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Abstract

:

The cultivation of microalgae has become a viable option to mitigate increase in CO2 in the atmosphere generated by industrial activities since they can capture CO2 as a carbon source for growth. Besides, they produce significant amounts of oils, carbohydrates, proteins, and other compounds of economic interest. There are several investigations related to the process, however, there is still no optimal scenario, since may depend on the final use of the biomass. The objective of this work was to develop a techno-economic evaluation of various technologies in harvesting and drying stages. The techno-economic estimation of these technologies provides a variety of production scenarios. Photobioreactors were used considering 1 ha as a cultivation area and a biomass production of 22.66 g/m2/day and a CO2 capture of 148.4 tons/ha/year was estimated. The production scenarios considered in this study have high energy demand and high operating costs (12.09–12.51 kWh/kg and US $210.05–214.59/kg). These results are mainly a consequence of the use of tubular photobioreactors as a biomass culture system. However, the use of photobioreactors in the production of microalgal biomass allows it to be obtained in optimal conditions for its use in the food or pharmaceutical industry.
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1. Introduction


Microalgae biomass production has received great interest in recent decades, partially due to its great capacity to capture CO2 compared to terrestrial crops [1]. In addition, microalgae biomass can provide a wide variety of organic compounds of commercial interest (i.e., polysaccharides, biopeptides, biopolymers, antioxidants and pigments), and also, being rich in carbohydrates and oils, it provides the ability to produce bioenergetics (biomethane, biohydrogen, biodiesel, and bioethanol) [2,3]. Furthermore, the microalgal biomass can be used as food and animal feed because of its high protein content [4]. The microalgae can be grown using various water resources, including freshwater, seawater, and even industrial or domestic wastewater [5]. Biomass derived from microalgae has significant advantages over biomass derived from other sources [6,7]. One of the advantages of microalgae cultivation is that it does not require arable or forested land for its production [8,9]. They also have high growth rates, can double their biomass in periods as short as 3.5 h, and can be produced in continuous processes in contrast to other sources of biomass production [6,10].



Despite the wide application of microalgae, there are many challenges in the de-velopment of technology for the use of biomass, among them the following stand out: (1) the selection of the microalgae species must have as essential requirements the maximum production of lipids, the type of lipids with potential for the production of bioenergetics and the co-products of interest that could be extracted; (2) achieve higher photosynthetic efficiencies through continuous development of production systems; (3) minimize evaporation and CO2 losses due to limited diffusion in open crops; (4) negative energy balance after taking into account the requirements of water pumping, CO2 transfer, harvest, and oil extraction; (5) a lack of data for large-scale plant because few commercial plants are in operation; (6) incorporation of unsuitable combustion gases due to the presence of toxic compounds in high concentrations such as NOx and SOx [11]. Even with the challenges posed by the production of microalgal biomass, the expected increase in the world population will cause a growing demand for natural resources, which favors the production of bioenergetics from sources that do not generate an overpressure of these resources [7,11]. Some research groups have focused on the investigation of microalgae species genetically modified to improve biomass production and lipid content. In addition to this, these investigations seek the generation of co-products of high economic value that improves the economic profitability of the process [12,13].



Microalgae have a great capacity to capture CO2, which can come from the atmosphere or directly from combustion gas emissions. They can capture CO2 up to 1.7–1.8 times their weight (dry basis) due to their high photosynthetic capacity [14,15,16]. There is a growing interest in analyzing the biomass production of microalgae using CO2 from the flue gases of thermoelectric plants as a carbon source [14,17,18,19,20]. It has been reported that even integrating CO2 emissions, biomass production is still not economically viable, therefore it is believed that including wastewater bioremediation (as a source of nutrients) and co-production of biofuels and microalgae bioproducts (a biorefinery concept) will achieve a promising approach improving the economics of the overall process [12,21,22].



Intracellular compounds and metabolites of microalgae have gained immense importance due to their high monetary value. For example, microalgae pigments like chlorophyll a, chlorophyll b, lutein, astaxanthin, β-carotene, phycobilins, C-phycocyanin have found wide application in food, feed additives, cosmetics, nutraceuticals, and pharmaceuticals agents. Other compounds of interest are amino acids (leucine, asparagine, glutamine, cysteine, arginine, aspartate, alanine, glycine, lysine, and valine), carbohydrates (β1–3-glucan, amylose, starch, cellulose, and alginates), and vitamins and minerals (vitamin B1, B2, B6, B12, C, E, biotin, folic acid, magnesium, calcium, phosphate, iodine) that are widely used in food additives, health supplements and medicine [23].



The production of biomass from microalgae requires several stages: cultivation, harvesting, and drying. The cultivation stage generates most of the process costs due to its high energy demand caused by the need to maintain a stable medium (temperature, pH, low O2 concentration) and provide the necessary nutrients for growth including light [24]. Culture systems can be classified as open and closed. Open systems can be circular or raceway pond. Open pond systems are mainly used on an industrial scale, due to their lower cost of operation and easy construction [25]. However, water losses due to evaporation cause limited control over light conditions, temperature and CO2 diffusion, directly affecting biomass production resulting in low yield [11,26]. Biomass can be easily contaminated by external agents, limiting its application and preventing its use to obtain high-value products for the pharmaceutical and cosmetic industry [10,12].



On the other hand, closed microalgae culture systems such as photobioreactors (PBRs) have several advantages over open culture systems. Some of the advantages of PBRs are a better control of the cultivation conditions, to obtain a biomass with homogeneous characteristics, and to minimize contamination by other microorganisms that can affect the quality of the biomass [11,16,27].



PBRs allow greater control in growing conditions than in open systems, and, consequently, a higher biomass production per growing area is achieved, as well as greater CO2 and nutrient absorption efficiency [28,29]. Unlike production in open ponds, PBRs allow the cultivation of a single species of microalgae for prolonged periods with less risk of contamination increasing the potential of use for biomass [16,27]. In terms of operating costs, PBRs are more expensive than open culture systems. This is mainly due to the energy consumption necessary to maintain the operating conditions of the PBRs such as pumping the culture medium, supplying the adequate concentration of CO2 (carbon source) to carry out the photosynthetic process and removing the excess O2 produced. As an alternative to reduce this consumption, the use of renewable energies could be implemented. Another advantage of PBRs technology over open cultivation systems is the requirement of a smaller cultivation area to obtain a higher biomass production and a better control of the operating conditions to produce biomass with homogeneous characteristics [27]. The biomass obtained in the PBRs has homogeneous characteristics, and can serve as feed to biorefinery processes, reducing fluctuations in the process while preserving the quality of the final products. Besides, PBRs can guarantee the characteristics of the by-products generated by microalgae which can improve economic profitability.



The selection of the cultivation system depends on the quality of final products [30]. For example, if a high-quality product with few contaminants is required, closed cultures should be selected, while if an open system is chosen, a microalgae strain capable of inhibiting the growth of other contaminating species in the culture system must be selected to guarantee a high biomass production. Natural climatic conditions and the cost of land availability also play an important role in determining the cropping system [10].



After cultivation, microalgal biomass must be collected. Several methods can be applied at this stage. However, the application of some of them depends on the characteristics of microalgae such as size, cell density, the final product to be obtained, and whether the culture medium is to be reused [8]. Currently, existing harvesting methods include mechanical, chemical, biological, and electrical techniques [8]. Harvesting by flocculation or flotation is more economical and suitable for biomass production where high quality is not required for its use. Meanwhile if a higher quality is required in the biomass, the use of centrifugation is recommended, since no chemicals are added for its collection. On the other hand, this technology has a high energy consumption which increases operating costs [29]. It has been reported that carrying out the harvest in two stages increases the efficiency in the collection of biomass [31]. Additionally, the costs associated with the production process and energy consumption are reduced. The first stage consists of enriching the culture medium through flocculation, flotation, gravity sedimentation, electro-flocculation, or ultrasound, and as a second stage, centrifugation or filtration is carried out and with this, the concentration is increased [31,32]. The costs associated with harvesting the biomass are considerable. It has been reported that the cost of this stage is around 20–30% of the total cost in the production of biodiesel from microalgae [33]. However, these costs depend on the technologies used. At the same time, the selection of technologies depends in most cases on the final destination that the microalgal biomass will have if it will be used for the production of biofuels, obtaining pigments, natural sweeteners, phytochemicals, among others.



The harvest stage concentrates the microalgae biomass up to 15–25%, having a large amount of moisture, which would cause an accelerated decomposition of the biomass if it had to be stored for later processing [8]. To avoid its decomposition and so that it can be stored, the biomass must be dried. Drying achieves to concentrate biomass up to 85% to 95% in dry solids [34,35]. Several drying techniques exist such as solar drying, spray, convection, and freeze-drying; however, the use of these techniques also depends on the final use of the biomass and some of them still have limitations to be used on a large scale.



A large amount of research has been carried out related to proposal and evaluation of processes to produce microalgae biomass. Some are proposals on a laboratory scale and do not carry out a techno-economic evaluation. Others do have objective of technically and economically evaluating a particular processing scenario, but only include specific technologies [17,36,37,38]. This has generated different process routes, under different conditions, which complicates their comparison. Few investigations consider comparison of several technologies for their evaluation in same study and that generate different process scenarios.



Musa et al. [39] carried out a techno-economic evaluation of two cases of biomass production, where they consider two systems for dewatering. The first case was a conventional clarifier-centrifuge dewatering system, while the second case investigated a single stage dewatering approach, using the wet-end of a paper machine (Fourdrinier former). They determine that the minimum selling cost of the moisture biomass obtained is AU $354.28/ton for the conventional production case and for the second case their minimum selling cost is AU $59.68/ton. Both cases considered the feeding of biomass grown in the open raceway pond, however, they did not consider the cultivation stage in their economic evaluation, but only the technologies for harvesting the biomass.



Deconinck et al. [40] conducted a patent review of technologies applicable to the harvesting of microalgae biomass, based on technological, economic and environmental criteria. The research focused mainly on the technological feasibility of various separation processes. In this research, 13 primary collection methods and eight secondary collection methods were reviewed, focusing on technological, economic and environmental criteria. They mention that the different economic and environmental criteria that were used to compare the collection technologies are generally not specified or described in the patents analyzed. Economic and environmental benefits are only occasionally mentioned in patent applications, but are generally not discussed in detail. Therefore, it is difficult to compare the technological potential of a patented system based on the criteria defined in the scientific literature. Finally, according to the literature review, they conclude that auto-flocculation and co-flocculation, as well as sedimentation, generally obtained the best score in the economic and environmental criteria, while the belt filters obtained the highest score in the technological criteria, however, they do not mention what the costs of harvesting biomass are.



Fasaei et al. [41] performed a quantitative techno-economic analysis of different large-scale harvesting and dewatering systems with a focus on processing cost, energy consumption, and resource recovery. The economic evaluation shows that operating costs and energy consumption are in the range of €0.5–2/kg of algae and 0.2–5 kWh/kg of algae, respectively, for dilute solutions from open culture systems. Harvesting and dewatering of flocculated dilute systems results in the least energy requirement. However, due to the chemicals required and the loss of flocculants, these systems end up at the same cost level as mechanical harvesting systems. For closed culture systems, operating costs decrease to €0.1–0.6/kg algae and energy consumption to 0.1–0.7 kWh/kg algae. They also determine that if the amount of biomass fed to the harvest stage is increased, it is possible to reduce production costs considerably.



Weschler et al. [42] analyzed several process scenarios for production of microalgae biomass derived by combining two cultivation technologies and 11 harvesting technologies with and without the use of drying. The results of their study present the total energy demand for the production of algal biomass for the different cases considered. Energy requirements were shown to be highly dependent on final mass concentration, with thermal drying being the largest energy consumer. Their results show that the energy consumption for the biomass production routes that consider the cultivation in PBR and obtain dry biomass range from 4500 kWh/1000 kg of biomass produced up to 8200 kWh/1000 kg of biomass, approximately. They conclude that the scenarios that used open ponds for cultivation, followed by sedimentation and filtration through membranes, were the most efficient from the energy point of view.



Some authors evaluate specific scenarios for the production of microalgae biomass. Jorquera et al. [43] report biomass production costs of US $9540/ton of biomass if it is grown in tubular PBR and US $419/ton of biomass if it is grown in Flat plate. Norsker et al. [24] report wet biomass production costs of €4.15/kg if the cultivation in PBR is considered and €5.96/kg if the biomass cultivation is carried out in Flat plate. The different production and economic criteria used in similar studies make it difficult to compare the various production scenarios. In addition, many investigations do not mention if the production scenarios analyzed can be adapted to more than one microalgae strain or what will be the use of the biomass produced.



The comparison and evaluation of various technologies involved in different stages of the process provides a great variety of scenarios, showing techno-economic potential of microalgae production. Each scenario could have different purposes, since in most cases the technology used depends on final utilization of biomass. A study with these characteristics would allow us to analyze and compare various technological options for obtaining microalgae biomass that can have various purposes of use, depending on technological scenario. The objective of this work has been proposed to evaluate different biomass production scenarios, including a combination of various technologies for harvesting and drying microalgal biomass from a culture in a tubular photobioreactor (to obtain a biomass of higher quality), which considers the capture of CO2 from a thermoelectric plant. Regarding the technologies considered in the harvest and drying stage, those technologies with industrial application were considered, discarding those that, although they are novel, have not been tested at the pilot plant level or that have not yet been scaled up. Techno-economic assessment is often used as a basic tool to analyze the feasibility of processing alternatives and, in this way, generate production pathways that focus on research and development efforts to achieve commercial viability [28,44]. In our work, the commercial bioprocess simulator SuperPro Designer v10® was used as a computing tool to perform mass and energy balances, and a technical evaluation considering energy consumption and production cost of various process scenarios formed. The use of process simulators within the field of chemical engineering is of great importance, because it minimizes the human effort to solve complex calculations that are normally associated with an engineering process. They also allow the comparison of process alternatives on a consistent basis, so that a large number of process ideas can be synthesized and analyzed interactively in a short period of time; they also facilitate the study of the interactions that exist between the processes in the input and output streams [45]. For this reason, the simulation of several processes in series facilitates decision-making, since the data provided by the software allow a logical analysis of the process.




2. Materials and Methods


The study was divided into two phases; the first one consisted of an exhaustive search in the literature and collection of information on the parameters and operating conditions of the technologies, used in the different stages of the process for obtaining microalgal biomass. Those literature sources that reported experimental data (or pilot scale) of the use of technologies for the production of biomass of the Chlorella sp. were considered. The technologies were chosen based on their potential use on a pilot scale and those that, even though they are novel, are still in the laboratory-scale research or development phase, were discarded. In the second phase, the simulation of the technologies was carried out in the SuperPro Designer v10® software, considering the technical data collected from the literature, in order to get precise estimates regarding the mass and energy balances, as well as the economy of process. The assumptions required for the techno-economic analysis in the stages involved in the process are described below.



2.1. Data Collection for the Design of the Cultivation Stage


Photoautotrophic culture was selected for this study, where carbon source for biomass cultivation is CO2, which is considered to come from flue gases from a thermoelectric plant, with a typical composition of 10–12% v/v CO2 [46]. A thermoelectric plant is a power plant that generates electricity from fossil fuels as primary energy and generally does not have a CO2 capture and storage system. Conventional thermoelectric plants can use a wide variety of fuels, including coal, natural gas and petroleum derivatives such as diesel and fuel oil, which is characterized by its high level of polluting emissions. There is a great variety of microalgae species capable of being cultivated with CO2 as a carbon source. However, not all species have the same capacity to capture it or tolerate it in such high concentrations. In this study, the Chlorella sp. was selected, due to its great capacity to tolerate high concentrations of CO2 during its cultivation, the great variety of products that can be obtained and the large amount of information reported for this species [30]. A capture of up to 60% w/w of the CO2 feed is considered and 1.83 kg de CO2 can be fixed by kg of dry biomass, as reported by Duarte et al. [46] and Chisti et al. [16]. Although a great capacity of the Chlorella species to capture NOx and SOx has been reported, in this study it is not considered for mass balances.



As a design basis, 1 ha was considered as the cultivation area. The culture is carried out in tubular photobioreactors with a productivity of 22.66 g/m2/day. In the case of photobioreactors operated in continuous mode, production rates are around 15 to 45 g/m2/day [47]. Therefore, the assumed value could be considered an average value, since it must be considered that environmental conditions vary during the year. For the cultivation of microorganisms, the feeding of an inoculum is required. In this case, the inoculum is produced in a tubular photo-bioreactor with a concentration of 1.5 g/L of biomass, this is mixed with the nutrients and fresh water to later be fed to the tubular photobioreactor. The culture in the photobioreactor has a retention time of 5 days, achieving a concentration of 4 g/L of microalgal biomass. The operating conditions for the cultivation were taken from the experimental data reported by Kuo et al. [48]. An energy consumption of 1.5 kWh/m3 was considered for the tubular photobioreactor culture system, according to what was reported by Acién et al. [47].




2.2. Data Collection for the Design of the Harvest Stage


As a strategy to reduce costs and energy, microalgae harvesting is usually done through two stages, first the diluted biomass is concentrated from 0.5 to 10–50 g/L approximately, and later, dehydration must be carried out to increase the biomass concentration up to approximately 200 g/L of biomass in dry weight. In the primary harvest, various techniques such as flocculation, bio-flocculation, flotation, gravity sedimentation, electroflocculation, among others, can be implemented. In the secondary harvest, centrifugation and filtration techniques are mainly used [31,32,40,49,50,51]. Since the biomass has already been concentrated in the primary harvest, energy consumption is lower for this secondary harvest since the amount of water to be removed is less. In this work, the harvest is carried out in two stages. In the primary harvest, the only flocculation is considered, since according to the literature it is considered a promising technology for large-scale harvesting [52]. However, in this primary harvest method, the objective of subsequent processes for the selection of the appropriate coagulant must be considered since this can interfere with the final use of the biomass [53]. In this case, three flocculants were analyzed for the primary harvest, NaOH, FeCl3, and Chitosan generating three case studies for this stage, C1, C2, and C3, respectively. Each flocculant has a different flocculation mechanism and allows different uses of biomass. This stage is carried out in a clarifier, which is fed with the outflow of the cultivation stage that is mixed with the flocculant. The flocculant used usually depends on the species of algae selected since each species has specific physicochemical characteristics that must be considered [54]. For the design of this stage, it is assumed that the production of microalgae is constant, that the same concentration is always achieved in the culture, 4 g/L, and that the concentration reached after flocculation is 50 g/L for all cases analyzed. Case C1 uses NaOH as flocculant with a concentration of 125 mg/L, achieving a removal efficiency of 94.28%, case C2 with a concentration of 30.52 mg/L of FeCl3 achieves a removal efficiency of 95.71%, and case C3 with Chitosan in a concentration of 36.36 mg/L, achieves a removal efficiency of 95.71%. These values were taken from what was reported in the study by Lama et al. [52], in which they analyzed flocculation of the Chlorella species with these flocculants. A cost of 350 US $/tons was considered for NaOH, 650 US $/tons for FeCl3 and 1680 US $/tons for Chitosan.



Centrifugation and filtration techniques were considered for the secondary harvest to achieve a higher concentration of biomass from the primary harvest. These two technologies were selected for their ability to be applied on an industrial scale (capacity and speed of processing [11]). At this stage, centrifugation and three types of filtration technologies were considered, generating four study cases D1, D2, D3, and D4. Different filtration technologies are applicable to the microalgal biomass dehydration process; in this study the use of membrane filtration technologies was discarded due to the high cost of operation and consumables required, and that their large-scale application is limited [53]. Vacuum Filter (D2), Belt Filter (D3), and Pressure Filter (D4) were considered as filtering technologies and Decanter Centrifuge (D1) for secondary harvest. The literature has reported removal efficiencies of 99.99% for centrifugation and 90% for filtering the Chlorella species [37,55]. Considering this information reported in the literature, removal efficiency was set in all technologies for the second harvest of 90% and that concentrations of 200 g/L of biomass are reached in the effluent of this stage (approximately 20% biomass in dry weight) in order to be able to compare them with each other. In the literature, several energy consumption values can be found for the technologies considered in this study (Table 1).



Due to the great variety of data for energy consumption reported in the literature, the highest reported value (according to the review) was selected for each technology considered in this study.




2.3. Data Collection for the Design of the Drying Stage


Drying must reach a concentration of approximately 85% to 95% in dry biomass solids to avoid decomposition. This can be achieved by drying in the sun, in a drum dryer, spray drying, freeze-drying, or any other technique that allows the removal of moisture in the biomass [11,29]. In this stage, two drying techniques were considered, spray drying and the drum dryer, since they are the two techniques with a large-scale application for drying a great variety of microalgae, Case E1 and E2, respectively [34,35]. In this stage, it was possible to concentrate the biomass up to 992.74 g/L and with a final humidity of approximately 5% (w/w), for both cases. The outlet temperature was set at 40 °C since it has been reported in the literature that if the temperature is higher it could cause changes in the composition of the biomass [41]. The energy consumption was set at 1.16 kWh/kg evaporated water for the Spray Dryer and 0.89 kWh/kg evaporated water for the Drum Dryer [41].



After collecting the information associated with the operation in each stage of the process (cultivation of Chlorella in a photobioreactor, flocculation for the primary harvest, centrifugation and filtering for the secondary harvest, and the drying of the biomass with two technologies), we proceeded to perform the simulation of the technologies individually. The technologies were then combined to form the different production scenarios. Figure 1 summarizes the technologies included in each stage of the process for the formation of the scenarios and Table 2 shows the cases considered in each scenario analyzed.




2.4. Simulatión and Techno-Economic Analysis


After data collection from the literature, the selected technologies included in the microalgal biomass production routes were evaluated. For this, the technologies were simulated in SuperPro Designer v10®. Technologies were first simulated separately, for individual evaluation and analysis. Subsequently, the simulated technologies of each stage were combined to form the flowsheets of the 24 scenarios to be analyzed (according to Figure 1 and Table 2). The SuperPro Designer simulator handles mass and energy balances, equipment and cost sizing, economic evaluation, and many other relevant functions in process design. This Software is widely used worldwide for the simulation and design of processes, mainly in the chemical and pharmaceutical industry.



The flowsheets of the process scenarios are composed of sections for the preparation of preculture and culture in a closed system (tubular photobioreactor), both sections are shown in Figure 2. It is worth mentioning that these sections are identical in all the scenarios analyzed. Figure 3, Figure 4 and Figure 5 show the flowsheet of the harvesting (primary and secondary) and drying sections for scenarios 1, 12 and 24. Said sections are an immediate continuation of the flowsheet of Figure 2. As can be seen in the flow diagrams, the process begins with the production of the inoculum (P-1), in which the culture medium is fed through a pump (P-6). At the outlet of the P-1 unit, there is a biomass concentration of 1.5 g/L, this stream is mixed with a fresh stream of culture medium from the P-12 pump. This causes a reduction in the biomass concentration down to 0.3 g/L in stream S-102. Stream S-102 feeds the photobioreactor (P-4) at the same time as a stream of flue gases, which will provide the carbon source for the culture. Since not all the flue gas fed is consumed in the cultivation, it is necessary to remove the excess. Similarly, the oxygen generated by photosynthesis must also be removed from the PBR. Both compounds are removed by the Gas Outlet stream (Figure 2). Subsequently, the PBR outlet stream (S-101), with a biomass concentration of 4 g/L, is mixed in the P-7 unit with the flocculant, according to the case (Figure 3, Figure 4 and Figure 5). Stream S-106 feeds the clarifier (P-8), in which there are three outlet streams. Stream S-103 carries the concentrated biomass (50 g/L) and feeds the secondary harvest (unit P-9). For case D1, an additional fresh water supply is not necessary in the P-9 unit (Figure 3). On the other hand, if the filtration technologies are considered, case D2, D3 and D4 (Figure 4 and Figure 5), it is necessary to wash the biomass and eliminate the compounds that accompany it. At the output of case D technologies, the Wet Biomass stream has a biomass concentration of 200 g/L, this stream feeds the drying technology unit (P-10) according to the case. In the P-10 unit there are two outlet streams, one with the vapors formed by the drying of the biomass and the other containing the dry biomass. Similarly, for each production scenario, a flowsheet was developed in the simulator.



For each technique or technology included in the process scenarios, a mass and energy balance were carried out, in addition to the evaluation of the necessary size of each equipment. The energy consumption by scenario was also evaluated.



The cost of production, as well as the energy consumption, were made using the software SuperPro Designer v10®. It was considered 330 days of continuous operation mode. The cost of production includes the sum of costs related to raw materials, labor, services and additional operating costs related to the use of the facility. The costs considered for the services were US $0.1/kWh for energy, US $12/tons for steam (heat) and US $0.05/tons for cooling water. For the costs associated with raw materials, those reported per ton in 2018 were considered. The raw materials are formed by the nutrients necessary for the culture (as reported by Kuo et al. [48]) and the three flocculants considered in the secondary harvest. Regarding labor, only operators were considered to keep the technologies of each stage of the process in operation, with a cost of US $0.37/h. Additional costs depending on the use of the facility are calculated as the sum of the costs associated with the maintenance of the equipment, the depreciation of the fixed capital cost and some other expenses such as insurance, local (property) taxes and others. All of these are determined as a percentage of the direct fixed capital cost (DFC), which in turn includes the sum of costs that are estimated as percentages of the total equipment purchase cost. For this study, the base cost proposed by the simulator was considered. The simulator has a database of design parameters, which are used in the equipment model to obtain the purchase cost of the equipment, and the software SuperPro Designer v10® uses the Chemical Engineering Cost Index to account for inflation and thus adjust the cost to different years (Intelligen, Inc., Scotch Plains, NJ, USA).



Computer simulation has been used successfully in many industrial processes to model and predict production costs. They provide the ability to estimate the effect of rising raw material and utility costs, variations in material composition, and the incorporation of new technologies [57]. It always starts with a base case scenario and the design of the model to effectively simulate the conditions that are desired; this allows the user to estimate results of the process alternatives with confidence.





3. Results and Discussion


3.1. Technical and Economic Evaluation by Process Stage


The technologies considered for each process stage were simulated with the respective models in the SuperPro Designer v10® simulator (Intelligen, Inc., Scotch Plains, NJ, USA) and with the conditions considered according to the reported literature. In the first stage, the technologies were evaluated individually, considering the same feeding conditions. Subsequently, the individual impact of the technologies considered in each stage of the process was analyzed and compared. In the second stage, the models of all the process stages were integrated to form the various production scenarios and estimate the energy consumption and the cost associated with the operation of the process. Additionally, fresh water consumption was determined to compare the production scenarios, with respect to this criterion.



3.1.1. Technical and Economic Evaluation for the Cultivation Stage


The process to produce biomass from microalgae begins with the cultivation stage in tubular photobioreactors. Under the parameters considered in this study, a production of 82.45 tons/ha/year of biomass is achieved. This value depends directly on the productivity considered, in this case an average value (22.66 g/m2/d) was used since it would be incorrect to assume high productivity (environmental conditions are not always favorable for the process); although there are reports that indicate that productivities of up to 45 g/m2/d can be achieved in PBRs [47]. Each photobioreactor has a diameter of 0.09 m and a length of 555 m. The diameter was established with the same value of the original design of the report on which we based [48], so that the transfer of light to the culture is not affected. For its arrangement on the surface considered for cultivation, not only the footprint of the area occupied by each system is considered, but also the projected shadows, since this area is not used to install other photobioreactors. To determine the area occupied by 1 PBR, D x L is calculated and multiplied by 2, to consider the area of the PBR footprint and the shadows that could be generated if the PBRs were installed outdoors and illuminated by sunlight. Considering that 1 ha was established as an area destined for cultivation, 86 PBRs would be necessary to cover this area.



A photoautotrophic microalgae culture was considered, which needs CO2 as a carbon source, being very useful for its use as a capture from flue gases. The flue gases from a thermoelectric plant, with a concentration of 11% v/v of CO2, was considered as a feed, and a capture of up to 148.4 tons/ha/year of CO2 is calculated. A consumption of 16,872 m3/year of freshwater for cultivation is calculated, much less than when using an open system for cultivation. In previous work, consumption of 58,061 m3/year of freshwater was calculated for the culture in raceway pond for the same surface [56], which indicates that savings of up to 71% can be achieved when using photobioreactor systems. Another option to reduce the consumption of freshwater is the use of wastewater, it is also a source of nutrients and this could contribute to economic savings for this stage.



The cultivation stage is highly energy consuming and even more so if photobioreactors are used. In this study, consumption of 875,053 kWh/year and a unit production cost of US $180.43/kg of biomass produced in this stage is estimated, being the highest values of all the stages of the process. The cost of producing microalgal biomass in photobioreactors has a high cost. However, it offers many advantages over an open system culture. Closed systems offer greater control of climatic conditions and better use of light, and reduce CO2 losses, and all this is reflected in the high production of biomass [58]; this causes them to be the preferred systems if high-quality biomass is required.




3.1.2. Technical and Economic Evaluation for the Primary and Secondary Harvest Stage


After cultivation, it is necessary to collect the biomass. Harvesting was divided into two stages, primary harvest and secondary harvest, since the literature shows that in this way, energy consumption is lower compared to the use of a single-stage, resulting in an economical and effective harvesting process [59]. On the other hand, it is desirable to consider a harvest method that allows recycling the culture medium and thus reduces nutrient costs for the cultivation [53]. For the design of the primary harvest, flocculation was considered, which is induced by the addition of chemical substances that interact with the negatively charged cell surface of the microalgae [52]. In the case of C1, NaOH was considered to induce an increase in pH and cause auto-flocculation, in the case of C2 it was considered an iron salt (FeCl3) since it is an efficient and highly used flocculant. For the C3 case, Chitosan was considered since it is a natural biopolymer and it has been reported that it does not contaminate the biomass and also shows successful flocculating activity. For this stage, the results obtained by Lama et al. [52] were taken as a reference, in which they evaluate the removal efficiencies of these flocculants in cultures of the Chlorella sp. Regarding the primary harvest, it was determined that 2.59 tons/year of NaOH are necessary to flocculate the biomass (case C1), 0.63 tons/year of FeCl3 for case C2, and 0.754 tons/year of Chitosan for case C3 (Table 3 summarizes the results of the primary harvest). In this stage, the objective is to concentrate the biomass to approximately 50 g/L and with the different removal efficiencies, an approximate recovery of 77.73 tons/year of biomass for C1 and 78.91 tons/year for C2 and C3 is achieved. The efficiency of the flocculant usually depends on the selected microalgae species, since each species has specific physicochemical characteristics that must be considered [54].



The most expensive flocculant is Chitosan, approximately 3 times the cost of FeCl3 and 32% more than NaOH. However, the consumption of Chitosan is low compared to NaOH, which favors reducing the cost of production in the case C3. It has been reported that an alternative for alkaline flocculation is to replace NaOH with slaked lime (Ca(OH)2) which costs 50% less and is not toxic to biomass [60], since these chemicals help to provide a high basic pH (10–11 approximately) where the formation of flocs is favored [58]. The estimate of energy consumption shows similar values for the three cases analyzed since they operate under very similar conditions. There is no significant difference between the cases analyzed for this stage regarding energy consumption and production cost. However, this stage is decisive for the potential use of biomass due to the flocculant used, since it can be contaminated by the chemicals used for flocculation [31]. For example, the use of ferric salts can contaminate the biomass by the metals used. It has been shown to cause a brown-yellow coloration in microalgae, causing pigments to not be extracted, and it also makes it difficult to apply it as biomass for biofuels or animal feed [53]. The use of Chitosan with great effectiveness in flocculation and low contamination of the biomass obtained has been reported in the literature. A great advantage of using Chitosan as a flocculant is being able to recycle almost 90% of the culture medium after sedimentation [59]. However, its high cost prevents its implementation on a large scale, since it raises the operating costs of biomass production [61].



In the secondary harvest, the biomass production will depend on the feeding since the flocculation does not have the same removal efficiencies for all the evaluated cases. To evaluate the technologies of the second harvest, the output of case C1 was considered as feeding. At this stage, the removal efficiency of 90% was set for all technologies, for this reason, we observed the same biomass production for all cases, 69.957 tons/year (Table 4). However, centrifugation could have a biomass recovery greater than 90%, which would contribute to higher biomass production for the case that considers this technology. Furthermore, the speed of harvest and the efficiency of this technique makes it one of the ideal units for collection [31,41,50]. According to the results, centrifugation technologies (case D1) and vacuum filters (case D2) are the technologies with the highest energy consumption for secondary harvest, 16,773 kWh/year and 9027 kWh/year, respectively. Centrifugation requires a high amount of energy for its operation and a high maintenance cost [11,58]. In the application of filtration, it is necessary to maintain a pressure drop through the system to force the flow through a membrane or filter, and this could cause high energy consumption (depending on the type of filtration technology) [53], such as is the case of vacuum filtration. While the belt filter press technologies (case D3) and pressure filters (case D4) are the ones with the lowest energy consumption, 941 kWh/year and 1399 kWh/year, respectively. The operating costs are estimated at US $76,000/year for centrifugation in case D1, US $15,000/year for vacuum filter in case D2, US $71,000/year for the belt filter press in case D3, and US $15,000/year for the pressure filter in case D4. Operating costs consider the costs associated with the demand for raw materials, labor, services and energy, maintenance of equipment and other expenses that may occur in the process; this evaluation does not consider costs for taxes, since in most cases, these will depend on the place where the process is physically installed. The belt filter press is a low energy consumption technology, but its operating cost is high due to the high cost of this equipment. This implies an increase in the costs associated with maintenance and a longer operating time required to operate the case D3.



The selection of technologies to consider in the biomass harvest will depend to a large extent on the species of microalgae that is used, since the separation efficiency can differ considerably from one species to another [58]. Therefore, it is of interest to investigate, develop and evaluate technologies for the collection of the biomass.




3.1.3. Technical and Economic Evaluation for the Drying Stage


After the secondary harvest, it is necessary to dry the biomass. In this stage, it was considered that 100% of the biomass fed is collected at the end of drying in both cases analyzed. However, this might not be true in reality, since there could be losses due to natural effects of technology in the process, causing lower biomass production. On the other hand, let us remember that the biomass production after the drying stage will depend on the feed. This is because the flocculation stage causes different removal percentages depending on the case considered. Something similar happens in the secondary harvest. To evaluate the drying technologies, the biomass from the technology in case D1 is considered as feed.



According to the results (Table 5), energy consumption and operating cost is higher for spray drying (29% and 94%, respectively). The literature reports that this is due to the high energy demand to generate the hot air used in the drying process [34]. The integration of the residual heat generated by the thermoelectric provided by the CO2 in the drying stage can reduce energy consumption. Some authors mention that renewable energies can also be integrated into the drying stage to reduce energy demand [17,58]. Some existing methods of obtaining bioenergetics or bioproducts from microalgal biomass are carried out considering wet biomass, which would avoid the drying stage in the process. Authors report that drum dryers can exceed the denaturation temperature of proteins. This is not suitable if you want to dry biomass to produce high-quality proteins [41]. However, if the purpose of biomass is to produce biofuels, this technology can be considered, due to its lower energy consumption compared to the spray dryer and that, even if the protein denaturation temperature is exceeded, this does not affect the extraction or composition of the lipids. The selection of drying technology depends on both the scale of production and the purpose for which the dry biomass is intended [62].





3.2. Energy Evaluation by Process Scenarios


The combination of the various technologies involved in the dry biomass production process generated 24 scenarios (Figure 1 and Table 2). One of the main parameters to consider in process design is energy consumption. This is mainly associated with the need for continuous feeding of water, nutrients, the circulation and mixing of the growing medium, and the energy requirement for harvesting and drying the biomass. Many authors report that energy consumption is high or low for the different technologies involved in the process, but they do not indicate the amount or under what criteria they are compared. In this study, for all scenarios the biomass feed produced in tubular photobioreactor from the cultivation stage is contemplated, this being a constant value, 875,053 kWh/year. The cultivation stage to produce biomass in photobioreactors consumes between 96% and 98% of the total energy consumption, depending on the scenario analyzed. The energy consumption for the primary harvest shows minimal variations, compared to the later stages of the process. The secondary harvest and the drying are the stages that cause the variation in energy consumption in the scenarios. Figure 6 shows the individual contribution of energy consumption by technology in each process stage, not including the preculture and cultivation stage. Based on what is observed in Figure 6, scenario 6 is the one with the lowest energy consumption, with a total consumption of 858,567 kWh/year, it considers NaOH as flocculant, belt filter press and drum dryer for drying. Scenario 17 with a total consumption of 875,192 kWh/year is the one with the highest energy consumption and considers Chitosan as flocculant, centrifugation, and spray drying. Evaluation of each of these technologies individually showed that centrifugation and the spray dryer are the technologies with the highest energy consumption in this stage. We can see in Figure 6 that scenarios that consider these two technologies (scenarios 1, 9 and 17) are those with the highest energy consumption. The scenarios with a behavior similar to these only change the technology from spray dryer to drum dryer (scenarios 2, 10 and 18). Scenarios 3, 4, 11, 12, 19 and 20 have a slightly lower energy consumption than the scenarios that consider centrifugation. Scenarios 3, 4, 11, 12, 19 and 20 consider vacuum filter for secondary harvest. In the remaining scenarios, a similar energy consumption is observed. However, those scenarios that consider belt filter press (5, 6, 13, 14, 21 and 22) have a slightly lower energy consumption than those that consider pressure filter (7, 8, 15, 16, 23 and 24).




3.3. Evaluation of Production Costs by Process Scenarios


According to what was observed in the results of the previous section, the cultivation stage is expected to be the one with the highest production cost, compared to the rest of the process stages. The cultivation stage (including preculture) absorbs 99% of the operating costs (US $14,876,000/year), this is mainly due to the cost associated with the maintenance of the PBR, which is directly associated with the purchase cost of the equipment, the high energy consumption and the cost of the raw material of the process that is necessary in this stage (99% of the raw material costs are required in this stage). Figure 7 shows the distribution of the production cost in the harvesting and drying stages. Analogously to the results of energy consumption, the primary harvest stage has little variation in production costs for the different scenarios. However, it can be observed in Figure 7 that the scenarios that consider the flocculant FeCl3 (case C2) are of lower cost (scenarios 9 to 16). Figure 7 shows a group of scenarios that presents a greater difference in the cost of production, these are 1, 2, 5, 6, 9, 10, 13, 14, 17, 18, 21 and 22. This group of scenarios includes centrifugation and belt filter press technologies. These technologies have the highest production cost compared to the other two secondary harvest technologies. The high cost of operation for these two technologies is associated with the high cost of maintenance of the equipment, since they are the ones with the highest equipment purchase cost. It is also observed that spray drying increases operating costs in those scenarios that consider it. On the other hand, in the group of scenarios with the lowest production cost are those that consider vacuum filter and pressure filter for secondary harvest.



The results allow us to detect the impact of the integration of various technologies in production scenarios. This is relevant in the process design; if we want to implement a biomass production system in which it is necessary for the biomass to meet certain specifications, the first thing that must be taken into account is if the technology does not affect the quality for the purpose wanted. For example: (1) it was already mentioned that the type of flocculant can contaminate the biomass and limit its use for certain applications, (2) if you want to obtain high quality products, for example for the food or pharmaceutical area, centrifugation should be considered over another technology for secondary harvest, (3) or if the purpose is to obtain proteins, when using a drum dryer there is a risk that it reaches a temperature higher than necessary and this causes the denaturation of the proteins. However, taking all this into account has a direct impact on the scenario to be considered, and in turn, on energy consumption and production costs.




3.4. Comparison of Scenarios, Energy and Water Consumption vs. Production Cost per kg of Biomass Produced


To compare the scenarios under the same basis, the energy consumption, fresh water consumption and the cost of production were determined per scenario to produce 1 kg of dry biomass (Figure 8 and Figure 9). Regarding energy consumption and production cost shown in Figure 8, two groups of scenarios are observed, the first (located in the upper right corner) with high energy consumption and production cost (scenarios 1 to 8), and the second (located in the lower left corner) with low energy consumption and low production costs (scenarios 9 to 24). In the first group, they have the characteristic of using NaOH as flocculant. This group of scenarios has the lowest biomass production compared to the rest of the scenarios, this is due to the flocculation efficiency in the primary harvest. In this group, it is observed that scenarios 1 and 2 are those with the highest energy consumption and production cost, they consider the secondary harvest with centrifugation (technology with the highest production cost) and only differ in the drying technology. In the second group are the scenarios that use FeCl3 and Chitosan. Similar scenarios, that is, they use the same technology for secondary harvest and drying, and that they only differ in the type of flocculant, show the same energy consumption and only differ in the cost of production. The scenarios that consider Chitosan have a slightly higher cost of production than the scenarios that use FeCl3. In this second group it is clearly observed that scenarios 16 and 24 are the ones with the lowest energy consumption (both 12.10 kWh/kg) and production cost. The production cost for scenarios 16 and 24 are US $210.05/kg and US $210.07/kg, respectively, practically the same. In general, it is observed that the scenarios that consider pressure filter in the secondary harvest (case D4), for example, scenarios 7, 8, 15, 16, 23 and 24, are those with the lowest energy consumption and production cost. On the contrary, those scenarios that consider centrifugation in the secondary harvest (case D1) are those with the highest energy consumption and production cost (scenarios 1, 2, 9, 10, 17 and 18).



Estimates of both energy consumption and production cost are high due to the kind of cultivation system considered depending on which other production systems they are compared to. These results allow knowing estimates regarding the energy consumption and production cost of the process (if the purpose is the production of biomass through photobioreactors) considering the operating conditions established for this study. In a similar study reported by Weschler et al. [42], it was determined that the energy consumption to produce 1000 kg of dry biomass, grown in PBR, is from 4500 kWh to 8200 kWh approximately (depending on the technologies considered for each process stage). Regarding the costs of biomass production, there is a wide variety of reports in the literature. Hoffman et al. [63] report that biomass production in open systems (open raceway ponds) can have a value of $510/ton of wet biomass produced, and, although the cost of biomass production can still be increased when considering the biomass drying, this would probably still be much lower than that determined in our study. Regarding production costs from closed systems, specifically in PBR, Jorquera et al. [43] estimate biomass production at US $9.54/kg and Norsker et al. [24] report a cost of €4.15/kg. Davis et al. [64] report the cost of lipid production at $18.10/gal. As we can see, there is a great variety in the estimates of the cost of biomass production, however, most are only evaluations of a specific scenario, which complicates the comparison with other production scenarios.



Another relevant datum in the design of biomass production scenarios from the cultivation in PBR is to determine the consumption of fresh water. Several authors mention that fresh water consumption may be lower when biomass is grown in closed systems, compared to open systems. In this study, a consumption of 16,872 m3/year of fresh water was determined, only for the biomass cultivation stage, including the preculture. In a previous study [56], a consumption of 58,061 m3/year of fresh water was calculated for cultivation in the raceway pond (open system), considering 1 ha as the cultivation surface, the same as in this study. This indicates that up to 71% of the water needed for the culture can be saved if it is considered in PBR. To analyze the impact of fresh water consumption in the different scenarios, consumption was compared to the cost of production per kg of biomass produced (Figure 9).



In Figure 9, four groups of scenarios are observed, (1) the scenarios with the highest fresh water consumption and highest production cost (located in the upper right corner, scenarios 3, 4, 5, 6, 7 and 8); (2) the scenarios with lower consumption of fresh water, but higher production cost (located in the upper left corner, scenarios 1 and 2); (3) the scenarios with the lowest production cost, but with high consumption of fresh water (located in the lower right corner, scenarios 11, 12, 13, 14, 15, 16, 19, 20, 21, 22, 23 and 24); and (4) the scenarios with lower consumption of fresh water and lower production cost (located in the lower left corner, scenarios 9, 10, 17 and 18). All scenarios require fresh water for the cultivation stage in PBR and in the secondary harvest, if they use the filtration technologies. The filtering technology consumes fresh water to wash the biomass and try to remove the largest amount of mineral residues that are accompanying the biomass.



Group 1 scenarios have the characteristic of using NaOH as a flocculant, and as mentioned before, these scenarios are the ones that present the lowest biomass production compared to the rest of the scenarios, although their fresh water consumptions are similar. Group 2 scenarios use centrifugation for secondary harvest, saving fresh water consumption at this stage. The scenarios of group 3, where the majority are found, consider the filtration technologies for the secondary harvest, this causes the consumption of fresh water to increase. From this group, it is observed that scenarios 12, 16, 20 and 24 are the ones with the lowest water consumption and the lowest production cost. These scenarios use vacuum filter (scenarios 12 and 20) and pressure filter (scenarios 16 and 24) for secondary harvest. In group 4, there are the scenarios that consider centrifugation for the secondary harvest and, although they are not the ones with the lowest production cost, they are the scenarios with the lowest consumption of fresh water.



These results allow to know estimates on energy consumption, fresh water con-sumption and the cost of production under different technological scenarios, when the purpose is to obtain biomass through photobioreactors.




3.5. Classification of the Scenarios Depending on the Use of Biomass


The selection of the type of flocculant determines the final use of the biomass since some can become highly toxic and limit its use [31]. Recirculation of the culture medium after harvest is desirable and this can also be limited by the type of flocculant [61]. In this study, production scenarios were evaluated that consider three types of flocculants for the primary harvest, which act with different mechanisms to achieve agglomeration and sedimentation of the biomass. In addition to the techno-economic evaluation of microalgal biomass production scenarios, an analysis was carried out of the probable use of the biomass in the different analyzed scenarios, according to what was consulted in the literature. This must be taken into account if you want to implement a microalgal biomass production system. The three flocculants analyzed were NaOH, FeCl3 and Chitosan.



The use of NaOH increases the pH in the culture causing the production of microalgal flocs. This substance is economical and reduces the biomass bacterial load. Additionally, cell-free medium after flocculation can be recycled, all or partial, back to the culture facilities after reducing the pH [31,61]. However, it should always be analyzed whether recycling the culture medium does not reduce the growth potential of the microalgae. In this study we do not consider recycling the culture medium after harvest, since real data are necessary to show the viability and evidence of being able to do it. On the other hand, according to the estimates of this study, when NaOH is used as a flocculant, 2.59 tons/year are consumed, a much higher quantity compared to FeCl3 and Chitosan (0.63 tons/year and 0.754 tons/year, respectively). This causes the costs associated with the raw material similar to other cases even though NaOH is inexpensive. The scenarios that consider this flocculant (scenarios 1 to 8) belong to the group with the highest energy consumption and production cost per kg of biomass produced (Figure 8). This is because flocculation with NaOH has lower removal efficiency than the other two cases (C2 and C3). Another disadvantage of the scenarios that consider this flocculant is the high energy consumption and production cost, compared to the rest of the scenarios.



The use of iron salts reduces electrostatic repulsion between negatively charged cell surfaces, allowing the formation of cell aggregates [53]. Barros et al. [53] report that it has been shown that the use of ferric salts leads to a yellowish brown coloration of the microalgae, which limits the biomass to use it for the extraction of pigments. Furthermore, the metals used could contaminate this biomass, which makes it difficult to apply it as a raw material for biofuels or as animal feed [53]. In addition, the use of these types of flocculants can cause the sediment of unwanted metals. On the other hand, the cost of FeCl3 for one year of operation is the lowest of the three cases analyzed in the primary harvest (flocculation), US $544/year, which causes the scenarios with this flocculant to be economically competitive with those scenarios using Chitosan (more expensive flocculant, case C3, Figure 8). The removal efficiency is higher for the cases that consider FeCl3 than for those that consider NaOH, and this achieves a higher biomass production for the scenarios that use C2 as a secondary harvest. However, the contamination that the biomass can suffer when using FeCl3 limits its use, and prevents the recovery of the culture medium after harvest, which causes the options to improve the economy of these production scenarios to be reduced, (scenarios 9 to 16). On the other hand, if biomass is to be used for the production of compounds of commercial interest (metal-free), it would be necessary to integrate biomass purification stages, which would increase production costs.



The consumption of Chitosan as a flocculant has been reported as effective and does not contaminate the biomass. However, its high cost limits its implementation if its purpose is not to produce higher quality biomass [53,61]. Divakaran et al. [65] report that the use of Chitosan as flocculant allows the use of the culture medium after harvest and that it can maintain growth by planting with fresh algae cultures. Furthermore, the harvested cells are intact and alive after flocculation and are capable of reproducing and growing. This is an additional advantage in applications where chemicals and drugs must be recovered from biomass free of undesirable and potentially toxic contaminants. Besides, Chitosan is produced from chitin, a structural element in the exoskeletons of crabs and shrimp, which allows it to be produced in a more sustainable way than other synthetic organic polymers [66]. The results of this study show that the scenarios that consider Chitosan as flocculant (scenarios 17 to 24) are within the group of scenarios with lower energy consumption and production cost per kg of biomass produced (Figure 8). According to the aforementioned bibliographic review, the biomass produced in these scenarios has greater advantages over the biomass produced in the scenarios that consider NaOH and FeCl3. Additionally, it was mentioned earlier that scenarios using a drum dryer could be considered less appropriate to obtain high-quality biomass to produce proteins, because the protein denaturation temperature is reached in this equipment [41]. Once the bibliography has been analyzed, considering the quality of biomass and production costs, the scenarios with the potential to produce high-quality biomass are 17, 19, 21 and 23 (Figure 10).



Considering the four scenarios with the highest potential to produce higher quality biomass, and considering energy consumption and unit production cost, scenario 23 has the lowest energy consumption and lowest production cost (12.10 kWh/kg and US $210.32/kg) (Figure 8). Scenario 23 considers flocculation with Chitosan, pressure filter and spray dryer. In Figure 8, it is observed that scenario 24 has slightly lower values than scenario 23, for energy consumption and production cost. However, it has to be considered that scenario 24 uses a drum dryer and this can reduce the quality of the biomass if there is not a good control of the drying temperature.



Energy consumption in all scenarios is high, mainly caused by high energy consumption in the cultivation system. One option to remedy this consumption could be to consider the use of renewable energy sources, either totally or partially, such as solar or wind energy, and with this, minimize CO2 emissions by generating the energy necessary for the process. Regarding the operating cost, this could be reduced by recycling the growing medium after harvest or by using wastewater as a source of nutrients in the growth stage. However, care must be taken with the source of wastewater considered, because this also limits the use of biomass. Goswami et al. [67] report that several studies suggest that the biomass of microalgae that uses wastewater for cultivation cannot be used for food and feed due to the toxic substances in the biomass.



One of the main uses considered for microalgae biomass is as a source of energy, mainly due to lipids. However, for biomass to be considered for this purpose, it is necessary that production costs are competitive with conventional energy production costs. Finally, we suggest that the production scenarios analyzed in this study, due to high energy consumption and high production costs, should be considered to produce high quality biomass oriented towards the food, cosmetic or pharmaceutical industry.





4. Conclusions


It was found that the dry biomass production routes considered in this study are of high energy demand (12.09–12.51 kWh/kg) and with high operating costs (US $210.05–214.59/kg), when compared to other similar studies. This is mainly due to the contribution of the use of tubular photobioreactors as a biomass culture system. However, although PBRs have industrial application for the production of protein, pigments, animal feed, fatty acids and antioxidants [43], and the significant reduction in the consumption of fresh water (compared to open systems for cultivation), there are few studies that analyze and evaluate the implementation of these systems for biomass production. The cultivation stage contributes 96% to 98% of the total energy consumption in the dry biomass production scenarios and 99% of the total production costs, the rest is included in the harvesting and drying stages of the biomass. These results suggest the need to research engineering alternatives to the biomass cultivation system, in order to reduce the operating cost, in addition to biological alternatives that aim to increase biomass productivity.



The scenarios that use NaOH are the scenarios with the highest energy consumption (12.28 kWh/kg to 12.51 kWh/kg) and production cost per kg of dry biomass produced (US $213.54/kg to US $214.59/kg). The scenarios that consider FeCl3 as flocculant have energy consumption similar to those that use Chitosan (12.09 kWh/kg to 12.32 kWh/kg). Regarding the cost of production, it only increases by a minimal amount in these latter scenarios. However, the use of Chitosan as flocculant guarantees the production of higher quality biomass compared to the scenarios with the other flocculants. This offers the option of being able to reuse the growing medium after the secondary harvest and thus reduce production costs. This is favorable for the production of high-quality biomass, which may well be used in the food, cosmetic or pharmaceutical industries. On the other hand, analyzing the individual impact of the technologies involved in secondary harvesting, centrifugation and vacuum filtering are the ones with the highest energy consumption; regarding the cost of production, centrifugation and belt filter press technologies are the ones with the highest cost, mainly due to the high cost of equipment and associated maintenance. In the drying stage, spray drying is the technology with the highest energy consumption and the highest production cost. This causes a direct impact on the scenarios with these technologies.



Additionally, this study estimates a capacity to capture up to 148 tons/ha/year of CO2 by cultivating microalgae in a tubular photobioreactor. This amount depends mainly on the cultivation conditions of the microalgae, that is, the biomass productivity achieved and the spatial configuration of the tubular photobioreactors. Under the same biomass productivity, if some other configuration is implemented to accommodate the tubular photobioreactors on the surface destined for cultivation, ensuring that the amount of light to the photobioreactors is not affected, biomass production and CO2 capture on this surface could be increased. Fresh water consumption is lower for biomass culture in a photobioreactor compared to open culture systems; even so, the consumption of fresh water could be further reduced, using wastewater or recirculating the culture medium after harvest (primary and secondary) towards the culture in the photobioreactor, and additionally the consumption of fresh nutrients would also be reduced. However, to consider this proposal, the type of wastewater and the type of flocculant must be taken into account, as this can cause contamination in the biomass or limit the growth of the biomass.



This study shows that biomass production from tubular photobioreactor culture is expensive, however, water savings could be the main criterion for choosing this type of system if you plan to install this process in a place where there is limited fresh water, or if a source of energy or high quality biomass is required to obtain products of commercial interest. On the other hand, in energy terms, the process may not be sustainable, however, there are ways to obtain renewable energy from other sources, which could be included as an energy source to reduce the impact associated with energy consumption in the process, for example, the use of wind energy, solar energy, among others. Finally, this study allows us to compare various technologies involved in the process to produce microalgae biomass and analyze the impact on energy consumption and production cost, giving us a clear vision of the contribution of each technology in the process. This allows us to develop comparative scenarios to evaluate different aspects of microalgal biomass production from a specific species.
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Figure 1. Summary of technologies included in the different process stages to produce microalgae biomass. Adapted from [56]. 
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Figure 2. Flowsheet for the cultivation stage (technology B). 
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Figure 3. Flowsheet for the harvesting section (primary and secondary) and drying stage, of scenario 1 (case C, D and E). 
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Figure 4. Flowsheet for the harvesting section (primary and secondary) and drying stage, of scenario 12 (case C, D and E). 
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Figure 5. Flowsheet for the harvesting section (primary and secondary) and drying stage, of scenario 24 (case C, D and E). 
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[image: Applsci 11 04386 g005]







[image: Applsci 11 04386 g006 550] 





Figure 6. Distribution of energy consumption in the harvesting and drying stages of biomass. All scenarios are fed from the PBR effluent. 
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Figure 7. Distribution of the production cost in the harvesting and drying stages of the biomass. All scenarios are fed from the PBR effluent. 
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Figure 8. Total energy consumption vs. total production cost per kg biomass produced. 
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Figure 9. Total water consumption vs. total production cost per kg biomass produced. 






Figure 9. Total water consumption vs. total production cost per kg biomass produced.



[image: Applsci 11 04386 g009]







[image: Applsci 11 04386 g010 550] 





Figure 10. Scenarios for the production of high-quality biomass (harvested with Chitosan). 
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Table 1. Energy requirement in second stage of harvest.
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	Technology

(Case)
	Energy Consumption

Considered (kWh/m3 Feed)
	Energy Consumption

Reference (kWh/m3 Feed)





	Centrifugation (D1)
	8.70
	3.3 [39], 3.6–10.8 [40], 0.7–1.30 [41]



	Vacuum filter (D2)
	5.80
	0.1–5.9 [40], 1.22–5.9 [41]



	Belt filter press (D3)
	0.88
	0.054–0.384 [39], 0.16–0.88 [40]



	Pressure filter (D4)
	0.90
	0.88 [40], 0.5–0.9 [41]
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Table 2. Technological scenarios to produce dry microalgae biomass. Adapted from [56].
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	No.
	Scenario
	No.
	Scenario
	No.
	Scenario





	1
	B-C1-D1-E1
	9
	B-C2-D1-E1
	17
	B-C3-D1-E1



	2
	B-C1-D1-E2
	10
	B-C2-D1-E2
	18
	B-C3-D1-E2



	3
	B-C1-D2-E1
	11
	B-C2-D2-E1
	19
	B-C3-D2-E1



	4
	B-C1-D2-E2
	12
	B-C2-D2-E2
	20
	B-C3-D2-E2



	5
	B-C1-D3-E1
	13
	B-C2-D3-E1
	21
	B-C3-D3-E1



	6
	B-C1-D3-E2
	14
	B-C2-D3-E2
	22
	B-C3-D3-E2



	7
	B-C1-D4-E1
	15
	B-C2-D4-E1
	23
	B-C3-D4-E1



	8
	B-C1-D4-E2
	16
	B-C2-D4-E2
	24
	B-C3-D4-E2
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Table 3. Summary of Results for Primary Harvest (Flocculation).
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	Variable
	Case C1
	Case C2
	Case C3





	Biomass Production (tons/year)
	77.73
	78.91
	78.91



	Annual Flocculant Consumption (tons/year)
	2.59
	0.63
	0.754



	Material Cost

(US $/year)
	1191
	544
	1579



	Energy Consumption (kWh/year)
	5720
	5720
	5721



	Operating Cost (US $/year)
	7000
	6000
	7000



	Unit Production Cost (US $/kg)
	0.09
	0.07
	0.09
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Table 4. Summary of Results for Secondary Harvest (Centrifugation and Filtering).
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	Variable
	Case D1
	Case D2
	Case D3
	Case D4





	Biomass Production (tons/year)
	69.957
	69.957
	69.957
	69.957



	Energy Consumption (kWh/year)
	16,777
	9027
	941
	1399



	Operating Cost

(US $/year)
	76,000
	15,000
	71,000
	15,000



	Unit Production Cost (US $/kg)
	1.08
	0.21
	1.01
	0.21
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Table 5. Summary of Results for the Drying stage (Spray Dryer and Drum Dryer).
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	Variable
	Case E1
	Case E2





	Biomass Production (tons/year)
	69.957
	69.957



	Energy Consumption (kWh/year)
	2,816
	2,177



	Operating Cost (US $/year)
	37,000
	19,000



	Unit Production Cost (US $/kg)
	0.53
	0.28
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