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in this kind of research.

This paper presents both, the design and development of a monitoring and control system via web for a
closed microalgae crop and the results that were obtained using the strain Haematococcus pluvialis. The
research was done at Universidad de La Sabana (Colombia) and it aimed at quantifying the growth
kinetics associated with the increment of biomass and the development of red pigment inside the cells
when exposed to different wavelengths (L), constant temperatures, agitation and cycles of light/darkness
over the crop. It was found that for short wavelengths (470nm -blue light) the cell size, the quantity of red
pigment and the growth kinetics were higher than the crop illuminated with green light (525nm). All of the
above was established thanks to SICOMOAL system which allowed real time control and monitoring
without human interference. This increases the reliability of the bioprocess data and gains more efficiency

doi: 10.5829/idosi.ije.2013.26.03c.01

1. INTRODUCTION

Becker et al. [1] reported that both for academy and
industry, the use of control systems and automatic
control of different bioprocesses have incremented.
According to Amigo et al. [2], the monitoring and
automatic control of the physical and chemical
parameters are necessary to optimize a bioprocess. The
application of control strategies for photo bioreactors
(PBR) used on microalgae crops has been recently
popularized with the installation of real-time
management systems by computers, which is important
for the commercial viability due to the valued
information provided to improve the production process
and the reduction of costs [3-5]. Capraro et al. [6] say
that although the tools related to the virtual or remote
laboratories that exist in the different fields of
engineering are enough, most of them are commercially
expensive because they are designed and implemented
for mass production or industrial scales and are not
economically viable if they are needed in a laboratory,
i.e. for an educative institution research.

"Corresponding Author Email: claudia.garzon@unisabana.edu.co (C.
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Therefore, it was decided to develop a low-cost
system that allows automatic control and management
of temperature and cycles of light/dark in a closed
microalgae crop via web. The greatest contribution was
that this system permitted changing conditions of
experimentation over the crops of microalgae and work
on the bioprocess under defined conditions in a closed
system to stimulate the influence of the different
parameters over them.

With this system, it was sought to maintain control
over some conditions of experimentation of the
microalgae crop, 24 hours a day, and to take data on the
required intervals of time, to know records of
information at any time, verify the state of the process
continuously and change the conditions of
experimentation, all of this, via web.

The system was proved on a specific experiment
whose main purpose was to determine the wavelength
that would produce a higher growth kinetic and a higher
quantity of cells with red pigment associated to the
Astaxanthin  using the Haematococcus pluvialis
microalgae, considered as the best natural resource of
the named substance. Katsuda et al. [7], have stated that
the Astaxanthin is used as an additive in aquaculture
and foodstuff industries; in pharmaceutical and
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nutraceutical products because it exceeds the anti-
oxidant benefits of the [-carotene, zeaxanthin,
canthaxanthin, vitamin C and vitamin E. Lorenz et al.
[8] and Guerin et al. [9] reported that astanxanthine is
also used as skin protector against the effects of the
ultraviolet rays, against chemically induced cancer as
well as to increase the magnification of high density
lipoproteins and to improve the immunological system.

1. 1. The Effect of Light and Temperature on the
Microalgae Growth According to Vonshak et al.
[10], any change on the environmental variables
determines the answer of the cell to certain type of
stimuli, limiting factors or stress; this indicates that
extreme factors such as temperature changes and cycles
of light/dark could affect significantly the reproduction
process and the growth of microalgae.

In turn, Pulz [11] says that the maximum
productivity of the crop can be reached only in the
optimal point of a specific temperature for the
microalgae specie in experimentation since this variable
generates an influence over the respiration and
photorespiration processes in a more intensive way than
photosynthesis.

During the experiments, each PBR was illuminated
with a different wavelength, the system must guaranteed
a determined temperature for the crops and the cycles of
light/dark were handled as a perturbation.

2. GENERAL ARCHITECTURE OF SICOMOAL
(SISTEMA DE CONTROL Y MONITOREO ViA WEB
PARA MICROALGAS)

SICOMOAL is a system that permits: controlling
temperature inside the crop medium, managing the
cycles of light/dark as a perturbation on the PBR, and
monitoring the temperature in the reference PBR; this
was controlled remotely via web 24-hours. Gupta et al.
[12], say the performance of the system depends on the
configuration and performance of its subsystems. Figure
1 shows the basic systems and subsystems configuration
of SICOMOAL: 1) software and 2) hardware: (a) cards
of: acquisition of data (DAQ) and power supply of
actuators, (b) sensors and actuators, (¢) video camera
and (d) production system.

2. 1. Software Overview The software was
developed in modular Java, under the concept of multi
processes or multithreading. The first module
corresponds to an application that communicates with
the DAQ cards using the port RS232 of the PC, making
readings every 5 seconds. This way, it recollects signals
sent by the sensors which are stored according to the
sampling programmed time. Then, this information is
compared with the reference values so it can take the
relevant decision with the purpose of controlling the

temperature and activate or deactivate the cycles of
light/dark.

The second module is a web application where the
whole system can be controlled, the configurations can
be set for each experiment, the data stored by the system
can be accessed, the video camera can be handled, and
permissions can be given to other users according to the
assigned profile: administrator or observer. Part of the
GUI is shown in Figures 2 and 3.

Hardware and Software System
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Figure 1. System configuration for SICOMOAL
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2.1. 1. Structure and Interrelation of the Modules
The web module is constituted of two cores; the first
one captures the values of the variables to configure the
conditions on a specific experiment and stores those
values in a data base; the second one permits monitoring
the system state and the history of the collected data up
to a specific moment, and the analysis of the
information thrown by this data stored on the data base.

The control module is a process that runs
continuously (thread) collecting data from the sensors
according to a pre-programmed frequency in the
settings, comparing those values with the configuration
parameters stored in the DB and doing the necessary
adjustments on the system to keep the values under the
configured ranges. Figure 4 shows the scheme of the
process that is executed inside the thread.

2. 1. 2. Process Diagram  The cycle is executed a
specific number of times per minute while the system
remains in execution, this frequency is programmed on
the configuration with the frequency of data sending to
the DB, that means that it could make a reading of the
sensors every 5 seconds but the data can be stored with
any other timing frequency. Figure 5 shows the process
described above.

2. 2. Hardware Overview The hardware was
developed for the experiment. The minimum
specifications needed for the computer (PC) to use the
software that acts as a controller are shown in Table 1.
The PC works as a controller so it is used to define the
conditions of experiment: sampling time of the
temperature, referenced value of the temperature, time
of the cycles of light/dark, visualization of the real-time
video and managing via web of the system. The PC has
to be turned on 24 hours during the experimentation
time so the bioprocess can be monitored and controlled
continuously.

Configuration Configuration,

monitoring and

:I E data analysis

p Aualysisand |1 yogule (Web)
Monitoring

Variables and

Data Control Module

Reading
Comparison —LP LightDark | Temperature

(4 n 1
Adjustment ﬁ Cycles

Figure 4. Configuration of the software module and its
interaction with the DB on its different phases of execution

DataBase
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Figure S. Diagram of the process for the execution of the
thread during the cycles of monitoring and control

TABLE 1. System requirements of the PC

SYSTEM REQUIREMENTS
Operating System MS Windows XP
Processor 1GHz
RAM Memory 1Gb
Hard Drive 20Gb

WEB Browser Firefox or Chrome

Java JDK 6.0
Tomcat Tomcat 6.x
MySQL My SQL Server 5.1

2. 3. Data Acquisition Card (DAQ) and Power

Board for the Actuators Both DAQ and power

board for the actuators was developed for the

experiment; each of the boards is characterized by:

. DAQ. The levels of operation for capturing and
shipping data through the RS232 port and USB
Port are TTL. The data capture and transmission
of the information frames can be done every
100ms if it is required. It also has 8 pines of
digital inputs, 8 pins of analog inputs and 8 pins
of digital outputs.

. Power board for the actuators. Elevates TTL
voltages that receives from the DAQ and
supplies 12 V output to the corresponding
actuator.
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2. 4. Sensors and Actuators As it was necessary
to control the temperature of the crop environment on
each of the PBR to keep them in the programmed value,
an integrated circuit sensor (CI) LM35 of National
Semiconductor was used, and it was covered with heat
shrinkable material to be submerged on the
environment.

To manage the effects of the cycles of light/dark and
temperature control, the following actuators were used:

. Light-Emitting Diode Surface Mount Device
extensions (LED SMD). These ones were
controlled by time; they had to be activated for
18 to 24 hours while the experiments were
running. But if it is required to change the
relation of hours that each of the extensions is lit,
the user can make the respective changes using
the interface of the web module. Given by the
activation of the LED SMD extensions
configuration, while the PBR was inside the
cylinder, it was guaranteed a uniform light
exposition on the crop (see Figure 6).

. FAN Cooler. Each fan was activated when the
temperature exceeded the set point value. These
ones were located above each PBR, causing the
air to recirculate from the bottom to the top
generating heat transfer forced by convection by
the respective vent holes (see Figure 7).

2. 5. Video Camera Looking for a sensation of
being at the laboratory, a 1.3 Mpx video camera over
each PBR was used, so that the cycles of light/dark and
the activation of the fan coolers were monitored
according to the programmed settings.

2. 6. Production System The production system
was composed of: 1) five PBRs and 2) a stir plate. Five
PBRs were implemented, four of them were controlled
and one was used as reference that didn’t have any
artificial lighting, temperature control or agitation.

Figure 8 shows the physical characteristics of the
PBR: 1) beaker of 10.5 cm diameter and 14 cm height, 1
L capacity and a working volume of 800 ml; 2) one
cover of transparent acrylic with 6 holes — 4 used for
gas interchange, 1 for the temperature sensor, 1 used for
central lighting - ; 3) central lighting provided by LED
SMD extensions; 4) external lighting given by an
extension rounding the PBR, as shown in Figure 6. The
LED SMD extension was located at 1cm away from the
PBR, which means that it didn’t have any contact with
the PBR so the microalgae were not attached to the light
source.

A VELP Scientifica stir plate was used as a magnetic
agitator.

Figure 6. Location of the LED SMD extensions

Fan cooler

Airflow

Figure 7. Location of the FAN Cooler in each PBR to
guarantee heat transfer forced by convection

Figure 8. Physical characteristics of each PBR
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3. CONTROL SYSTEM

According to Alamatian et al. [13], SICOMOAL is an
active control system, because control forces are
generated and applied by an external source (actuator)
to the structure.

The temperature control implied the operation with:
closed-loop structure, state sequence controller and
action of the final control element (actuator) discrete
(ON/OFF) type, see Table 2.

Four controllers were implemented, one for each
PBR. Each PBR was considered as a mono-variable and
SISO (Single Input Single Output) system. For
temperature controlling, a sensor was located inside
each PBR. When the controller detects a temperature
value for the crop Ts (k), above the sampling value T;
(k), it immediately activated the corresponding fan
cooler AVy (k) (with N=1,2,3,4), until the value of
temperature went below the established set point,
operating as a discrete mode (ON/OFF). The error
margin of temperature obtained was +1°C due to the
delay time of the control loop. In Figure 9 the block
diagram for the controlled PBR is shown.

4. EXPERIMENTATION CONDITIONS

Each preliminary experiment was done in triplicate in
one of the laboratories of the Engineering Faculty of the
Universidad de La Sabana located at 2600 m above sea
level, at an average temperature of 14°C. The
microscope used to take the photographs was a Nikon
Eclipse 80i, with a DS-Fil camera and a DS-U2
controller.

The settings of SICOMOAL for each experiment
were characterized by: a set point temperature of 24°C
on the controlled PBR, a temperature monitoring for the
sampling PBR, a perturbation supply corresponding to
the cycles of light/dark (18 light hours/6 dark) given
only by the extensions of LED SMD at different
wavelengths (see Table 3) and data sampling every
hour.

The conditions for the experimentation that were not
taken and managed by SICOMOAL were: agitation
speed of 720 rpm, duration of each experiment: 15 days,
green microalgae Hematococcus pluvialis (2505)
obtained from a collection of Texas University (UTEX),
initial inocula of 1.25x10* cells/ml of H. pluvialis, broth
MES-Volvos suggested by UTEX (see Table 4), and
800 ml of the working environment.

By maintaining a temperature, the cycles of
light/dark and the constant agitation speed; it was
sought to quantifying the growth rate associated to the
increment of biomass when the cells are exposed to
different wavelengths (L).

TABLE 2. Control laws of state sequence established on
SICOMOAL

CONTROL LAWS OF STATE SEQUENCE

Ts(k)-Ti(k)>0 — AVn(k)=1
Ts(k)-Ti(k)<0 — AVn(k)=0
t<t<t— Auk)=1
t<t;Vt>t;— A(k)=0

Thll"'t(k)" TekI-Tik0 | Avylk=t | | ‘Tuul]mt(k)
7 clk Tfk)-Tki<0["] I~

k)=
S Plant

Ayl

Figure 9. Block diagram of the temperature control system
and cycle of light/dark supply for a PBR.

TABLE 3. Working wavelengths to illuminate the crop H.
pluvialis

LED SMD EXTENSIONS A (nm) Amax (nM)
Red 560-700 625
Green 430-610 525
Blue 390-550 470
White

TABLE 4. Composition of each liter of the crop environment

COMPONENT QUANTITY
Ca(NO;),4H,0 1 mL/L
MgSO0, 7H,O 1 mL/L
Nasglycerophosphate.5H,O 1 mL/L
KC1 1 mL/L
MES 1.95g/L
Solution P-VI Metal 6 mL/L
NH,Cl 1 mL/L
By, Vit 1 mL/L
Biotina Vit 1 mL/L

5. RESULTS AND DISCUSSIONS

SICOMOAL permitted maintaining the needed
conditions on different crops of microalgae that were
carried out for 7 months. During this time, the crops
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were not contaminated, which happened when the
system did not exist, because it implied more
manipulation and personal interaction with the crop to
perfectly keep the variables of the process (24°C and
cycles of light/dark of 16/8 hours).

The results that were obtained affirm the importance
of the this kind of prototypes; thanks to the achieved
goals such as: reproducibility in the routine, more
efficiency to the physiological researching analytical-
casual and the verification of the process models,
researchers’ time optimization due to the automatic
control of the bioprocess and the advantage of
controlling and monitoring the process at any time at
any place.

Guaranteeing the continuous work with the desired
values of the process variables chosen (temperature and
cycles of light/dark) is vital for the bioprocess because,
in the case of submission of an increment of the
temperature, it could produce cell death if the value
overpasses 34°C for more than 8 hours specially in the
initial phase of the experiment (first 4 days), which will
imply, in turn, a minimum delay of a week or even a
month of experimentation, depending whether or not if
there is enough inocula.

The effectiveness of the prototype was measured
through the measurement of the growth kinetic and the
generation of the red pigment associated with the
Astaxanthin of the H. pluvialis crop according to the
different values of wavelength employed as light source.
The biological results are described below.

5. 1. Morphologic Change H. pluvialis is a
Chlorophyta  microalga that belongs to the
Chlorophyceae class, has a complex cellular cycle with
a variety of cell forms that change according to the crop
environment. Katsuda et al. [7] reported that there are
three types of cells: green and oval flagellated that is
denominated as vegetative; a green spherical cell,
without flagella denominated palmella; another red
spherical cell without flagella called Cyst or
Aplanospora. Fabregas et al. [14] reported that these
morphologic changes can be induced under conditions
of stress as high temperature, nutrient deficiency and
according to Kobayashi et al. [15] high light intensity
also affects.

Each morphologic change was observed during the
experimentation and it could be appreciated by
accumulation of Astaxanthin in the last cellular phase.
In its first phase, the microalgae were green, oval and
moved with the help of its flagella. In the second phase,
the form was spherical and the flagella disappeared so
there was less movement; the third phase appeared
when the cell was fully red and spherical (see Figure
10).

5. 2. Specific Coefficient and Growth Kinetic
The biomass values were measured by direct

quantification using the camera of Neubauer and a
Nikon Eclipse 80i microscope. Equation (1) was used to
calculate the coefficient of maximum specific growth of
the crop (Umax), taking into account: 1) the size of the
population at the end of the interval of time (x), 2) the
size of the population at the beginning of the interval of
time (Xo) and 3) the interval of time of the experiment
(At).

In(x)—In(x, ) 1

Hinax = At

& 5
2

1

'

0.‘5
(a)
(b)

Figure 10. Cellular cycle of H. pluvialis. a. Vegetative (first
day) b. Palmella (third day) and c. Cyst or Aplanospora
(seventh day). Photographs taken with the microscope Nikon
Eclipse 80i and a DS-Fil camera
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TABLE 5. Specific coefficients of maximum growth at
different wavelengths

Specific Coefficients of Maximum Growth (may)

PBR; (Red PBR, PBR; (Blue PBR, PBR;
light) (Green light) (White (No
light) light) light)

0.357+5.77  0.323+1.15  0.640+1.00  0.487+5.77

E-03 E-02 E-02 E-03 0

*Each value represents the mean of three independent determination.
(£) Standard deviation

~

o

s
T T N R A B Y

Concentration (cells/ml)
o

wo

L L

(=1

Time (Days)

—Red Light Green Light —Blue Light =——WhiteLight =——Daylight

Figure 11. Growth kinetics curves of H. pluvialis at different
wavelengths. Each value represents the mean of three
independentdeterminations. Error bars indicate the standard
deviation

Figure 12. H. pluvialis cells on day 15 in the PBR lighted
with: a. Red (625 nm) and b. Blue (470 nm). Photos taken
with a Nikon Eclipse 801 microscope and a DS-Fil camera

According to the specific coefficients of growth
calculated (see Table 5) on each of the crops, it was
established that the best growth was found on the PBR
lighted with a 470 nm (blue light) wavelength
meanwhile there was less growth on the 525 nm (green
light) wavelength, probably because of the absorption
efficiency of the chlorophyll of the green light,
coinciding with the report of Katsuda et al. [16].

while quantification of the growth kinetics measured
in number of cells per ml using different wavelengths, it
was found that in the reference PBR after day 7 the cells
stopped growing and started dying due to the low
temperatures that were reported on the monitoring
realized by the system at early morning (16 £1°C). As
the specific coefficients of growth and growth kinetics
curves show in Figure 11, it could be established that it
was higher when the cells were illuminated with a short
wavelength (470 nm), i.e. blue light that agrees with the
reports of Katsuda et al. [17] and Garzon-Castro et al.
[18]. Also, the cells lighted with blue light on days 13
and 15 grew compared to the first phases of cellular
growth.

5. 3. Red Pigment Cells The Astaxanthin is a
secondary metabolite that is produced under conditions
of stress, so it was decided to use the light as a stress
condition on cycles of light/dark (18/6), using it as an
accelerator of the process of accumulation of
Astaxanthin reported by Vonshak et al. [10]. After the
fourth day, the production of red pigment was seen
inside the cells located on the PBR lighted by a 470 nm
wavelength. At the end of the experiment, the cells
exposed to that wavelength increased the red
pigmentation considerably, which agreed with the
reports of Lababpour et al. [19, 20] which implied that
the short wavelengths (380-470 nm) could induce the
accumulation of high quantities of Astaxanthin in H.
pluvialis; meantime in the PBR lighted with red light
and green light, most of the cells did not produce red
pigment. In addition, it was concluded that the
accumulation of Astaxanthin implied a decrease of cell
growth, which agreed with Katsuda et al. [16]. In Figure
12, some H. pluvialis cells of day 15 can be appreciated,
observing that there was less quantity of cells on the
PBR lighted with red light, besides that they did not turn
red; meanwhile the number of cells found in the PBR
lighted with blue light was more that they all turned red.

The efficiency of the illumination in a range of 380-
470 nm for the production of Astaxanthin was
confirmed, because between the fourth and fifth day
there were changes on the cell color (green to red). Even
though some authors such as Katsuda et al. [16] and
Beltran et al. [18] found that red LEDs serve as cell
growth and the blue help morphologic changes and
produce Astaxanthin, on this non axenic crop the
behavior was not the same.
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6. CONCLUSIONS

Use of SICOMOAL allows being assured on the results
of different crops, because there is a continuous and
rigorous controlling and monitoring of the different
variables of the process guarantying the quality and the
reproducibility of the bioprocess. The web handling
helps the complementation of this kind of development
and research as it is not necessary to be in the
laboratory, saving time, allowing the continuous
checking of the system.

The automation guarantees the quality of the
bioprocesses and optimizes the researches’ time,
incrementing the reproducibility of the routinely
production processes, allowing more efficiency for the
physiological and casual-analytic researching, the
verification of the process models and the development
of bioprocess.

The utilization of SICOMOAL is restricted to the
researches of the Universidad de La Sabana, its use will
be restricted as long as it is tested with other strains, as
it pretends to find concluding results on the effects of
the two variables over the growth kinetics. Moreover,
the control over more variables that help the
acceleration of this process has started, as: CO, and pH.
For 2013, it is expected that the prototype will be used
to develop other investigations at the doctoral and
magister level for both Universidad de La Sabana and
collaborating with other researchers of other universities
inside and outside the country.

It was determined that the combination of
environmental parameters directly influences the growth
kinetics of microalgae, the size of the cells, and
changing color from green to red (color associated with
the production of Astaxanthin).

It was established in this study that LED lights of
short wavelength (470 nm) not only generate a greater
kinetic growth and induce accumulation of Astaxanthin
in axenic crops but also cause suppression of cell
growth.
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