is shown the PFD, at different positions between points (B) and 

(E), for different wavelengths, and for an algal suspension of concentration 0.9 g/l.  
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Figure 4-19: The PFD for different wavelengths between points (B, E). The concentration 

of the solution during the simulation was 0.9 g/l. 

These results are consistent with the higher absorption coefficient of red and blue bands than 

green bands. 

In conclusion, both simulations show that with the increase of concentration, the decrease 

of the light intensity within the algal suspension is higher. In addition, the red and blue 

photons are characterized by a faster absorption compared to green photons. However, green 

photons become important for the photosynthesis process in case of very high concentrations 

since they get absorbed too, and according to Emerson and Lewis  [142], the drop of quantum 

yield for Chlorella (green microalgae), from red to green wavelength is from 0.09 to 0.066, 

so less than 30 %. 

In the following chapter, after having introduced the floating sensor FloSen, we will turn 

back again to the results of this model as we will compare them with its measurements. 
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5 Chapter 5 
 

 

 

Floating Sensor, FloSen 

 

To ensure a high growth rate of the algal cells, the quantity and quality of light should 

be within appropriate levels at every point of the PBR. Until now, there have been developed 

sensors to monitor in real-time the turbidity or the concentration of the algal 

suspension  [143,144], but not the light intensity. We designed a sensor that can float freely 

within the algal suspension to match this requirement, providing real-time information on 

the spectral irradiance, optical density, and the 3D position where the measurement was 

taken. 

 

5.1 FloSen, general description 

 

The first prototype of the sensor has a cylindrical shape with a diameter equal to 24 

mm and a height equal to 36.4 mm. FloSen is composed of two main boards connected with 

each other: the sensor’s board and the power supply board.  

On the power supply board is mounted a rechargeable Li-ion battery (LP301012 

031012) with a capacity of 30mAh, four PV cells used to recharge the battery and a Low-

Dropout Linear Regulator (LDO) used to provide a constant voltage of 2.5 volts to the main 

board.  

On the main board are mounted four optical sensors (two on each side), a photo 

microsensor, a magnetometer, a Bluetooth module, and a microcontroller. The 

microcontroller, PIC16(L)F18446, is used as a signal processing and control center. The 

optical sensors are digital RGB sensors (APDS-9253-001), which measure light intensity in 

four bands of the light spectrum centered at 465 nm, 525 nm, 625 nm, and 850 nm. The 

Bluetooth module (2608011024010_Proteus_II) provides a point–to–point communication 

between the sensor and a PC supervisor. Meanwhile, the magnetometer (LSM303D) will 
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measure the magnetic field used to determine the position of the sensor inside the 

photobioreactor (PBR). 

 

Figure 5-1: The design of the PCB board inside its case (left) of the first prototype of 

FloSen; The picture of the PCB board of the first prototype of FloSen inside the 

transparent case  

 

  

Figure 5-2: The block diagram of the first prototype of the sensor 

 

The most important feature of this sensor is that it is designed to float freely inside 

the suspension and its position will be determined via a localization method. 

The localization of the sensor is based on the measurement of a non-uniform magnetic field 

generated by a set of coils powered by a direct current.  

A newly developed algorithm accomplishes the localization of the sensor based on a map 

connecting the hyperspace of the magnetic field measured from every single coil and the 

physical position of the sensor within the photobioreactor. 

 

Bluetooth 

module 
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5.1.1 Optical sensors 

 

As mentioned earlier, the optical sensor used to measure the spectral light intensity 

within the PBR is the digital RGB Sensor in a miniature package, having a length equal to 

1.7 mm, width equal to 1.3 mm, and height equal to 0.6 mm. It can be configured as an 

Ambient Light Sensor (ALS) or as RGB+IR Sensor, as it uses four individual channels of 

red, green, blue, and IR. 

 

 

Figure 5-3: Spectral response of the optical sensor (APDS-9253-001) [145]. 

 

The sensor acquires a supply voltage in the range of 1.7 V to 3.6V, which is compatible with 

an I2C interface. Moreover, it is characterized by a programmable integration time with a 

minimal value of 3.125 ms, a typical value of 50 ms, and a maximum of 400 ms. 

Before choosing the APDS optical sensor, we carried out a few calculations to 

determine if the sensor would saturate in real conditions within a PBR. We wanted to 

calculate the number of counts that the sensor would measure for different integration times 

when the PFD was 500 
𝜇𝑚𝑜𝑙 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑚2𝑠
.  

We supposed that the natural light collected by the Solar Lens Panels described in 

Chapter 2 was used to illuminate the photobioreactor, which on the other hand, was supposed 

to be a bubble column PBR, with a radius equal to 250 mm and height equal to 2000 mm. 

The spectrum of light out of the plastic optic fibers, measured in a day when the Direct 

Normal Irradiance (DNI) was equal to 659.4 W/m2, is shown in  Figure 5-4. 
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Figure 5-4: Power out of the plastic optical fiber, collected by the Solar Lens Panel, DNI: 

659.4 W/m2 

 

To this extent, we calculated the number of Plastic Optical Fibres needed to have  

 500 
𝜇𝑚𝑜𝑙 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑚2𝑠
 incident photons were 46. By multiplying the number of POFs with the 

spectrum of one POF and with the spectral response of the sensor for each channel, we found 

that the sensor would see a power equal to 2511 𝜇𝑊/𝑐𝑚2 (125 
𝜇𝑚𝑜𝑙 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑚2𝑠
) in the red 

channel, 4573 𝜇𝑊/𝑐𝑚2 (206 
𝜇𝑚𝑜𝑙 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑚2𝑠
) in the green channel and 1570 𝜇𝑊/𝑐𝑚2 (63 

𝜇𝑚𝑜𝑙 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑚2𝑠
) in the blue channel. Using each channel's sensitivity for an integration time of 

50 ms, reported from the datasheet of the sensors, we calculated the number of counts that 

would register each channel in these conditions as a function of the integration time. 

 

 

Figure 5-5: Number of counts seen from each channel as a function of the integration 

time, for the light conditions explained in section 5.1.1 
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The maximum resolution the user can choose for each channel is 20. As a result, the 

maximum number of counts each channel can read is 220 = 10.48576 x 105 counts. 

Comparing this number with Figure 5-5 we can conclude that none of the channels saturate 

in the studied situation. Consequently, this sensor can be used for our purpose. 

  

5.1.2 Photo microsensor 

 

The photo microsensor is composed of an emitter which is an LED emitting light at 940 nm, 

and a detector to detect the emitted light. In the role of the detector is a phototransistor. The 

slot between the emitter and the detector has a width equal to 4 mm. To this extent, the light 

detected by the detector will decrease due to the algal suspension within the slot. The greater 

the algal suspension's optical density, the smaller the light intensity detected by the detector. 

The calibration of the photo microsensor will be shown in Chapter 6. 

 

 

 

Figure 5-6: Picture of the photo microsensor (left); Schematics of the photo microsensor 

(right)  [146]. 

 

5.1.3 Bluetooth module and Bluetooth Evaluation Board 

 

The Bluetooth module (Proteus II) is a of type Bluetooth Low Energy 5.0 with a 

transmission velocity of 2 Mbit/s. It transmits the data in the ISM band 2.45 GHz and uses 

the UART serial interface. 

 

 

Figure 5-7: The Bluetooth module (Proteus II) used in FloSen sensor 



Chapter 5: Floating Sensor, FloSen 

 

  

63 
 

 

In this project, we transmit the data from the Bluetooth (BT) module embedded in the 

PCB of FloSen to the Evaluation Board. The Evaluation Board is a board equipped with a 

BT module and can be connected to a PC's USB port. After being sent to the Evaluation 

board via BT communication, the data are transmitted via the serial port to the PC supervisor. 

 

 

Figure 5-8: Picture of the Evaluation Board 

 

5.2    The circuit of the sensor 

 

In Figure 5-9 is represented the schematic circuit of the power supply Printed Circuit 

Board (PCB). Its main electronic components are an array of four PV cells (8x8) mm 

connected in series, a low power, low voltage, monolithic step-up converter (SPV1040), and 

a low-dropout, low-power linear voltage regulator (LDO). The choice of the LDO instead of 

a step down converter is done due to the small dimensions of the sensor’s PCB. The charging 

of the battery is done by the solar cells via the booster converter, which steps up the voltage 

from its input to its output. The efficiency of SPV1040, in terms of power harvested from 

the cells and transferred to the output, is maximal in different environmental conditions due 

to the embedded MPPT algorithm.  

Let’s try to understand the function of the elements of this circuit. The capacitor’s C1 

role is to reduce the input voltage ripple. For the same reason, to reject the noise on MPP-

SET input voltage, near this pin is placed the capacitor C2. 
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Figure 5-9: Scheme of the electronic circuit of the power supply 

 

Xshut is an analog input, which shuts off all the internal circuits when it is low (smaller than 

0.27 V). Since we connected this pin directly to the input voltage, it is evident that when the 

input voltage is smaller than 0.27 V, the circuit of the boost converter will be shut off. MPP-

SET is an analog input that is connected to the input voltage via a divider of resistors, and 

its role is to track the MPPT of the cells. The inductor L2 makes possible the voltage step 

up. R3 is a resistor placed between the two analog input pins, ICTRL_PLUS and 

ICTRL_MINUS, in the output rail. Its function is to sense the output current flowing toward 

the load. Near to the input of these pins,  a filter is placed to filter the noise, which is 

composed of the resistors R4, R5, and the capacitor C3. The capacitor C4 is placed near the 

analog input VCTRL to reject the noise sensed by this pin. The SPV1040 is a monolithic, 

high efficiency, low voltage, self-powered DC-DC converter that operates over a 0.3 V to 

5.5 V DC input voltage range and provides a single output voltage. The device provides 

regulated output voltage and current by sensing the VCTRL feedback of the external resistor 

divider and the voltage drop on the external sense resistor Rs, respectively. The capacitors 

C5 and C6 are output capacitors placed to reduce the voltage ripple in the output. Meanwhile, 

the diode is placed to protect the load if the PV cell provides a current IMP > 0.5 A. 

In Figure 5-10 is represented the schematic circuit of the main PCB of the sensor. 

Its main components are the microcontroller (PIC16(L)F18446), four optical sensors 

(APDS-9253-001), and the Bluetooth module (2608011024010_Proteus_II), the turbidity 

sensor (EE-SX1340), and the magnetometer (LSM303D).  
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The microcontroller is of 8 bits, has 21 pins, and offers a low power mode. The 

microcontroller is powered by the power supply board with a voltage of 2.5 V, regulated by 

the LDO. Near to the input pin of the power-up of the microcontroller is placed a decoupling 

capacitor, C9. 

The optical sensors have an I2C interface, so they communicate with the 

microcontroller via I2C communication. There are four optical sensors, all characterized by 

the same address. This is why we decided to use two different I2C lines: I2C1 and I2C2, and 

two different power supply lines from the microcontroller to communicate with the sensors. 

Another solution to this problem could have been to use an I2C multiplexer, but we don’t 

have to much space on the PCB for to many components. In Figure 5-10 can also be seen 

the pull-up resistors R12, R13, R14, and R15 needed for the two I2C communications. 

Moreover, in this figure, it can also be seen the decoupling capacitors C13, C14, C15, and 

C16 are placed near the power-up pin of each sensor. 

On the other hand, since the magnetometer has a different address, it can 

communicate with the microcontroller via one of the existing I2Cs; in the concrete case, we 

have chosen I2C2. The capacitors C21 and C22, placed near the magnetometer's power 

supply pin, are used to decouple low-frequency noise and high-frequency noise, 

respectively. 
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Figure 5-10:  Schematic circuit of the main board of FloSen 
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Regarding the photo microsensor, a PWM signal with adjustable frequency is used to power 

up the LED. To sense the current flowing in the circuit of the LED, we placed a low-value 

resistor R18 near its anode. In the output of the photo microsensor, we have set the resistor 

R19 to sense the output voltage and the capacitor C19 to rectify the voltage since we are 

using a PWM signal for the LED. We will read the voltage out of the photo microsensor via 

the microcontroller's ADC. But the input impedance of the ADC is very small, equal to 10 

KΩ, which being connected in parallel with R19 (on the other hand, both are in series with 

the resistor of the phototransistor) would decrease the output voltage. So, this way, the 

voltage measurement wouldn’t be accurate. This is why the output voltage of the photo 

microsensor is firstly connected to a voltage follower, characterized by a very high input 

impedance, and then is sent to the microcontroller's ADC pin. 

The Bluetooth module communicates with the microcontroller via the UART protocol. It is 

powered up directly from the microcontroller, and near the power supply input pin, two 

decoupling capacitors are placed to filter the low and high-frequency noise. Meanwhile, an 

inductor is also placed to smooth the changes in current. 

 

 

5.3 The software  

 

The software of FloSen was developed in MPLAB X, a freeware integrated development 

environment for the development of embedded applications on PIC. MPLAB X supports 

automatic code generation via the MPLAB Code Configurator, which was used in the first 

steps of the programming process to configure the microcontroller's inputs, outputs, and 

peripherals. 

The peripherals of the microcontroller used in this software are ADCC, EUSART1, FVR, 

MEMORY, PWM6, TMR0, and TMR1. Indeed, the first line of the main function is related 

to the system initialization, i.e., the initialization of the microcontroller's peripherals. Next, 

since we will need interrupts to wake up the microcontroller and other peripherals from 

sleep, we enable the global and peripheral interrupts. 

To outline, in the first place are taken 15 sets of measurements, one set each 4 seconds, by 

the optical sensors, photo microsensor, and the magnetometer embedded on the PCBs of 

FloSen. After that, the BT module is woken up. If it connects to the Evaluation Board, it 

sends out all the data measured so far; otherwise, after three failed attempts to connect, the 

BT module and the microcontroller are put to sleep for 5 minutes. Finally, after 5 minutes, 
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the microcontroller wakes up, and the BT module tries to connect. The BT module is sent to 

sleep temporarily if the connection doesn't fail. The measurement procedure starts from the 

beginning; otherwise, the BT module and the microcontroller are sent again to sleep for 

another 5 minutes. 

 

 

Figure 5-11: Schematic of the steps carried out by the software written in MPLAB X 

 

 

Let’s go more into details. 

To reduce the board's power consumption, we aim to leave the BT module in sleep mode as 

much as possible. For this reason, every 4 s, we measure 70 quantities that correspond to the 

high and low part of the optical sensor data, magnetometer data, and photo microsensor. This 

way, every time we connect the BT module to the Evaluation Board, we send to the PC 15 

vectors, each one containing 70 elements of 8 bits. 

 

• Communication between the microcontroller and optical sensors 
 

The microcontroller communicates with the optical sensors via the I2C communication 

protocol. The speed of communication is set at 100 kHz. The prototype of the functions used 

to read data from the sensors and to write data to the sensors are respectively: 

 

uint8_t I2C2Read (uint8_t address, uint8_t *reg, uint8_t reg_len, uint8_t *data, uint8_t data_len); 

uint8_t I2C2Write (uint8_t address, uint8_t *reg, uint8_t reg_len, uint8_t *data, uint8_t data_len); 

 

So, the information we need to provide are the sensor’s address we want to interact with, the 

address of the register and the length of the register (in byte) we want to read or write to, and 



Chapter 5: Floating Sensor, FloSen 

 

  

69 
 

the name and the length of the variable (in byte) where we need to write or read data from. 

The same communication protocol is also used to communicate the magnetometer with the 

microcontroller. 

 

• Communication between the microcontroller and the BT module 

 

The communication between the microcontroller and the BT module is handled by the serial 

communication interface (SCI) called Enhanced Universal Asynchronous Receiver 

Transmitter (EUSART). As mentioned earlier, EUSART is a peripheral of the 

microcontroller, and it was configured via the MCC. Since in this communication 

participates one master (the microcontroller) and one slave (the BT module), we choose the 

asynchronous mode and set the communication speed equal to 115200 baud, and the 

communication speed of the BT module is configured as 115200 baud. 

The MCC generated file regarding EUSART, called eusart1.c is composed of several 

functions that we use in the main code of the FloSen, from which we can mention:  

 

1. bool EUSART1_is_tx_ready(void); 

2. bool EUSART1_is_rx_ready(void); 

3. void EUSART1_Write(uint8_t txData); 

4. uint8_t EUSART1_Read(void); 

The output of the first function is a Boolean whose value is determined from a logical AND 

(&&) between the EUSART Transmit Interrupt Flag (TX1IF) bit of register PIR3 and the 

TXEN control bit of register TX1STA. TX1IF takes the value one if the EUSART transmit 

buffer contains at least one unoccupied space; meanwhile, it enables the transmission when 

TXEN is set to one. So, if the output is true, then EUSART1 is ready to write; otherwise, we 

should wait. 

In the same way, the output of the second function is a Boolean whose value is determined 

from the value of the EUSART Receive Interrupt flag bit of register PIR3. When this bit has 

the value 1, the EUSART receive buffer is not empty, so EUSART1_Read() function can be 

used. 

After sending a command to the BT module, we wait for its answer, which in some cases 

takes more time than in the other cases. As a result, the EUSART1_Read() function 

generated from the MCC was modified by introducing a timeout. 
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The microcontroller's commands to the BT module are predefined and can be divided into 

three groups: requests, confirmations, indications, and responses. The format of the 

commands is given in the table below: 

 

Start signal Command Length Payload CS 

0x02 1 Byte 2 Byte Length Bytes 1 Byte 

 

To this extent, when the microcontroller wants to send a message to the BT module via 

EUSART, the message should always start with the starting signal, 0x02. Then, the last 

element of the message should be 1 Byte which is calculated as a byte-wise XOR 

combination of all preceding Bytes, including the start signal. 
 

• Measurements of the optical density from the micro photosensor 
 

The Fixed Reference Voltage (FVR), the Analog to Digital Converter and the Pulse 

Width Modulator (PWM) are three peripherals of the microcontroller that are used to 

measure the data by the photo microsensor. 

PWM6 is a scheme that provides power to the LED of the photo microsensor by switching 

quickly between fully ON and fully OFF states, so its signal is practically a square wave. 

Duty cycle is a term used to describe the amount of time the signal is ON / OFF, and it is 

expressed in percentage: 0 % fully OFF; 100 % fully ON. To specify the period of the 

PWM6, TIMER2 was used, which is an 8-bit timer. Another essential property of the PWM6 

is the resolution, which determines the number of available duty cycles for a given period. 

For example, we have chosen a 9 – bit resolution, which results in 512 discrete duty cycles. 

The output of the photo microsensor will be a voltage (inverse proportional to the algal 

concentration) which will be sent to the ADC of the microcontroller that allows the 

conversion of this analog signal to a 12-bit binary representation. As a positive voltage 

reference to make the conversion, we chose FVR 1.024 V and VSS as a negative voltage 

reference. FVR is a stable voltage reference with selectable output levels: 1.024 V, 2.048 V, 

and 4.096 V. 

To measure the photo microsensor’s output without saturating, we have written a simple 

function via which we change the duty cycle of the PWM6, depending on the concentration 

of the algal suspension. 
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5.4    The localization method 

 

The most important feature of the FloSen sensor is that it is designed to float freely 

within a photobioreactor, and the measurements of the light intensity will be sent out via 

Bluetooth communication. It was also developed a localization method to localize the 

position of the sensor during the measurements.  

A standard method to localize the magnetic field's position is based on a system 

composed of a three-axis magnetic field generated by three orthogonal coils and a three-axis 

sensor  [147–149]. However, the use of several excitation coils requires a large amount of 

power  [150]. Tadayon  [150] instead, in the method that he developed, used a single-coil 

and two low-power sensors. He used an optimization algorithm to determine the position of 

the sensor. In all methods mentioned above, the AC signals are used to excite the magnetic 

field. Meanwhile, Shirai and Hashimoto [151] have developed a lateration-angulation hybrid 

method using a single anchor coil, DC magnetic field, and a MEMS sensor. 

 In the method developed during this thesis, we used three sequential anchor coils 

placed in parallel along the height of the PBR. The coils are exited using DC signals, and 

the magnetic field generated is measured via the MEMS magnetometer (LSM303D). This 

way, every point of the space inside the algal suspension is characterized by the spatial 

coordinates (𝜌, 𝑍) and the triplet of the magnetic field (B1, B2, B3). We aimed to express 

[𝜌, 𝑍] = f (B1, B2, B3). 

 

 

Figure 5-12: Schematic representation of the three coils placed along the height of the 

PBR 
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5.4.1 Analytical approach 

 

The components of the magnetic field generated by a loop wire expressed in cartesian 

coordinates are given as below  [152]: 

 

𝐵𝑥 = 
𝐶 𝑥 𝑧

2 𝛼2 𝛽 𝜌2
 [ (𝑎2 + 𝑟2)𝐸(𝑘2) − 𝛼2𝐾(𝑘2)] 

 

5-1 

                                   𝐵𝑦 = 
𝐶 𝑦 𝑧

2 𝛼2 𝛽 𝜌2
 [ (𝑎2 + 𝑟2)𝐸(𝑘2) − 𝛼2𝐾(𝑘2)]        

 

5-2 

𝐵𝑧 = 
𝐶 

2 𝛼2 𝛽 
 [ (𝑎2 − 𝑟2)𝐸(𝑘2) + 𝛼2𝐾(𝑘2)] 5-3 

 

Where, a is the radius of the coil, so it is constant, and: 

𝑟2 = 𝑥2 + 𝑦2 + 𝑧2; 𝜌2 = 𝑥2 + 𝑦2 ; 𝛼2 = 𝑎2 + 𝑟2 − 2𝑎𝜌; 𝛽2 = 𝑎2 + 𝑟2 + 2𝑎𝜌 

𝑘 = 1 − 
𝛼2

𝛽2
= 

4 𝑎 𝜌

(𝑎+ 𝜌)2+ 𝑧2
; 𝐶 =  

𝜇0 𝐼

𝜋
 

𝐾(𝑘) – the complete elliptic integral of the first kind 

𝐸(𝑘) – the complete elliptic integral of the second kind 

Substituting the relations above in Equation 5-3, we may write the module of the magnetic 

field as a function of the 𝜌 and z: 

 

B(𝜌,z) = 
𝐶

2 𝛼2𝛽
 {
𝑧2

𝜌2
 [(𝑎2 + 𝜌2 + 𝑧2)𝐸(𝑘) − ((𝑎 −  𝜌)2 + 𝑧2)𝐾(𝑘)]2 +

 [(𝑎2 − 𝜌2 − 𝑧2)𝐸(𝑘) + ((𝑎 −  𝜌)2 + 𝑧2)𝐾(𝑘)]2 }

1

2
                                                      

5-4 

 

The algal solution will be confined in the region  0.15 𝑚 ≤ 𝜌 ≤ 0.2 𝑚,  of the 

photobioreactor. That’s why we are interested in studying the magnetic field in that region. 

As a result, we are using a series expansion of the complete elliptic integrals at 𝑘 = 1  [153]. 

 

𝐾(𝑘) ≈  − 
1

2
𝑙𝑜𝑔(1 − 𝑘) (1 − 

𝑘 − 1

4
+ 
9

64
 (𝑘 − 1)2) + 𝑙𝑜𝑔(4)  

                   + 
1

4
 (1 − 𝑙𝑜𝑔(4))(𝑘 − 1) + 

3

128
 (6 𝑙𝑜𝑔(4) − 7)(𝑘 − 1)2         

5-5 
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𝐸(𝑘) ≈ 1 + 
𝑘−1

4
 (−2 𝑙𝑜𝑔(4) + 1 + 

24 𝑙𝑜𝑔(2)−13

16
 (𝑘 − 1) − 

3(5 𝑙𝑜𝑔(2)−3)

16
(𝑘 − 1)2) +

               𝑙𝑜𝑔(1 − 𝑘)
𝑘−1

4
(1 + 

3(1−𝑘)

8
+
15

64
 (1 − 𝑘)2)                 

5-6 

 

Figure 5-13: The module of the magnetic field as a function of radial distance 𝜌, in the 

plane of the wire: calculated using the value of complete elliptic integrals provided by 

MATLAB (blue line); calculated using the Taylor expansion of the complete elliptic 

integrals at k = 1(red line). 

 

Further, we corrected the approximated magnetic field in the region 0.15 𝑚 ≤ 𝜌 ≤ 0.2 𝑚, 

by introducing an offset to reduce the absolute error at a value smaller than ten mGauss. The 

range of accuracy of the sensor we are using is 20 mGauss. 

The offset as a function of z was fitted in a polynomial of the third order: 

Ofs (z) = 0.3509 𝑧3– 0.04642 𝑧2 – 0.1046 𝑧 + 0.01814    5-7 

 

Figure 5-14: The fitting of the offset as a function of the  z 
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As a result, the formula of the magnetic field as a function of (𝜌, 𝑧), on which we are 

interested, is:  

𝐵(𝜌, 𝑧) =
𝐶

2 𝛼2𝛽
 {
𝑧2

𝜌2
 [(𝑎2 + 𝜌2 + 𝑧2)𝐸(𝑘) − ((𝑎 −  𝜌)2 + 𝑧2)𝐾(𝑘)]2 + [(𝑎2 − 𝜌2 − 𝑧2)𝐸(𝑘) +

 ((𝑎 −  𝜌)2 + 𝑧2)𝐾(𝑘)]2 }

1

2
 +  0.3509 𝑧3–  0.04642 𝑧2 –  0.1046 𝑧 +  0.01814            

5-8 

Where K(k) and E(k) are given from equations 5-5 and 5-6, respectively, a is the radius of 

the wire, constant and 𝑘 =
4 𝑎 𝜌

(𝑎+ 𝜌)2+ 𝑧2
. 

So, this way, we are describing every point (𝜌, z) of the space by the modules: 

𝐵1 = 𝑓(𝜌, 𝑧 + 𝑧1)  

𝐵2 = 𝑓(𝜌, 𝑧 + 𝑧2)  

𝐵3 = 𝑓(𝜌, 𝑧 + 𝑧3)  

Where, 𝑧1, 𝑧2, 𝑧3 are constants that depend in the position of the coil along the height of the 

PBR. 

Since it is not possible to calculate the inverse, (𝜌, 𝑧) = 𝑓−1(𝐵1, 𝐵2, 𝐵3), in closed form. As 

a result, we focused on the fingerprint-based method, which estimates the position by finding 

the most similar data between the previously measured (or numerically calculated in our 

case) data with the data measured by the sensor. 

 

5.4.2  Fingerprint-based method 

 

To develop and test the localization method, we used a cylindrical tube to mock up the 

photobioreactor with the coils placed along its height. The cylinder has a height of 650 mm, 

an inner radius of 250 mm, and a width of 1.9 mm. The coils were constructed using a copper 

wire of diameter 0.8 mm. They are composed of 30 windings, placed in 3 layers with ten 

windings each. The radius of each layer of windings is: R1 = 251.91 mm, R2 = 252.81 mm, 

and R3 = 253.71 mm. The coils are placed at a distance of 200 mm, between each other, 

along the height of the mock-up. 
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Figure 5-15: The mock-up of the photobioreactor, with the coils place at a z = 0 mm 

(bottom coil), z = 200 mm (middle coil), z = 402 mm (upper coil). 

 

The magnetic field generated by a single coil was simulated within MATLAB, starting 

from an existing code that calculates numerically the magnetic field generated by a wire 

using the Biot-Savart law  [154]. This code was modified based on the superposition 

principle. 

 

Figure 5-16: The contour plot of the simulated magnetic field by the three coils. 

 

Every point (𝜌, Z) inside the photobioreactor is characterized by the modules of the 

magnetic field and the Z components (𝑩𝟏𝒊, 𝑩𝟐𝒊, 𝑩𝟑𝒊, 𝑩𝒛𝟏𝒊, 𝑩𝒛𝟐𝒊, 𝑩𝒛𝟑𝒊). We have developed 

an algorithm to determine the position by comparing the magnetic field's calculated values 

with the magnetic field's measured value at a certain point within the photobioreactor. 
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Let’s say the measured values at a certain point within the PBR are: (𝑩𝟏𝒎, 𝑩𝟐𝒎, 

𝑩𝟑𝒎, 𝑩𝒛𝟏𝒎, 𝑩𝒛𝟐𝒎, 𝑩𝒛𝟑𝒎). Next, we calculate the Euclidian distances between the measured 

point and the calculated points, and after that, we search the position (𝜌, Z), corresponding 

to the minimal Euclidian distance. 

 

(𝜌, Z) 
𝑚𝑖𝑛
→   ( √(𝐵1𝑖 − 𝐵1𝑚)

2 + (𝐵2𝑖 − 𝐵2𝑚)
2 + (𝐵3𝑖 − 𝐵3𝑚)

2 + (𝐵𝑧1𝑖 − 𝐵𝑧1𝑚)
2 + (𝐵𝑧2𝑖 − 𝐵𝑧2𝑚)

2 + (𝐵𝑧3𝑖 − 𝐵𝑧3𝑚)
2   ) 

 

 

5.4.3 Evaluation of expected error in position determination 

 

Before being tested in real conditions, the method for determining the sensor’s position 

was simulated to evaluate the expected error in position determination. 

First, we simulated within MATLAB software the magnetic field generated by each coil 

placed in different positions:  z = 0 mm, z = 200 mm, and z = 402 mm along the height of 

the mock-up (Figure 5-15). Then, the magnetic field values are calculated at every point of 

the space of the PBR having a radius 150 mm < R < 250 mm and height 0 < H < 410 mm, 

moving with steps of 0.9 mm. This way, we generated six matrixes: B1, B2, B3, B1z, B2z, and 

B3z, containing the module of the magnetic field and the Z component of the magnetic field 

generated from each coil. 

In the next step, we generated a pair (y,z), whose value is chosen randomly from the 

domain of indexes of B1 (B2, B3, Bz1, Bz2, Bz3,). Let’s call the point (y,z) starting point. For 

this randomly generated position, we find the corresponding values of the simulated 

magnetic field. Finally, we add an error with a gaussian distribution, characterized by an std 

of 20 mG and a mean of 0 mG. The values of magnetic field Br1, Br2, Br3, BZr1, BZr2, and BZr3 

generated in this way represent the experimental values of the magnetic field. 

For each randomly generated value of the magnetic field, we calculated the Euclidean 

distance in the magnetic field space: 

 

D = √(𝐵1 − 𝐵1𝑚)
2 + (𝐵2 − 𝐵2𝑚)

2 + (𝐵3 − 𝐵3𝑚)
2 + (𝐵𝑧1 − 𝐵𝑧1𝑚)

2 + (𝐵𝑧2 − 𝐵𝑧2𝑚)
2 + (𝐵𝑧3 − 𝐵𝑧3𝑚)

2   ) 5-9 

 

D – represents a matrix with the same dimensions as the B1 (B2, B3, Bz1, Bz2, Bz3). The 

minimal value of D will correspond to the point in (B1, B2, B3, Bz1, Bz2, Bz3) space that 

is nearer to the randomly generated point (Br1, Br2, Br3, Bzr1, Bzr2, Bzr3). 

Let’s call the landing point the point (Y, Z) corresponding to set (B1, B2, B3, Bz1, Bz2, 

Bz3) that minimizes Euclidian distance D with the experimental points. Then, the error in 
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position determination will be equal to the absolute difference between the starting point and 

the landing point. 

We simulated 20000 starting points and for each of them, we determined the landing point 

and the error in mm. 

 

Figure 5-17: Error in the radial direction of the PBR (left); Error along the height of the 

PBR (right) 

Figure 5-17 shows that this localization method forecasts the determination of the sensor’s 

position with an error always smaller than 10 mm, as in the radial, so along the Z direction 

of the PBR. 

Moreover, we called error starting points, the starting point for which the error in position 

determination was greater than 3 mm. 

 

 

Figure 5-18: Plot of the starting points (blue circles) and the error starting points (red 

circles) 
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From Figure 5-18 can be seen that in the region near to the central coil, at a height 150 < H 

< 250 mm, the error is always smaller or equal to 3 mm. 

 

 

Figure 5-19: Plot of the percentage of error starting points 

 

We divided the space where we calculated the magnetic field into bins of dimensions (10 x 

10) mm, and for each bin, we calculated the percentage of the points with an error greater 

than 3 mm. As seen from the previous graph, the bins near the central coil are characterized 

by a 0 % error; meanwhile, few bins near external coils are characterized by an error up to 

50 %. This is not a good result, and more work should be done to reduce the error. 

 

 

5.5 Calibration of the photo microsensor 

 

As stated in section 5.1.2, the photo microsensor operates at the wavelength of 940 

nm. However, in a major part of the cases, the OD measurements to monitor the algal growth 

are taken at 750 nm outside PAR to avoid absorption from the pigments and, as a result, to 

consider only the scattering by the algal cell  [117]. Therefore, since 940 nm is outside the 

PAR region, we propose this wavelength to monitor the algal growth, as it has also been 

used before by Yarnold to monitor biomass growth. 

The first step in the calibration of the photo microsensor was determining the set-up 

time needed to measure reliable data. The integration time is the time during which the LED 

should be powered to have a constant output voltage. For this reason, we took several 
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measurements of the output voltage (measured by ADC), changing the integration time every 

time. The output voltage is constant when the ratio between the reading of the ADC (the 

output voltage in count) and the duty cycle remains constant. 

 

 

Figure 5-20: Plot of the ratio between the output voltage (counts) and the duty cycle of the 

PWM6 

Figure 5-20 shows that starting from an integration time of 10 ms, the ratio between the 

output voltage (counts) and the duty cycle of the PWM6 can be considered constant. As a 

result, in future experiments, we set the integration time to 20 ms, as we wanted a value to 

be high enough to have accurate data, but at the same time, as small as possible to reduce 

the power consumption of the circuit.  

           The calibration of the photo microsensor was carried out after the sensor was 

encapsulated within the plastic case. 

 

 

Figure 5-21: Picture of the FloSen immersed inside the ink suspension. The wires seen in 

the picture are to check the measurement by the ADC, but they will be removed eventually. 
 

For this experiment, we used the suspension of different concentrations of black ink. 

The suspensions were prepared by diluting the ink in water. The optical density of these 
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suspensions was first measured using a spectrophotometer. And then, the data were 

compared with the optical density calculated from the photo microsensor’s data. As a 

reference, in the measurements with the spectrophotometer was used water. The relation 

calculated the optical density using the photo microsensor:  

 

OD = - 
𝑙𝑜𝑔10  ( 

𝑉

𝑉0
)

𝑑
, 5-10 

 

𝑉0 is the output voltage of the photo microsensor when it is immersed in water. V is the 

output voltage of the photo microsensor when it is immersed in ink suspension and d 

(expressed in cm) is the gap, outside the case, between the emitter and the detector. 

 

 

 

Figure 5-22:  Plot of the optical density OD measured with the sensor FloSen as a 

function of the optical density measured with the spectrophotometer 

 

Figure 5-22 shows that the slope of the regression line is 0.9521 and the Y-intercept is 0, so 

there is a linear relation between the OD values measured with the spectrophotometer and 

the values measured with FloSen. However, since the slope coefficient is not 1, a calibration 

of the sensor is needed before using it. It can be seen that the goodness of the fit, R2, 

calculated as the sum of the squared deviations of the original data from the mean, is 0.987; 

the fit is good. The average error of the measured OD was 0.004. 
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5.6 Optical sensors measurements 

 

The measurements in the experiment described in section 4.2.4 were carried out using 

the PAR sensor and the sensor FloSen. As a result, the transmitted power was calculated for 

all the three wavelengths of FloSen: 470 nm, 550 nm, and 610 nm. To this extent, the 

simulation was used in the function of our sensor, so we compared the transmitted power 

from the algal flask obtained from the simulation with the transmitted power measured with 

FloSen. 

 

 

Figure 5-23: Plot of the transmittance as a function of concentration obtained from the 

simulation (dashed lines) and from the measurements of FloSen (solid lines) 

 

Since the wavelengths we are comparing are not equal, there is some discrepancy between 

the simulated and measured data. 
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5.7 Localization algorithm data 

 

Before testing the localization algorithm, the characterization of the magnetic field 

generated by each coil has been done. To this extent, the magnetic field generated by each 

coil along the height of the mock-up, at a constant distance from the center, has been 

measured by the MEMS sensor. Then, the data were calibrated via a calibration curve that 

was found using an optimization. So, the calibration curve has the form: 

 

Bcorrected = a x 𝐵𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
3 + 𝑏 𝑥 𝐵𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

2 + 𝑐 𝑥 𝐵𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
1 + 𝑑 

 

Where, a = 0.000104, b = 0.018889, c = 0.941402 and d = 0. 

In Figure 5-24 is shown the plot of the magnetic field as a function of the height of the 

mock-up for the measured data via MEMS sensor and for the calculated data via MATLAB. 

 

 

Figure 5-24: Plot of the magnetic field as a function of the height of the mock – up at a 

radial distance of 0.2392 m 

 

To estimate the goodness of the measurements by the MEMS sensor, the relative error with 

respect to the simulated data via MATLAB was calculated. Figure 5-25 shows that the 

relative error for a major part of the points is less than 2 %. 
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Figure 5-25: Plot of the relative error of the magnetic field measured along the height of 

the mock–up 

  

 

Figure 5-26: Plot of the absolute error of the magnetic field measured with reference to 

the MATLAB generated values 

 

In Figure 5-26 is plotted the absolute error of the measured magnetic field with reference to 

the calculated values via MATLAB as a function of the position. The magnetic field 

generated by the second coil is characterized by values greater than 20 mG. In the 

simulations carried out in Chapter 5, we accepted an error of less than 20 mG, according to 

which the position error would be less than 3 mm. So, from these measurements, we can say 

that the error in the position might be greater than 3 mm in some cases. 
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6 Conclusions  
 

 

 

 

This thesis work was developed as part of a project aiming to optimize algal growth for 

large-scale CO2 bio-fixation. The project was a collaboration between Biosyntex Srl, Eni 

spa, and the University of Ferrara. 

      In the framework of this project, we studied light distribution inside the photobioreactors 

(PBRs) and developed a model to simulate the spectral light distribution inside an algal 

suspension within the OpticStudio ZEMAX software.  

      One of the points highlighted during this project was the importance of monitoring the 

volumetric light distribution inside the algal suspension.  

      On the other hand, the study was also focused on the research to develop a floating sensor 

(FloSen) to measure the spectral irradiance of light inside the algal suspension.  

     The most important feature of this sensor is that it is designed to float freely inside the 

suspension, and its position will be determined via a localization method. 

      The method we studied to localize the sensor was based on measuring a non-uniform 

magnetic field generated by a set of coils powered by a DC. The sensor localization is carried 

out by an algorithm based on a map connecting the hyperspace of the magnetic field 

measured from every single coil and the physical position of the sensor within the 

photobioreactor. From the first set of measurements, the maximal error in the position 

determination was 1 cm. This result is promising as a first result, but more work needs to be 

done to reduce it to a value smaller than 3 mm. 

     The first prototype of the sensor (FloSen 1.0) has a cylindrical shape with a diameter 

equal to 24 mm and a height equal to 36.4 mm. The diameter of the PCB should be as small 

as possible (smaller than the actual value was not possible since there was no place to put all 

the components) because the gradient of the light intensity changes fast in the radial direction 

due to absorption from the algal suspension. FloSen is composed of two main boards 

connected with each other: the sensor’s board and the power supply board.  

     On the power supply board is mounted a rechargeable Li-ion battery (LP301012 031012) 

with a capacity of 30mAh, four PV cells which will be used to recharge the battery, and a 
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Low-Dropout Linear Regulator (LDO) used to supply a constant voltage of 2.5 volts to the 

main board.  

     On the mainboard are mounted four optical sensors (two on each side), a photo 

microsensor, a magnetometer, a Bluetooth module (BT), and a microcontroller. We have 

placed two optical sensors on each side (at the corner of the board) for the same reason 

mentioned before: the gradient of the light intensity along the radial direction of the PBR is 

very high. Consequently, two sensors on each side would help measure and create a map of 

the light intensity distribution with smaller gridlines within the PBR. We are using the 

microcontroller (PIC16(L)F18446) as a signal processing and control unit. The optical 

sensors are digital RGB sensors (APDS-9253-001), which measure light intensity in four 

bands of the light spectrum centered at 470 nm, 550 nm, 610 nm, and 810 nm. We have 

chosen the first three wavelengths according to the absorption spectrum of the green 

microalgae. It is characterized by two peaks in the blue and red region and a minimum in the 

green region. The Bluetooth module (2608011024010_Proteus_II) provides a point–to–

point communication between the sensor and a PC supervisor. 

Meanwhile, the magnetometer (LSM303D) will measure the magnetic field and the 

acceleration. After we download the data, we analyze them within MATLAB software. To 

this extent, we will use the value of the output voltage saved from the photo microsensor to 

find the optical density of the algal suspension. Further, we will use the values of the 

magnetic field and acceleration within the localization algorithm to find the position of the 

sensor for each measurement of the light intensity from the optical sensors. We can create a 

map of the light distribution within the photobioreactor. 

     The software of FloSen 1.0 was developed in MPLAB X, which is a freeware integrated 

development environment for the development of embedded applications on PIC. After 

developing the software, we conducted different tests on the connection of the BT module, 

reconnection of the BT module, the lifespan of the battery, and reduction of the power 

consumption of the sensor. One of the results of these tests was related to the fact that 

communication via BT module was not possible when the sensor was within the suspension, 

at distances greater than 300 mm from the outer wall of the PBR, as the water absorbs in the 

band of 2.45 GHz, in which BT module works. 

     As a result, we have also designed the PCB of FloSen 2.0. We use a single PCB with 

dimensions (18x100) mm in this version. We needed to place the BT module and cells at the 

upper part of the sensor. This way, we can leave the BT module outside of the water, at the 

top of the PBR, and communication will be possible also when the sensor is deep within the 
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suspension. On the other hand, this way, the charging of the sensor can also be feasible as 

the incident light at the top of the PBR has a greater intensity with respect to the intensity 

within the suspension. 

      Moreover, the fact that the length of the sensor is 18 mm in the radial direction allows 

us to use only one sensor on each side of the PCB. 

  We have designed the next release of the floating sensor - FloSen 2.0 - to measure 

the battery's voltage and the charging current, which are significant quantities for the user to 

know during the operation of the sensor. Based on these quantities, the user can decide if the 

sensor is being charged within the reactor or if we need to take it outside and charge it. 

Further work needs to be done to develop FloSen 2.0 software and test the algorithm for the 

sensor localization within the algal suspension. 

This work has applications also outside the bioreactors field. It can be used to monitor 

the physical quantities of the wastewater treatment process like temperature, turbidity and 

conductivity. Conductivity measurements are essential to monitoring the process of 

wastewater treatment as its changes are related to phosphorus and nitrogen removal  [155]. 
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7 Appendix   
 

 

A. The code used to assess the error using the algorithm for the localization of the sensor. 

clear all; 
close all; 
sigma = 0.020; %Gauss, used to introduce the randomly distributed error 
max_B = 10;    %the maximum value of B measured by our sensor 
zzz1 = 0;  %expressed in m; the starting position in the z direction 

(along the height of the PBR), where the magnetic field is calculated 
zzz2 = 0.41;   %expressed in m;  
yyy1 = 0.15;% the region in y direction where I study the problem (m) 
yyy2 = 0.25;% the region in y direction where I study the problem (m) 
size_randi_z = 20000; % the number of randomly generated points 
size_randi_y = 20000; % the number of randomly generated points 

  

  
distance_greater = 3; % expressed in mm, the difference between the 

starting point and the landing point 

  
load('Ra_1_z0_0.mat') 
load('Ra_2_z0_0.mat') 
load('Ra_3_z0_0.mat') 
s=0.0009; 
yp(1:667) = -0.3:s:0.3; % Y-coordinates of the plane  
zp(1:778) = -0.1:s:0.6;% Z-coordinates of the plane  

  
% load the magnetic field created by the wire positioned at z = 0.222 m: 

10 of 
% radius Ra1, 10 of radius Ra2, 10 of radius Ra3 
load('Ra_1_z0_2.mat') 
load('Ra_2_z0_2.mat') 
load('Ra_3_z0_2.mat') 

  
% load the magnetic field created by the wire positioned at z = 0.424m: 

10 of 
% radius Ra1, 10 of radius Ra2, 10 of radius Ra3 
load('Ra_1_z0_402.mat') 
load('Ra_2_z0_402.mat') 
load('Ra_3_z0_402.mat') 

  
% Calculate the magnetic field generated by the wire of 30 turns at 
% position z = 0 
Bzero = BRa_1_z0_0 + BRa_2_z0_0 + BRa_3_z0_0; 
% Calculate the magnetic field generated by the wire of 30 turns at 
% position z = 0.222 m 

  
Bzero_two = BRa_1_z0_2 + BRa_2_z0_2 + BRa_3_z0_2; 
Bzero_four = BRa_1_z0_402 + BRa_2_z0_402 + BRa_3_z0_402; 

  
BZzero_zero = BZRa_1_z0_0 + BZRa_2_z0_0 + BZRa_3_z0_0; 
BZzero_two = BZRa_1_z0_2 + BZRa_2_z0_2 + BZRa_3_z0_2; 
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%BZzero_three = BZRa1_z0_3 + BZRa2_z0_3 + BZRa3_z0_3; 
BZzero_four = BZRa_1_z0_402 + BZRa_2_z0_402 + BZRa_3_z0_402; 
%BZzero_six = BZRa1_z0_6 + BZRa2_z0_6 + BZRa3_z0_6; 

  
%BYzero_two = BYRa_1_z0_2 + BYRa_2_z0_2 + BYRa_3_z0_2; 
%BYzero_three = BYRa1_z0_3 + BYRa2_z0_3 + BYRa3_z0_3; 
%BYzero_four = BYRa_1_z0_4 + BYRa_2_z0_4 + BYRa_3_z0_4; 
%BYzero_six = BYRa1_z0_6 + BYRa2_z0_6 + BYRa3_z0_6; 

  
Br1 = zeros(1,size_randi_y); 
Br2 = zeros(1,size_randi_y); 
Br3 = zeros(1,size_randi_y); 
minimum_distance = zeros(1,size_randi_y); 
r_idx_minimum_distance = zeros(1,size_randi_y); 
c_idx_minimum_distance = zeros(1,size_randi_y); 

  
% Calculate the magnetic field generated by the wire of 30 turns at 
% position z = 0 
Bzero = BRa_1_z0_0 + BRa_2_z0_0 + BRa_3_z0_0; 
% Calculate the magnetic field generated by the wire of 30 turns at 
% position z = 0.3 m 
%Bzero_three = BRa_1_z0_3 + BRa_2_z0_3 + BRa_3_z0_3; 
% Calculate the magnetic field generated by the wire of 30 turns at 
% position z = 0.6 m 
%Bzero_six = BRa_1_z0_6 + BRa_2_z0_6 + B_Ra3_z0_6; 
Bzero_two = BRa_1_z0_2 + BRa_2_z0_2 + BRa_3_z0_2; 
Bzero_four = BRa_1_z0_402 + BRa_2_z0_402 + BRa_3_z0_402; 
% I find the indexes in order to retrieve the magnetic field in space 
% (r,z): ([0.15, 0.25], [0.009, 0.6]) 
BZzero_zero = BZRa_1_z0_0 + BZRa_2_z0_0 + BZRa_3_z0_0; 
BZzero_two = BZRa_1_z0_2 + BZRa_2_z0_2 + BZRa_3_z0_2; 
%BZzero_three = BZRa1_z0_3 + BZRa2_z0_3 + BZRa3_z0_3; 
BZzero_four = BZRa_1_z0_402 + BZRa_2_z0_402 + BZRa_3_z0_402; 

  
indzz = find(zp <= zzz1); 
idz = indzz(end);  
indzz2 = find(zp <= zzz2);   
idz2 = indzz2(end); 
indy1 = find(yp <= yyy1);  
idy1 = indy1(end); 
indy2 = find(yp <= yyy2);      
idy2 = indy2(end); 

  
%Find the magnetic field generated by the three coils B1 - the field 
%generated by the coil positioned at z = 0 m, B2 - the field generated by 
%the coil positioned at z = 0.3 m, B3 - the field generated by the coil 
%positioned at z = 0.6 m. 

  
B1 = Bzero(idy1:idy2,idz:idz2); 
B2 = Bzero_two(idy1:idy2,idz:idz2); 
B3 = Bzero_four(idy1:idy2,idz:idz2); 
BZ1 = BZzero_zero(idy1:idy2,idz:idz2); 
BZ2 = BZzero_two(idy1:idy2,idz:idz2); 
BZ3 = BZzero_four(idy1:idy2,idz:idz2); 
%BY1 = BYzero_zero(idy1:idy2,idz:idz2); 
%BY2 = BYzero_three(idy1:idy2,idz:idz2); 
%BY3 = BYzero_six(idy1:idy2,idz:idz2); 
% the vector of the Y - axis (radial position), Z - axis (position along 
% the height of the PBR 
[mm,nn]=size(B1); 
Y = yp(idy1:idy2); 
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Z = zp(idz:idz2); 

  
% Randomly generate 100 values of the indexes of z position  and 100 

values 
% of the indexes of y position. z takes values from 1 to 657 because the 
% indexes of Z vector are from 1 to 657 and the same for Y 
z = randi([1 nn],size_randi_z,1); 
y = randi([1 mm],size_randi_y,1); 

  
% find B1,B2,B3 at the points y,z we generated randomly above and add a 
% randam error of std = 3mG 
%Find the minimal distance between magnetic field generated randomly and 
%the magnetic field we have simulated 
%Find the coordinates of B1,B2,B3 that have the minimal distance from 
%Br1,Br2, Br3. 
sig = 0.02; 

  
x = linspace(-0.07,0.07,size_randi_y); 

  
f=zeros(1,length(x)); 

  

  
for i = 1:size_randi_y 

         
f(i) = (1/(sig*sqrt(2*pi)) .* exp(-((x(i))^2 / (2*(sig)^2))))/1000; 

  
end 

  
for i = 1:size_randi_y 

         
    ra1 = randi(size(f)); 
    ra2 = randi(size(f)); 
    ra3 = randi(size(f)); 
    ra4 = randi(size(f)); 
    ra5 = randi(size(f)); 
    ra6 = randi(size(f)); 

     
        Br1(i)  = B1(y(i),z(i)) + f(ra1) ; 
        Br2(i)  = B2(y(i),z(i)) + f(ra2); 
        Br3(i)  = B3(y(i),z(i)) + f(ra3); 
        BZr1(i) = BZ1(y(i),z(i)) + f(ra4); 
        BZr2(i) = BZ2(y(i),z(i)) + f(ra5); 
        BZr3(i) = BZ3(y(i),z(i)) + f(ra6); 
        %BYr1(i) = BY1(y(i),z(i)) + (sigma*rand(1,1) ); 
        %BYr2(i) = BY2(y(i),z(i)) + (sigma*rand(1,1) ); 
        %BYr3(i) = BY3(y(i),z(i)) + (sigma*rand(1,1) ); 
        distance  = sqrt(((B1 - Br1(i)).^2 + (B2 - Br2(i)).^2 + (B3 - 

Br3(i)).^2) + (BZ1 - BZr1(i)).^2 + (BZ2 - BZr2(i)).^2 + (BZ3 - 

BZr3(i)).^2); 
        minimum_distance(i) = min(distance(:)); 
        [r_idx_minimum_distance(i), c_idx_minimum_distance(i)] = find 

(distance == minimum_distance(i)); 
end  
% plot the difference between Y_landing and Y_starting. 
figure(1) 
plot((Y(r_idx_minimum_distance)-Y(y))*1000) 
ylabel('difference between Y of the triple point and Y random (mm)') 
xlabel('Y randomly generated index') 
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% plots the difference between Z_landing and Z_starting 
figure(2) 
plot((Z(c_idx_minimum_distance)- Z(z))*1000) 
ylabel('difference between Z of the tripe point and Z random (mm)') 
xlabel('Z randomly generated index') 

  
% the position in YZ space of the starting point 
starting_y = Y(y); 
starting_z = Z(z); 
% plot the position of starting z and starting y in YZ space expressed in 
% mm 
figure(3) 
plot( starting_z*1000,starting_y*1000,'o') 
xlabel('starting z (mm)') 
ylabel('starting y (mm)') 
grid on  

  
%*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-

*-*-*-*-*-*-*-*-*-*-*-*-*-*- 
%*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-

*-*-*-*-*-*-*-*-*-*-*-*-*-*- 
%*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-

*-*-*-*-*-*-*-*-*-*-*-*-*-*- 

  
% 1. Find the difference between the landing point and the starting point 
difference_Y = Y(r_idx_minimum_distance) - Y(y); 
difference_Z = Z(r_idx_minimum_distance) - Z(y); 
% 2. find the indexes of the difference vector at which the difference 

between 
% the landing and starting point is greater than distance_greater; 
 idy_greater = find (abs(difference_Y)*1000 >= distance_greater);   
 idz_greater = find (abs(difference_Z)*1000 >= distance_greater); 
 % 3. Find the position of the starting Z and starting Y which are 
 % charcterized by a difference greater than distance_greater with 

respect 
 % to landing z and landing y 
 starting_y_greater = Y(y(idy_greater)); 
 starting_z_greater = Z(z(idz_greater));  
 % the difference between starting and landing points at y and z found 
 % above 
 difference_Y_greater = difference_Y(idy_greater)*1000; 
 difference_Z_greater = difference_Z(idy_greater)*1000; 
 kk=size(starting_y_greater); 
 kkk = size(starting_y); 
 percentage_greater_distance = kk(1,2)/kkk(1,2) * 100;  

  
% plot the position of the starting y and starting z in YZ space 

expressed 
% in mm and then plot with red circles the position of starting y and 
% starting z that are charactrized by a difference with landing z and 
% landing y greater than a certain variable called difference_greater 

  
figure(4) 
plot( starting_z*1000,starting_y*1000,'o') 
hold on      
plot( starting_z_greater*1000,starting_y_greater*1000,'or') 
xlabel('starting z (mm)'); 
ylabel('starting y (mm)'); 
grid on 
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%*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-

*-*-*-*-*-*-*-*-*-*-*-*-*-*- 
%*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-

*-*-*-*-*-*-*-*-*-*-*-*-*-*- 
%*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-

*-*-*-*-*-*-*-*-*-*-*-*-*-*- 

  
%histogram of the starting y greater than distance_greater events per bin 
figure(5) 
YEdges = 0.15:0.01:yyy2; 
counts = histogram(starting_y_greater, YEdges); 
critical_points_y = counts.BinCounts; 
xlabel('starting y (m)') 
ylabel('number of error starting y per bin') 
grid on 

  
%histogram of the starting y events in each bin  
figure (6) 
counts = histogram(starting_y, YEdges); 
starting_points_y = counts.BinCounts; 
xlabel('starting y (m)') 
ylabel('number of starting points y per bin') 
grid on 

  
%histogram of the percentage of starting y greater than the 

distance_greater events 
figure(7) 
percentage_y = round((critical_points_y./starting_points_y)*100); 
bar(percentage_y) 
xlabel('starting y bins') 
ylabel('(error y / starting y) per bin (%)') 

  
%-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0--0-0-0-0-0-0-0-0-0-0-0--0-

0-0-0-0-0-0-0-0-0-0--0-0-0-0-0-0-0-0-0-0-0-- 
%-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0--0-0-0-0-0-0-0-0-0-0-0--0-

0-0-0-0-0-0-0-0-0-0--0-0-0-0-0-0-0-0-0-0-0-- 

  
%histogram of the starting z greater than distance_greater events per bin 

  
figure(8) 
ZEdges = (0:0.01:zzz2); 
counts1 = histogram(starting_z_greater,ZEdges); 
critical_points_z = counts1.Values; 
xlabel('starting z (m)') 
ylabel('number of error starting z per bin') 
grid on 

  
%histogram of the starting z per bin 
figure(9) 
counts2 = histogram(starting_z,ZEdges); 
starting_points_z = counts2.Values; 
xlabel('starting z (m)') 
ylabel('number of starting z per bin') 

  
percentage_z = round((critical_points_z./starting_points_z)*100); 

  
figure(11) 
bar(percentage_z); 
xlabel('starting z bins') 
ylabel('(error z / starting z) for each bin (%)') 
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grid on 

  
%-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-

0-0- 
%-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-

0-0- 
%-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-

0-0- 
%-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-

0-0- 

  

  
%2d histogram of starting y and starting z events for each bin 

  

figure(12) 
N1 = histogram2(starting_y,starting_z, YEdges, ZEdges); 
starting_yz = N1.Values; 
xlabel('starting y (m)') 
ylabel('starting z (m)') 
zlabel('number of starting points per bin') 

  

  
%2d histogram of error starting y and error starting z events for each 

bin 

  
figure(13) 
N2 = histogram2(starting_y_greater,starting_z_greater, YEdges, ZEdges); 
critical_yz = N2.Values; 
xlabel('starting y (m)') 
ylabel('starting z (m)') 
zlabel('number of error points per bin') 

  
%percentage of error starting y and starting z events per bin 
percentage_yz = round((critical_yz./starting_yz)*100); 

  
% 3d plot of error starting y and starting z events per bin 
% bin 1 in y direction correspond of 0.15 m 
% bin 10 corresponds to 0.25 m 
figure(14) 
b = bar3(percentage_yz); 
xlabel('starting z bins ') 
ylabel('starting y bins') 
zlabel('error (%)') 
grid on 
for k = 1:length(b) 
    zdata = b(k).ZData; 
    b(k).CData = zdata; 
    b(k).FaceColor = 'interp'; 
end 

  
% Find the landing position (to have it) :) 

  
landing_y = Y(r_idx_minimum_distance); 
landing_z = Z(r_idx_minimum_distance); 

  
% the values of the magnetic field at the starting points which are 
% characterized by a greater difference than greater_distance with the 
% landing points 
starting_B1_greater=B1(y(idy_greater),z(idz_greater)); 



 

Appendix 

  

93 
 

starting_B2_greater=B2(y(idy_greater),z(idz_greater)); 
starting_B3_greater=B3(y(idy_greater),z(idz_greater)); 
[iddy, iddz] = find (starting_B1_greater >= max_B | starting_B2_greater 

>= max_B | starting_B3_greater >= max_B ); 
cc = size(Y(y(idy_greater(iddy)))); 
percentage_greater_distance_and_B = cc(1,2)/kkk(1,2) * 100; 

  

  
starting_B1=B1(y,z); 
starting_B2=B2(y,z); 
starting_B3=B3(y,z); 
[iddy_only, iddz_only] = find (starting_B1 >= 8 | starting_B2 >= 8 | 

starting_B3 >= 8 ); 
cc_only = size(Y(y((iddy_only)))); 
ccc_only = size(Y(y)); 
percentage_greater_B = cc_only(1,2)/3*ccc_only(1,2) * 100; 

  
figure(4) 
hold on 
plot(Z(z(idz_greater(iddz)))*1000,Y(y(idy_greater(iddy)))*1000, 

'oblack'); 
legend('starting points','error starting points', 'error with module > 

8G') 
grid on 
figure(10) 
plot(Z(z((iddz_only)))*1000,Y(y((iddy_only)))*1000, 'om'); 
xlabel('starting z (mm)'); 
ylabel('starting y (mm)'); 
grid on 
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