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Abstract

:

The article presents the basic conceptual assumptions of a photobioreactor with a complementary lighting system. The cylindrical bioreactor has three independent, interconnected, and fully controlled lighting systems. A characteristic feature is the combination of the lighting system with the measurement of photosynthetically active PAR (photosynthetically active radiation) and the optical density of the culture medium. The entire lighting system is based on RGBW (“red, green, blue, white”) LED and RBG (“red, green, blue”) LEDs. The pilot study was conducted on a simplified prototype of a photobioreactor designed for the distribution and optimization of light in algae cultures designed for energy purposes. The study was carried out on microalgae Chlorella Vulgaris BA0002a from the collection of marine algae cultures.
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1. Introduction


By definition a renewable resource, biomass remains an important aspect of the search for sustainable energy sources [1]. This includes not only refuse and energetic wood plantations, but also specially grown algae [2]. Algae-derived biomass may be used for energy production, whether by simple firing or co-firing with refuse-derived fuels, other biomass, or non-renewable fuels, or through production of biofuels [3]. The algae-derived biofuels may take the form of pyrolytic solid fuels [4], burnable gases such as hydrogen and methane [5], or liquid hydrocarbons and biodiesel [6,7]. Other chemical components, such as ammonia, may as well be produced through algae cultivation [8]. As photosynthetic organisms consume carbon dioxide in the process of photosynthesis, algae breeding also presents a desirable side-effect of carbon sequestration [9,10].



Like other autotrophic organisms, algae grow best when certain optimal conditions are reached. This makes outdoor algae farming impractical in colder climates, as the conditions for growth occur only through a part of the year at best; in addition to this, the natural conditions are subject to modification to a highly limited extent. However, unlike most multicellular plants, algae do not require soil and have a limited need for space. As a result, algae can be grown in specially prepared vessels or photobioreactors. This arrangement not only allows for year-round breeding of algae, but also for the adjustment of conditions such as, e.g., light wavelength [11] or light intensity, or even vessel geometry [12], in search for the optimal growth rate. Moreover, industrial photobioreactors must also allow for practical removal of algal matter without interrupting their operation. Therefore, research into algal growth conditions and photobioreactor construction remain an important and promising segment of renewable energy research.



As mentioned above, light is one of the most important factors affecting the rate of growth of photosynthetic organisms. The influence of light energy varies for different processes and different species. Both excessive lighting and lack of light adversely affect the production of biomass. Within a photobioreactor, the conversion of available light depends on the concentration of biomass, and thus on the optimal distribution of radiant energy, so that all cells receive the appropriate amount. It is assumed that the optimal value of the density of the photon flux for algae is in the range of 100–600 μmol·m−2·s−1 and is characteristic not only for a given species, but even for a given type [13]. In addition to the above, the microalgae cells reduce the intensity of light within the photobioreactor. Located farther from the source of light, they will receive less radiation as a result of mutual occlusion, which results in a decrease in the rate of growth. There is a process of absorption and dispersion called the effect of shading [14]. As the cell density increases, the intensity of light in the reactor is suppressed. Excessive lighting also acts as a brake causing the so-called photoinhibition phenomenon, i.e., a situation in which a photosynthetic microorganism is exposed to a greater amount of radiant energy than the one it is able to process. Thus, the second-order photositemator is damaged [15,16,17]. The situation usually takes place in the early stages, just after the establishment of the breeding.



Numerous constructional solutions of photobioreactors, such as columnary photobioreactors or cylindrical bubble columns made of light-transparent materials, with aeration culture of aerated algae in different gas mixtures mounted in them [18,19], can be found in the literature. Such solutions due to the large area of exposure and the price are ideal for outdoor farming, used on an industrial scale for the production of algae [20]. Tubular photobioreactors combined in a series are also used in outdoor cultures. The bundles of pipes directed towards the sun maximize the effect of solar radiation [21]. In artificial lighting cultures for illuminating photobioreactors, LED diodes are most often used due to the emission of radiation with narrow wavelength ranges and the ability to easily select the color of light. The research suggests that the growth of algae is largely influenced by the spectrum of red light, favoring their faster multiplication and growth. On the other hand, the spectrum of blue light causes cell growth [22].



Commonly used types of PBRs (photobioreactors) are flat panels used outdoors in conditions of natural surroundings. Due to their design and location, they are characterized by a perpendicular arrangement of the longest side of the bioreactor in relation to lighting, or a constant incapable of changing the inclination angle in relation to the radiation incidence plane [23]. These reactors do not allow for optimal exposure conditions for the photoautotrophic biomass located in them and thus do not allow control of the intensity of light falling on the surface of the photobioreactor. In the case of excessive intensity of lighting, the known solutions are used to inhibit the growth of biomass, which directly translates into the result of productivity. In the above systems it is also difficult to control temperature or gas removal [24,25]. There is also an example of a Polish photobioreactor solution contained in patent specification PL 224183 regarding a flat panel intended for growing microorganisms in the natural environment. The invention relates to the construction of a system following natural light. In respect to the method of gas introduction and the shape of the vessel, the air lift type of PBRs has seen interest. The reactors are divided into the light and the dark zone, while the driving force is provided by the air-lift module responsible for the circulation of the biomass and therefore the uniform exposition of algae cells to the light [26,27].



Another solution are photobioreactors made of a transparent film forming cultured reservoirs permeable to light [28]. Devices of this type are economically advantageous due to the possibility of easy assembly in places where it is possible to use, for example, waste carbon dioxide [14,29,30].



Laboratory solutions for photobioreactors of various constructions, fully automated, performing the task of breeding, research and optimization in multiplication processes of photoautotrophic microorganisms, despite the fact that they meet the tasks set before them, show a number of imperfections, including those related to the distribution of light. A number of solutions implement the radiant energy in an artificial way, hence the light structures are arranged both inside photobioreactors and outside the units [13,24,31]. The above solutions, however, do not ensure that the breeding facilities are illuminated from below. They also do not allow symmetrical and homogeneous illumination of cultures in a cylindrical bioreactor and thus do not provide a steady and uniform intensity of photosynthetically active radiation (PAR) reaching the cylindrical reactor, which can provide a cylindrical light jacket. They do not measure the radiation inside the reactor during real-time cultivation and do not compensate for changes related to the uneven distribution of radiation inside the reactor or the phytotron chamber. The aim of the article is to present an innovative concept of a photobioreactor prototype for the cultivation of photosynthetic microorganisms, in particular, the integrated follow-up lighting system. The model has been extended with additional elements by installing a circulating pump forcing the circulation of cultures so that all cells receive the same amount of light energy that directly affects their growth.



Taking the above into account, as part of research on photosynthetic microorganisms, a simplified photobioreactor model for studying the influence of light and other parameters on microalgae cultures was designed and built at the Department of Mechanical Engineering and Agrophysics. The photobioreactor prototype with the follow-up lighting system was submitted to the Patent Office and is currently assigned a number (P.429507) [32]. The invention relates to a specialized device for cultivating microorganisms, including microalgae, both in a continuous and periodic system. The solution for continuous production is intended for industrial needs, whereas the solution for periodic farming is for the needs of scientific research and to pilot optimization of breeding.



In order to ensure uniform and sufficient distribution of light along with dynamically changing conditions during cultivation, a photobioreactor prototype was designed with a follow-up, or lagging, lighting system. The key role in the lagging lighting system is played by a fully controlled and programmed unit, coupled with a measurement of the productivity of the farm and PAR (photosynthetically active radiation, a range of wavelengths of light in the range of 400–700 nm) [33] in the medium, enabling change of the lighting parameters relative to the changing culture conditions during the process. The entire lighting system is implemented by using LED RBGW and LED RBG lamps, selected in terms of wavelengths so that they best match the natural needs of photosynthetic microorganisms. LED lighting during operation generates less heat and is energy-saving. The controllers enable independent, smooth control of the intensity of colored LED panels, in individual modules, in the full power range together with the measurement of PAR radiation. The use of this type of lighting allows for smooth adjustment of light intensity and tunability of color intensity. In addition, the unit allows you to set independent brightening or blanking speeds of individual lighting modules with different time increments. The intensity of radiation is coupled with PAR measurement inside the reactor.



Functionally, the system has been divided into three basic lighting modules. A characteristic feature of the lighting system is a cylindrical light jacket ensuring an even illumination of the medium around the perimeter of the reactor. In addition, the system includes lighting for the bottom of the tank and lid. Thanks to the multidirectional illumination of cylindrical reactors, a large, developed light surface for breeding is obtained.




2. Materials and Methods


2.1. Construction of the System


A glass cylindrical reaction vessel (photobioreactor), transparent to solar and artificial radiation, ensures the transmission of as much energy as possible to the absorbing surface. The reactor consists of three lighting modules with control and registration system, feeding, mixing and sampling. The glass cylinder of the photobioreactor is placed in the light jacket, covered from the top with an airtight cover together with holes for taking samples, through which the feeding, mixing, venting, and transporting systems of the culture medium pass. The photobioreactor’s lighting consists of the following lighting modules:




	
module I—the cylindrical jacket panel inside which the reactor is placed,



	
module II—lower lighting panel, implemented by lighting from the bottom of the reaction tank —the light source is lighting,



	
module III—the panel of the illuminated reactor tank cover.








All light modules are coupled together and allow for full regulation and control of both color and intensity, duration of lighting time, and the possibility of setting independent speeds of simulating sunrises and sunsets or applying pulsed radiation of the required color. The lighting system is intended for cylindrical units with various L/d modules (aspect; height divided by diameter). The lighting is controlled by a computer (MCU), which selects the optimal parameters based on the sensor of the photosynthetic active PAR radiation intensity and the time of day and night. Knowledge of the distribution of radiation energy density and degradation in the PBR and energy absorption by algal biomass is necessary for the analysis and optimization of cultures in photobioreactors with artificial lighting. The control parameters are selected empirically and saved to the MCU in the form of patterns. The sensor of the intensity of photosynthetic PAR radiation can be moved additionally along the radius of the cylinder, which allows the measurement of the intensity of PAR radiation in the reactor space.



The upper light panel, which at the same time constitutes the reactor cover, ensures the supply and drainage of media necessary for culturing. In addition, the entire photobioreactor unit is equipped with:




	
a sensor for measuring PAR (linear, point),



	
a real-time optical density meter for breeding,



	
a diffuser for the CO2 feeding system and feeding of other process gases, equipped with an inlet nozzle with a shut-off valve and a meter to measure the amount of gas fed,



	
a biomass mixing and sampling system—a suction and delivery pump with a discharge connector for removing biomass with a shut-off valve,



	
a temperature measurement sensor,



	
a system for measuring filtration and UV disinfection and nutrient solution,



	
an inoculum delivery and nutrient replenishment system, and



	
a cooling and heating system—a thermostabilization system for breeding.








The photobioreactor according to the invention works in strictly controlled and programmed conditions, suitable for use at a semi-industrial and industrial scale. The scheme of the photobioreactor is shown in Figure 1.



The photobioreactor (1) is a glass, cylindrical reaction vessel with a dm3·d−1 module (0.3–2.0), transparent in the visible and invisible spectrum for photosynthetically active radiation and embedded inside a lighting system that includes a cylindrical light jacket (2), lower light panel (3), and upper light panel (4) (constituting the reactor cover). The photobioreactor system is equipped with a suction and force pump (5), quantum immersion sensor for measuring photosynthetic radiation PAR (6), temperature sensor (7), CO2 feeding system, and the introduction of other process gases (8). Moreover, the entire photobioreactor system also includes a biomass pickup system (9), UV measurement and disinfection unit of the filtrate (10), nutrient solution and inoculum (11), and heating-cooling system (12).



All systems, meters, and sensors are connected to the microcomputer controller (13), to which the lighting controls of the three light panels are also connected.



A simplified prototype was made at the University of Agriculture in Krakow. During the experimentation of cultivation, the Chlorella Vulgaris strain BA0002a obtained from the Collection of Baltic Sea Cultures of the University of Gdańsk (CCBA) was used. The first experiments were carried out in a prototype glass photobioreactor with an active volume of 4 dm³. Before the experiments were started, the photobioreactor was sterilized and inoculated with 2 ml of microalgae in the medium. The experiments were carried out at a temperature of 23–25 °C and at a pH of 6.5–7.0. The culture was fed with carbon dioxide fed to the interior of the photobioreactor by means of a diffuser. Circulation of the culture medium was ensured using a circulating pump with an average capacity of 80.0 dm3·h−1. The lighting was a follow-up lighting system using LED RBGW diodes, with the number of lighting points being not less than 1500 RGBW LEDs and RGB LED per m2, in the form of a cylindrical light jacket and a lower panel lighting system and illuminated cover.




2.2. Methodology for Measuring the Intensity of Lighting


Preliminary pilot studies were carried out on the designed prototype of the photobioreactor. Measurement of the PAR radiation intensity inside the culture medium was carried out with the Quantum Meter MQ-100 Apogee Instruments measuring probe (Figure 2b) for measurements in an aqueous environment with a spectral range of 410–655 nm. The measuring device consisted of a digital meter with a quantum sensor. The tests were carried out during breeding, inside the culture medium with a directional probe set to the light source. Measurements were made along measurement path I marked on the diagram and on the axis of the photobioreactor (WWTP). The meter sensor was mounted on a tripod rail and moved vertically every 10 mm ± 1.0 mm along the marked measurement lines (Figure 2a). The measurements made will ultimately form the measurement grid of the PAR radiation intensity in the active volume of the reactors with a different lighting system.



The tests were carried out for the dual cylindrical light jacket switched on and the low light panel also switched on. LED directional lighting placed from the bottom contained 30 points of light of about 18 W, 1100 lm, 3000 K (warm white color), and 230 V, while the double light jacket consisted of: module I—150 LED RBG type LED lights with 36 W, 12 V, controller, white on; module II—300 points of light—18 W 950 lm, with a color temperature of 3100 K (warm white), 12 V power supply. The lighting worked in the day/night 14/10 system. The geometrical dimensions of the cylindrical light jacket were: diameter (24.5 ± 1.0) mm, height (19.5 ± 1.0) mm.



Growth of microalgae Chlorella vulgaris BA0002a from the collection of Baltic algae cultures at the CCBA (Culture Collection of Baltic Algae) was carried out in a sterilized cylindrical glass reactor with an dm3·d−1 module equal to 0.985 and 4.16 dm3, including an active capacity of 4 dm3 on nutrient medium about the composition of Table 1.



The medium of 4 dm3 was inoculated with 2 ml of microalgae inoculum. Figure 3 presents graphs from pilot measurements of the intensity of photosynthetically active radiation, using a measuring probe whose head was directed towards the light jacket and was moved along measuring path I and on the axis of the reactor. Measurements of PAR radiation intensity were made for two different optical densities of the cultured 4.23 McF and 7.35 McF media, determined using a DEN-1B densitometer, in the McF degrees (0–180·104 cell·dm−3).





3. Results


Measurements of PAR intensity were made by means of a directional probe adjusted to one light source which was a double cylindrical light jacket. The probe was displaced every 10 mm along the reactor axis. It is easy to observe that for lower optical density the distribution of light inside the reactor has similar characteristics along measuring path I and along the PBR axis (Figure 3). The photon flux density in the reactor axis was the smallest and, about 25 mm from the bottom, decreased to values close to zero. In the case of the measurement along path I, the radiation reaching the reactor wall from about 50 mm from the bottom maintained a constant level of about 110 µmol·m−2·s−1. The richest zone with the highest radiation density in the set system was the bottom zone along the reactor wall.



Comparing the radiation distribution pattern inside the reactor at the optical density of 7.35 McF, we can notice a large uneven distribution of radiant energy in the reactor space (Figure 4). The radiation in the reactor axis is at zero, while immense unevenness and chaos of the photon flux prevails inside the culture medium in the measurement carried out according to path I. Both at the bottom and near the reactor cover there are larger values, because here the radiation from the cover module and the bottom panel is reaching the culture, while at the middle height of the tested system, the radiation reaching the culture is suppressed by 50%.




4. Conclusions


The presented solution is innovative in terms of its comprehensiveness and multi-functionality and provides a fix for the problem of light distribution inside a PBR. The real-time light radiation intensity compensation using measured parameters can compensate for the deficits of uneven distribution of light and thus optimize the conducted breeding. The values set at the beginning of the cultivation during the production of biomass, after obtaining the feedback signal from on-line measurements, can be changed in real time, automatically as well as manually, during the process. There is a possibility of adjusting the amount of radiation to the increasing concentration of microorganisms based on PAR measurements obtained in real time from the inside the farm. None of the known solutions compensate for differences in light distribution in real time on the basis of photon flux density measurements reaching the breeding medium, which in this case is an innovation in the technical solution. The same applies to the administration of nutrients in periodic cultures. Pilot study results showed significant differences in the distribution of available light energy in the reactor space, which varies with the increase in biomass.







Author Contributions


Conceptualization, B.B.; Data curation, B.B. and T.H.; Formal analysis, T.H.; Methodology, J.G.; Project administration, B.B.; Resources, J.G.; Writing—original draft, B.B.; Writing—review & editing, T.H. and J.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was financed by the Ministry of Science and Higher Education of the Republic of Poland.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Ahorsu, R.; Medina, F.; Constantí, M. Significance and Challenges of Biomass as a Suitable Feedstock for Bioenergy and Biochemical Production: A Review. Energies 2018, 11, 3366. [Google Scholar] [CrossRef]

	



Saad, M.G.; Dosoky, N.S.; Zoromba, M.S.; Shafik, H.S. Algal Biofuels: Current Status and Key Challenges. Energies 2019, 12, 1920. [Google Scholar] [CrossRef]

	



Amaro, H.M.; Macedo, A.C.; Malcata, F.X. Microalgae: An alternative as sustainable source of biofuels. Energy 2012, 44, 158–166. [Google Scholar] [CrossRef]

	



Lee, J.; Lee, K.; Sohn, D.; Kim, Y.M.; Park, K.Y. Hydrothermal carbonization of lipid extracted algae for hydrochar production and feasibility of using hydrochar as a solid fuel. Energy 2018, 153, 913–920. [Google Scholar] [CrossRef]

	



Ding, L.; Gutierrez, E.C.; Cheng, J.; Xia, A.; O’Shea, R.; Guneratnam, A.J.; Murphy, J.D. Assessment of continuous fermentative hydrogen and methane co-production using macro- and micro-algae with increasing organic loading rate. Energy 2018, 151, 760–770. [Google Scholar] [CrossRef]

	



Markou, G.; Angelidaki, I.; Nerantzis, E.; Georgakakis, G. Bioethanol Production by Carbohydrate-Enriched Biomass of Arthrospira (Spirulina) platensis. Energies 2013, 6, 3937–3950. [Google Scholar] [CrossRef]

	



Islam, M.A.; Magnusson, M.; Brown, R.J.; Ayoko, G.A.; Nabi, N.; Heimann, K. Microalgal Species Selection for Biodiesel Production Based on Fuel Properties Derived from Fatty Acid Profiles. Energies 2013, 6, 5676–5702. [Google Scholar] [CrossRef]

	



Wijayanta, A.T.; Aziz, M. Ammonia production from algae via integrated hydrothermal gasification, chemical looping, N2 production, and NH3 synthesis. Energy 2019, 174, 331–338. [Google Scholar] [CrossRef]

	



Ferreira, L.S.; Rodrigues, M.S.; Converti, A.; Sato, S.; Carvalho, L.C.M. Arthrospira (Spirulina) platensis cultivation in tubular photobioreactor: Use of no-cost CO2 from ethanol fermentation. Energy 2012, 92, 379–385. [Google Scholar] [CrossRef]

	



Mohler, D.T.; Wilson, M.H.; Fan, Z.; Groppo, J.G.; Crocker, M. Beneficial Reuse of Industrial CO2 Emissions Using a Microalgae Photobioreactor: Waste Heat Utilization Assessment. Energies 2019, 12, 2634. [Google Scholar] [CrossRef]

	



Zhang, Y.; Bao, K.; Wang, J.; Chao, Y.; Hu, C. Performance of mixed LED light wavelengths on nutrient removal and biogas upgrading by different microalgal-based treatment technologies. Energy 2017, 130, 392–401. [Google Scholar] [CrossRef]

	



Hosseini, N.S.; Shang, H.; Scott, J.A. Optimization of microalgae-sourced lipids production for biodiesel in a top-lit gas-lift bioreactor using response surface methodology. Energy 2018, 146, 47–56. [Google Scholar] [CrossRef]

	



Kumar, A.; Ergas, S.; Yuan, X.; Sahu, A.; Zhang, Q.; Dewulf, J.; Malcata, F.X.; van Langenhove, H. Enhanced CO2 fixation and biofuel production via microalgae: Recent developments and future directions. Trends Biotechnol. 2010, 28, 371–380. [Google Scholar] [CrossRef]

	



Chisti, Y. Biodiesel from microalgae. Biotechnol. Adv. 2007, 25, 294–306. [Google Scholar] [CrossRef]

	



Carvalho, A.P.; Meireles, L.A.; Malcata, F.X. Microalgal reactors: A review of enclosed system design and performances. Biotechnol. Prog. 2006, 22, 1490–1506. [Google Scholar] [CrossRef]

	



Vass, I.; Cser, K.; Cheregi, O. Molecular mechanisms of light stress of photosynthesis. Ann. N. Y. Acad. Sci. 2007, 1113, 114–122. [Google Scholar] [CrossRef]

	



Pupo, O.R.; García, S.; Valencia, G.; Bula, A. Conceptual Design of Photobioreactor for Algae Cultivation. In Proceedings of the ASME 2011, International Mechanical Engineering Congress and Exposition, Denver, CO, USA, 11–17 November 2011. [Google Scholar]

	



Kumar, K.; Dasgupta, C.N.; Nayak, B.; Lindblad, P.; Das, D. Development of suitable photobioreactors for CO2 sequestration addressing global warming using green algae and cyanobacteria. Bioresour. Technol. 2011, 102, 4945–4953. [Google Scholar] [CrossRef]

	



Singh, R.N.; Sharma, S. Development of suitable photobioreactor for algae production. Renew Sustain. Energy Rev. 2012, 16, 2347–2353. [Google Scholar] [CrossRef]

	



Richmond, A.; Hu, Q. Handbook of Microalgal Culture; Blackwell Publishers: Hoboken, NJ, USA, 2004; pp. 57–82. [Google Scholar]

	



Norsker, N.H.; Barbosa, M.J.; Vermuë, M.H.; Wijffels, R.H. Microalgal production—A close look at the economics. Biotechnol. Adv. 2011, 29, 24–27. [Google Scholar] [CrossRef]

	



Chen, P.; Min, M.; Chen, Y.; Wang, L.; Li, Y.; Chen, Q. Review of the biological and engineering aspects of algae to fuels approach. Int. J. Agric. Biol. Eng. 2009, 2, 1–30. [Google Scholar]

	



Frąc, M.; Jezierska-Tys, S.; Tys, J. Microalgae for biofuels production and environmental applications: A review. Afr. J Biotechnol. 2010, 9, 9227–9236. [Google Scholar]

	



Ugwu, C.U.; Aoyagi, H.; Uchiyama, H. Photobioreactors for mass cultivation of algae. Bioresour. Technol. 2008, 99, 4021–4028. [Google Scholar] [CrossRef]

	



Pierre, G.; Delattre, C.; Dubessay, P.; Jubeau, S.; Vialleix, C.; Cadoret, J.-P.; Probert, I.; Michaud, P. What Is in Store for EPS Microalgae in the Next Decade? Molecules 2019, 24, 4296. [Google Scholar] [CrossRef]

	



De Carvalho, L.R.; Fujü, M.T.; Roque, N.F.; Lago, J.H.G. Aldingenin derivatives from the red alga Laurencia aldingensis. Phytochemistry 2006, 67, 1331–1335. [Google Scholar] [CrossRef]

	



Posten, C. Design principles of photo-bioreactors for cultivation of microalgae. Eng. Life Sci. 2009, 3, 165–177. [Google Scholar] [CrossRef]

	



Kim, E.H.; Sim, S.J. Photobioreactor Made of a Transparent Film. Patent WO2011090330, 20 January 2011. [Google Scholar]

	



Borowitzka, M.A. Commercial production of microalgae: Ponds, tanks, tubes and fermenters. J. Biotechnol. 1999, 70, 313–321. [Google Scholar] [CrossRef]

	



Carlozzi, P.; Torzillo, G. Productivity of Spirulina in a strongly curved outdoor tubular photobioreactor. Appl. Microbiol. Biot. 1996, 45, 18–23. [Google Scholar] [CrossRef]

	



Kozieł, W.; Włodarczyk, T. Algae—biomass production. Acta Agrophys. 2011, 17, 105–116. [Google Scholar]

	



Talbierz, S.; Kukulska, N. Photobioreactor. Patent PL224183B1, 6 February 2012. [Google Scholar]

	



Suh, I.S.; Lee, S.B. A light distribution model for an internally radiating photobioreactor. Biotechnol. Bioeng. 2003, 82, 180–189. [Google Scholar] [CrossRef]








[image: Energies 13 01143 g001 550] 





Figure 1. A photobioreactor scheme with a follow-up lighting system; source: own studies. Symbols described in text. 
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Figure 2. Diagram of PAR radiation measurement paths in the reactor (a) and Quantum Meter MQ-100 meter by Apogee Instruments (b); source: own work. 
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Figure 3. Characterization of photosynthetically active radiation distribution for optical density 4.23 McF (“OŚ” denotes a path along the reactor axis). 
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Figure 4. Characterization of photosynthetic PAR vector radiation distribution for optical density 7.35 McF. 
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Table 1. Composition of culture medium.






Table 1. Composition of culture medium.





	Component
	Concentration, mg·dm−3





	N
	184.5



	P
	49.2



	K
	192.0
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