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    PREFACE




  




  

    The book “Microalgae as a Source of Bioenergy: Products, Processes and Economics” presents recent advances in biofuel production with microalgae. It is composed of 17 well written chapters by leading researchers in this field.




    European Union (EU) defined targets for each Member State regarding climate and energy. Microalgae are considered a promising and sustainable source of energy, due to their biomass productivity and ability to capture CO2. Several research studies were performed and new procedures to reduce the biomass production cost were developed. In this context, the proposed book have the contributions of relevant researchers in microalgal research area, focusing on the energy product yields, process developments and economics.




    Biodiesel is one of the most studied biofuels, which can be produced by several raw materials. Microalgal biodiesel is the third generation biofuel and it is considered the most sustainable route for the production of this renewable form of energy. Microalgae present high areal productivities and their production does not compete with food market. Besides the biodiesel production with extracted oil, the residual biomass can be used for other energetic applications, reducing the cost of each type of produced energy. Chapter 1 presents the integration of biodiesel production and cogeneration and concludes that microalgae is an economic viable energy solution, if the biorefinery concept is applied, taking part from several products that microalgae can offer. Chapter 2 presents the potential of microalgae for bioethanol production, focusing on cultivation strategies to enhance carbohydrate productivity (which is easier to break down to simple reducing sugar), biomass pre-treatment methods, and hydrolysis and fermentation process. Chapter 3 presents different routes to produce bioethanol and presents a review of the research works about bioethanol production from algae. Chapter 4 introduces the basic principles of anaerobic digestion (biogas production), particularly when using microalgae as substrate. The influence of the most important operating parameters is also described. Biohydrogen is the last focused biofuel product. Chapter 5 shows the recent progresses regarding microalgal cellular mechanisms and production processes. As biofuel should present a lower price, several strategies should be implemented to reduce the production costs. Chapter 6 shows the main characteristics of the most used configurations of photobioreactors. Chapter 7 presents CO2 biofixation from industrial flue gases by microalgae, describing the microalgal metabolism. The use of CO2 from this source has dual benefit: (i) reduction of biomass production cost; and (ii) mitigation of industrial emissions of CO2, which is one of the most important greenhouse gas. Harvesting, thickening and dewatering processes represent a significant cost in the production of microalgal biomass. Chapter 8 gives an overview of the related technologies, presenting their advantages. Chapter 9 summarizes recent developments in microalgal oil extraction processes, including drying methods, cell disruption methods, conventional or supercritical solvent extraction methods, and recent approaches for direct biodiesel production.




    Concerning the current production and economics of microalgal production, Chapter 10 places international energy policy in the context of the current and projected energy landscape. It gives an overview of the global and commercially installed infrastructure. Some important research projects are also presented. Chapter 11 presents a current view of the commercial production of microalgae cultivation at a large scale worldwide. It also presents the main variables that influence microalgal cultures and compares different types of photobioreactors. Chapter 12 describes the environmental applications of microalgae: CO2 capture and nutrient recycling. Mechanisms of assimilation of nitrogen and phosphorus are discussed in this chapter. Configurations of photobioreactors are compared in terms of wastewater treatment enhancement (and downstream processes) and improving mass transfer of CO2 from the gaseous stream to the culture. Chapter 13 presents a wide range of products obtained from microalgal biomass (biorefinery context) that can enhance the economic viability of biofuel production. Chapter 14 performs a techno-economic assessment of microalgal oil production. Process modelling was performed through simulation software Aspen Plus. Chapter 15 reviews biofuel production from different feedstocks, focusing on the techno-economic challenges. Sensitivity analysis was performed to examine the economic parameters are the sales price was highly dependent on algae doubling time. Chapter 16 presents a life cycle assessment of the greenhouse gases of microalgal biofuels. Chapter 17 shows the results of the triple bottom line (for sustainability evaluation) assessment of algal bio-crude production. The considered stages in the analysis are the cultivation of algae, extraction of bio-crude and transport of bio-crude to a refinery. A region of Australia was selected for algae production. The results show that algae bio-crude production is more sustainable than crude oil production.




    I would like to thank all the authors for their efforts in writing such excellent chapters. I also acknowledge the entire team of Bentham Science Publishers, particularly Ms. Fariya Zulfiqar (Assistant Manager Publications) due to the important orientations at different stages in the publication of the book. I am confident that this book will attract the attention of researchers and professionals of microalgal biofuel production.
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      Abstract




      During the last two decades, the use of biofuels has shown rapid growth, driven mostly by policies focused on increasing energy efficiency, and replacing fossil energy by renewable energy. There are different biomass raw materials that have been evaluated for the production of several added-value products. These raw materials have been classified into the first generation (agricultural and edible crops), second generation (inedible agroindustrial residues) and third generation (algae). The interest in the cultivation of microalgae has been increasing due to the high value products that can be obtained. Additionally, the oils present in microalgae are used for the production of biodiesel and the cake resulting after processing can be used for the production of bioethanol, biobutanol or energy. Based on this, this chapter first introduces the current uses and applications of multiple species of microalgae in terms of energy production and describes the technologies being used for the production of bioenergy using micro-algae. Then, two specific cases are analyzed: cogeneration and biodiesel production. The performed analysis serves to conclude that in order to establish microalgae as an energy-producing feedstock, it is necessary to integrate their use to obtain multiple products simultaneously: metabolites due to their high value, oils to produce biodiesel and the dry cake for thermochemical production of energy. The extraction of multiple products can only be made possible if a biorefinery concept is applied.
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      INTRODUCTION




      During the last two decades, the use of biofuels has shown a rapid growth, driven mostly by the policies focused on increasing energy efficiency, and replacing fossil energy by renewable energy [1, 2]. These policies also aim at achieving




      energy security and mitigation of greenhouse gas (GHG) emissions [3]. There are different biomass raw materials that have been evaluated for the production of several added-value products. These raw materials have been classified into the first generation (agricultural and edible crops), second generation (inedible agroindustrial residues) and third generation (algae) [4].




      Microalgae are unicellular or multi-cellular photosynthetic microorganisms. Microalgae use sunlight and convert carbon dioxide into biofuel, food, biological products and biomass. For example, cyanobacteria, green algae and diatoms are the most common microalgae. They are present in different environments with high salinity. There are more than 50000 species, but only around 30000 have been studied and analyzed [5]. The morphological characteristics presented by each species of microalgae are dependent on environmental conditions such as the amount of light, temperature, pH and nutrients in the water. All microalgae usually possess chlorophyll-a, which confers green microalgae pigment and at least one accessory, which can sometimes mask chlorophyll-a. Chlorophyll-d is found in red microalgae [6] and chlorophyll-c can be found in yellow-green microalgae [7]. Microalgae can either be autotrophic or heterotrophic, and some photosynthetic algae are mixotrophic. The carbon source for the autotrophic algae is CO2. This substrate can be supplied from an upstream power plant or other emission source, while the heterotrophic algae use organic carbon sources [8]. The mixotrophic algae have the ability to perform both photosynthesis and acquire exogenous organic nutrients.




      The interest in the microalgal cultivation has been increasing due to the production of high value products. In this regard, different types of bioreactors have been developed for their cultivation. For many years, the algae have grown in natural water sources such as lakes and ponds. This technique is currently being used for wastewater treatment, which can be carried out in natural or artificial lakes, tanks or round ponds. This culture system is a good production method in which the obtained biomass can be used later for other purposes [9]. Another method recently developed in the close crop system, or closed photobioreactors (PBRs), which can be thin panels or horizontal tubes. One of the limitations of such bioreactors is the supply of light and carbon dioxide. Consequently, the flat panel PBR should be thin and the tubes (in tubular PBR) have small diameter [10]. Another closed PBR is the airlift, which is compact, inexpensive and easy to operate. This device offers a pneumatic contact in which the fluid flows in a defined pattern through channels constructed for this purpose [11]. Currently, the use of stirred tank reactors is being studied to increase the productivity of microalgae in their application at large scale; given that this type of reactor is a standard at industry and laboratory scales [12]. The design and scale of these reactors must consider primarily an efficient provision of light, and minimizing carbon dioxide losses. Therefore, the challenge is to develop efficient methods for developing large-scale bioreactors that work equally well as at laboratory scale. The large-scale production of microalgae biomass is continuous throughout the day; at night the broth is mixed only. The only viable large scale methods of production of microalgae are “circuit” type ponds and tubular PBRs [12, 13].




      

        Microalgae for Energy Production




        Microalgae have great advantage for obtaining added-value products, since these microorganisms can produce lipids and protein in a short time compared with other crops [14]. Microalgae have been also used to produce biofuels and energy. Recent studies have found that the biomass and lipid content of algae can be increased through changing cultivation conditions such as CO2 sparging, carbon source, temperature, salinity and nutrient concentration [15]. Chlorella sp. can accumulate starch and lipids under various growth conditions. In this process, starch synthesis preceded lipid accumulation. The content of starch is generally from 21 to 45% of the dry weight (DW) and lipids content is from 23 to 60% DW [16]. Microalgae have many advantages such as higher photosynthetic efficiency, higher biomass productivities, a growth rate faster than higher plants, highest CO2 fixation and O2 production [17]. They require less water than terrestrial crops, making the process more efficient and environmentally friendly [18]. In addition, macronutrients as nitrogen, phosphorus and sulphur can be obtained from wastewater, allowing the use of this effluent as nutrient source for microalgae culture for bioremediation [19]. The composition of the algae can be modified changing growth conditions. In some cases, the absence or presence of components in the culture medium (e.g. nitrogen) increases the accumulation of lipids or starch in the microalgae [20].




        The oils present in microalgae are used for the production of biodiesel. Biodiesel is derived from triglycerides through an equilibrium reaction known as transesterification, which produces methyl esters (biodiesel and glycerol) [13]. Mainly, microalgae are used to obtain oil and a solid cake with high content of starch and fibers, which can be used as substrate in fermentation processes [21, 22]. After oil and starch extraction, the microalgae cake can also be used to feed a cogeneration system [23]. The most direct route for obtaining biofuels is via anaerobic digestion to biogas. This process has many advantages over other forms of bioenergy production. It is the most energy efficient and environmentally friendly technology [24].




        Table 1 shows some microalgae with their respective products, conditions and starch or lipid content. In some cases, microalgae are grown to obtain metabolites.




        For example, Dunaliella tertiolecta produces β-carotene [25]. Spirulina maxima produces β-carotene and a-tocopherol [26].




        

          Table 1 Multiple microalgae strains used for the production of starch and lipids.




          

            

              

                	Microalgae



                	Strain



                	Product



                	Conditions



                	Culture Medium



                	Starch or Lipid Content (DW)



                	Ref.

              


            



            

              

                	Tetraselmis subcordiformis



                	



                	Starch



                	Aeration was kept at 0.4 vvm with 3% CO2, temperature 25±2 °C Illuminated with fluorescent lamps (200 μmm-2s-1)




                	Sea water with nutrients addition



                	62.1%



                	[27]

              




              

                	Chlorella vulgaris Beijerinck



                	CCALA 924



                	Starch



                	Irradiance (23 μmol m-2s-1), cycles 12/12 h (dark/light), temperature at 12 - 15 °C.



                	Mineral medium



                	60%



                	[28]

              




              

                	Chlamydomonas reinhardtii



                	UTEX 2337



                	Starch



                	Illuminated with white fluorescent tubes. Temperature 25 °C and stirred at 500 rpm. Aeration.



                	UTEX medium from Chlamydomonas



                	58%



                	[29]

              




              

                	UTEX 90



                	Starch



                	Temperature 25 °C, in presence of 2% CO2




                	TAP media



                	53%



                	[30]

              




              

                	UTEX 2247



                	Starch



                	Temperature 25 °C, air with 0.5% of CO2 at a rate of 300 ml/min. Illuminated with fluorescent lamps.



                	Sea water with nutrients addition



                	45%



                	[31]

              




              

                	Dunaliella tertiolecta



                	ATCC 30929



                	Starch



                	Temperature 30 °C, 1% CO2, illumination with fluorescent lamps (10 W m-2)




                	F/2 medium



                	18%



                	[32]

              




              

                	Chlorella sp.



                	TISTR 8485



                	Starch



                	Initial OD1000=0.2. Illumination with cool white fluorescence lamps (60 μmol m-2s-1) Shaken at 150 rpm at 28±1 °C




                	BG-11 medium



                	27.0±1.1%



                	[33]

              




              

                	Chlorococcum sp.



                	TISTR 8583



                	Starch



                	Initial OD1000=0.2. Illumination with cool white fluorescence lamps (60 μmol m-2s-1) Shaken at 150 rpm at 28±1 °C




                	BG-11 medium



                	25.28±1.12%



                	[33]

              




              

                	N. muscorum



                	TISTR 8871



                	Starch



                	Initial OD1000=0.2. Illumination with cool white fluorescence lamps (60 μmole photon m-2s-1) Shaken at 150 rpm at 28±1 °C




                	BG-11 medium



                	33.49±0.89%



                	[33]

              




              

                	Nostoc sp.



                	TISTR 8873



                	Starch



                	Initial OD1000=0.2. Illumination with cool white fluorescence lamps (60 μmol m-2s-1) Shaken at 150 rpm at 28±1 °C




                	BG-11 medium



                	32.85±1.52%



                	[33]

              




              

                	Green algae



                	NKG 121701



                	Starch



                	Aeration flasks with illumination (40 μE m-2s-1) at room temperature



                	



                	>50%



                	[34]

              




              

                	Spirulina fusiformis



                	



                	Starch



                	Sea water with different salinity enriched with Zarouk media and autoclaved at 121 °C for 15 min.



                	Zarouk media with sea water



                	16.8 - 31.4%



                	[35]

              




              

                	Skeletonema costatum



                	CP-12



                	Lipids



                	Temperature 16±1 °C, illumination , cycles 12/12 h (dark/light), 0.3 cm3 min-1 CO2




                	F/2 medium with sea water



                	65%



                	[36]

              




              

                	N. gregaria



                	CP-20



                	Lipids



                	Temperature 16 ± 1 °C, illumination , cycles 12/12 h (dark/light), 0.3 cm3 min-1CO2




                	F/2 medium with sea water



                	76%



                	[36]

              




              

                	Nitzschia palea



                	



                	Lipids



                	Temperature 22 ± 2 °C under continuous light of 2.789 W m-2




                	Standard Navicula medium



                	26.2%



                	[37]

              




              

                	Scenedesmus sp.



                	



                	Lipids



                	Mixotrophic conditions. Temperature 22 ± 2 °C under continuous light of 250 μmol m-2s-1 Illumination



                	10 g/L of technical glycerol



                	
15.1 ± 1.4%15.1 ± 1.4%




                	[38]

              




              

                	Nannochloris sp.



                	



                	Lipids



                	Mixotrophic conditions. Temperature 22 ± 2 °C under continuous light of 250 μmol m-2s-1 Illumination



                	2 g/L of technical glycerol



                	16.2±1.6



                	[38]

              




              

                	Isochrysis sp.



                	T.ISO



                	Lipids



                	Temperature 25 °C. Illuminated with white light (80±2 μmol m-2s-1), pH 8.3



                	f/2 medium



                	20.7 ± 4.0%



                	[39]

              




              

                	Cryptomonas



                	CRFI01



                	Lipids



                	Temperature 25 °C. Illuminated with white light (80±2 μmol m-2s-1), pH 8.3



                	f/2 medium



                	21.4 ± 4.0%



                	[39]

              




              

                	
Schizochytrium


                limacinum




                	OUC88



                	Lipids



                	Temperature 23 °C shaking rotationally at 500 rpm



                	GS medium



                	~13 g/L



                	[40]

              




              

                	Crypthecodinium cohnii



                	ATCC 30772



                	Lipids



                	Temperature 27 °C, shaking at 180 rpm, pH 6.5



                	ATCC Culture Medium 460 A2E6



                	



                	[41]

              


            

          




          

            DW = Dry Weight

          




        


      




      

        Biofuel Production Processes from Microalgae




        It is possible to identify three main types of components for the further conversion of microalgae into biofuels: oils, starch and the dry cake. Each of these components will lead to a different biofuel or energy source (biodiesel, bioethanol, energy, and hydrogen, among others). Therefore, there are conversion options for algal biomass associated to different energy carriers (solid, liquid or gaseous fuels). The production processes can be separated into four main groups: biochemical processes, thermochemical processes, algal biomass to biodiesel and biorefineries [14, 42]. The most significant differences between them are the desired form of the energy (end form of the product) and the state of the feedstock. Just to exemplify these differences, for thermochemical processes the end form of the energy is usable energy and gaseous fuels using the dry cake of the microalgae, while for certain biochemical process the end form is a liquid biofuel (biodiesel) using the oils metabolized by the microalgae. Fig. (1) shows the production processes of biofuels from microalgae.


      




      

        Biochemical Conversion




        Biochemical conversion of microalgae is directed generally to the production of gas and liquid biofuels (methane, hydrogen and ethanol). This type of processes implies the usage of the biomass as a feedstock for its processing by other micro- organisms to produce the biofuel. The main processes are anaerobic digestion, alcoholic fermentation and photobiological hydrogen production [14, 44].




        

          Anaerobic Digestion




          Anaerobic digestion is a biological process to decompose organic matter through the assortment of microbes in the absence of oxygen to produce biogas [45]. Biogas consists mainly in methane and carbon dioxide with traces of other gases such as hydrogen sulphite [46]. This process has three sequential stages: hydrolysis, fermentation and methanogenesis. The first stage breaks the complex compounds into soluble sugars. Then, fermentative bacteria convert these into alcohols, acetic acid, volatile fatty acids (VFA), and a gas containing H2 and CO2. Finally, methanogens metabolizes these compounds mainly into CH4 (60-70%) and CO2 (30-40%) [19]. The produced gas has an energy content approximate to 20-40% of the lower heating value of the feedstock [14].




          
[image: ]


Fig. (1))


          Production processes of biofuels from microalgae. Adapted from [14, 43].



          The first authors to report the anaerobic digestion of microalgae biomass were Golueke et al. [47]. These authors investigated the anaerobic digestion of Chlorella vulgaris and Scenedesmus, microalgae that generally grow as part of a wastewater treatment process. According to Sialve et al. [48], the conversion of algal biomass into methane could recover as much energy as that obtained from the extraction of cell lipids and this process can be useful for wet algal biomass given that moisture content must be between 80-90% [49]. Since the early advances performed in this topic, authors identified that the harvesting of microalgae biomass presents a fundamental challenge for the economic viability of an energy system using microalgae biomass as a substrate for anaerobic digestion. Table 2 shows the methane production from the anaerobic digestion of multiple microalgae reported in literature. This table summarizes the research done about several microalgae and highlights the gas potential from microalgae as a viable process for biogas production.




          

            Table 2 Methane production from the anaerobic digestion of multiple microalgae reported in literature. Adapted from [50].




            

              

                

                  	Microalgae Species



                  	Methane Yield



                  	Loading Rate

                


              



              

                

                  	Arthrospira maxima



                  	173 mL g-1 VS



                  	500 mg/TS/L

                




                

                  	Arthrospira platensis



                  	481 mL g-1 VS



                  	2000 mg/TS/L

                




                

                  	Blue green algae



                  	366 mL g-1 VS



                  	281.96 mg/VS/L

                




                

                  	Chlamydomonas reinhardtii



                  	587 mL g-1 VS



                  	2000 mg/TS/L

                




                

                  	Chlorella kessleri



                  	335 mL g-1 VS



                  	2000 mg/TS/L

                




                

                  	Chlorella sp., Pseudokirchneriella sp. and Chlaqmydomas sp.



                  	0.28-0.60 m3/kg/VS



                  	402 mg VS

                




                

                  	Chlorella sp., Scenedesmus, Euglena and Oscillatoria



                  	300-800 mL g-1 VS



                  	N/R

                




                

                  	Chlorella sp., Scenedesmus



                  	170-320 mL g-1 VS



                  	1.44-2.89 g/VS/L

                




                

                  	Chlorella sorokiniana



                  	212 mL g-1 VS



                  	N/A

                




                

                  	Chlorella vulgaris



                  	403 mL g-1 VS



                  	2 g/VS/L

                




                

                  	Chlorella vulgaris



                  	286 mL g-1 VS



                  	5000 mg/VS/L

                




                

                  	Chlorella vulgaris



                  	240 mL g-1 VS



                  	1000 mg/VS/L

                




                

                  	Chlorella vulgaris



                  	0.40-0.45 L



                  	2677-6714 mg (COD)

                




                

                  	Dunaliella



                  	440 mL g-1 VS



                  	910 mg/VS/L

                




                

                  	Dunaliella salina



                  	505 mL g-1 VS



                  	2000 mg/TS/L

                




                

                  	Dunaliella tertiolecta



                  	24 mL g-1 VS



                  	5000 mg/VS/L

                




                

                  	Durvillea Antarctica



                  	492 mL g-1 VS



                  	3000 mg/dry/TS/d

                




                

                  	Euglena gracilis



                  	485 mL g-1 VS



                  	2000 mg/TS/L

                




                

                  	Lake Chaohu natural population consortium



                  	295 mL g-1 VS



                  	N/R

                




                

                  	Macroystis pyrifera and Durvillea Antartica(50% blend)



                  	540 mL g-1 VS



                  	3000 mg/dry/TS/d

                




                

                  	Macroystis pyrifera



                  	545 mL g-1 VS



                  	3000 mg/dry/TS/day

                




                

                  	Microcystis sp.



                  	70.33-153.51 mL



                  	1500-6000 mg/VS

                




                

                  	Nannochloropsis oculata



                  	204 mL g-1 VS



                  	N/R

                




                

                  	Nannochloropsis salina (lipid extracted biomass)



                  	130 mL g-1 VS



                  	2000 mg/L/VS

                




                

                  	Scenedesmus obliquus



                  	287 mL g-1 VS



                  	2000 mg/TS/L

                




                

                  	Scenedesmus obliquus



                  	240 mL g-1 VS



                  	2000 mg/VS/L

                




                

                  	Scenedesmus sp.



                  	170 mLg-1 COD



                  	1000 mg/COD/L

                




                

                  	Scenedesmus sp. (single stage)



                  	290 mL g-1 VS



                  	18,000 mg/VS/L

                




                

                  	Scenedesmus sp. (two stage) Note: 46 mL/g/VS Hydrogen



                  	354 mL g-1 VS



                  	18,000 mg/VS/L

                




                

                  	Scenedesmus sp. and Chlorella sp.



                  	16.3-15.8 ft3




                  	7.8-9.2 ft3/lb (VS)

                




                

                  	Scenedesmus sp. and Chlorella sp.



                  	143 mL g-1 VS



                  	4000 mg/VS/L

                




                

                  	Spirulina Leb 18



                  	0.79 g/L



                  	72,000 mg/L/TS

                




                

                  	Spirulina maxima



                  	0.35-0.80 m3




                  	20-100 kg/m3 (VS)

                




                

                  	Spirulina maxima



                  	320 mL g-1 VS



                  	910 mg/VS/L

                




                

                  	Spirulina maxima



                  	330 mL g-1 VS



                  	22,500 mg/VS/L

                




                

                  	Spirulina platensis UTEX1926



                  	0.40 m3 kg



                  	N/R

                




                

                  	Tetraselmis



                  	0.25-0.31 L g-1 VS



                  	2000 mg/VS

                




                

                  	Waste water grown community



                  	497 mL g-1 TS



                  	2.16 g/L/TS

                




                

                  	Zygogonium sp.



                  	344 mL g-1 TS



                  	N/R

                


              

            




            

              N/R = Non-reported

            




          


        




        

          Alcoholic Fermentation




          Alcoholic fermentation is the conversion of sugars, starch or cellulose into ethanol by a microorganisms. As it was previously observed, microalgae can be a source of both biomass and starch, and hence they can be used as substrate. However, depending on the type of fermenting microorganism, it is necessary to perform a pretreatment stage in order to convert the microalgae into an absorbable substrate. The most common microorganisms used for alcohol fermentation can metabolize glucose, sucrose, xylose, and amylose. Therefore, this is the purpose of the pretreatment stage, to convert the feedstock into a system easily accessible for the enzymes to produce sugars. Generally, after the fermentation stage comes a puri- fication stage that consists of two distillation columns, one for distillation and the other for rectification, and a system of molecular sieves to dehydrate the ethanol.




          Ethanol can be used as a vehicle fuel, but it is normally used as an additive that aims to increase the octane rating and improving vehicle emissions [51]. Car petrol engines can operate on petroleum/gasoline blends of up to 15% of bioethanol. An advantage of ethanol is its higher octane rating compared to ethanol-free gasoline, which allows increasing the engine's compression ratio for increased thermal efficiency [51]. The solid residue generated in the process can be used for cattle-feed or for gasification, which helps diminishing feedstock costs, which typically are 55-80% of the final alcohol selling price [14, 49].




          C. vulgaris has a high starch content (37% DW), and conversion efficiencies of up to 65% of ethanol have been recorded [31]. Ethanol production has also been reported via dark fermentation process with a maximum ethanol productivity of 450 µmol g-1 DW at 30 °C [34, 52]. Despite the possibility of using microalgae in alcoholic fermentation, the most efficient microalgae potential is in the context of lipid production, and ethanol production is applied to the waste algae biomass from oil extraction [14].


        




        

          Photobiological Hydrogen Production




          Hydrogen fuel can provide power to multiple types of engines (rockets, cars, boats and airplanes) [53]. Microalgae are able to photoproduce H2 gas given their genetic, metabolic and enzymatic characteristics under anaerobic conditions [14, 54]. During photosynthesis, microalgae convert water molecules into oxygen and hydrogen ions (H+), which are then converted by hydrogenase enzymes into H2 under anaerobic conditions [19].




          There are two main approaches for photosynthetic H2 production. The first approach consists of two stages. In the first stage, algae are grown photo synthetically in normal conditions. During the second stage, the algae are induced to anaerobic conditions and stimulating consistent hydrogen production [54, 55]. The hydrogen production yield maintains high until 60 h of production and does not generate toxic or environmentally harmful products, and allows obtaining value added products as a result of biomass cultivation [56]. The second approach simultaneously produces photosynthetic oxygen and H2 gas. The electrons that are released in the photosynthetic H2O oxidation are fed directly into the hydrogenase-mediated H2-evolution process [14]. The H2 productivity of the second approach is theoretically superior to the first one, but it presents severe hydrogenase inhibition after a very short period due to the photosynthetic production of oxygen [55]. The theoretical maximum yield of hydrogen by green algae can be approximately 198 kg H2 ha-1 per day [57].


        




        

          Thermochemical Conversion




          

            Gasification




            Gasification is a process that converts solid or liquid hydrocarbons into synthesis gases, which has proved to be a successful option for waste management, chemical production and energy production from non-conventional feeds like forest wastes, agricultural wastes, poultry waste, and municipal sewage, among others [58]. Gasification, as a biomass-to-energy pathway, offers the possibility of producing syngas from multiple potential feedstocks. Syngas is a low calorific gas (typical 4-6 MJ m-3) that can be burnt directly or used as a fuel for gas engines/turbines [14].




            Regarding the gasification of microalgae biomass, Spirulina has been partially oxidized at temperature ranges between 850-1000 °C, estimating around 1000 °C; the highest theoretical yield of 0.64 g methanol from 1 g of biomass [59]. The authors estimated an energy balance (ratio of methanol produced to the total required energy) of 1.1, therefore obtaining a marginal positive value. According to Minowa and Sawayama [60], it is possible to use the microalgae C. vulgaris in systems with nitrogen cycling to obtain methane-rich fuel. In addition, the nitrogen components of the microalgae can be converted into fertilizer ammonia. However, this area needs more research especially into the energy balance of drying the biomass for gasification [14].


          




          

            Thermochemical Liquefaction




            The thermochemical liquefaction is a catalyzed process that takes place at low temperature (300-350 °C) and high pressure (5-20 MPa) in the presence of hydrogen [61]. Despite the expensive reactors and fuel-feed systems [49], it has good advantages for the production of energy from wet biomass [62]. This process uses sub-critical water, taking advantage of its high activity, to decompose biomass materials in shorter molecular materials with higher energy density [63].




            According to Brennan and Owende [14], there are processes that can be employed to convert wet algal biomass material into liquid fuel. For example, this process was applied at 300 °C to B. braunii, obtaining a maximum yield of 64% DW of oil with higher heating value (HHV) of 45.9 MJ kg-1 [64]. Another study obtained an oil yield of 42% DW from Dunaliella tertiolecta giving an HHV of 34.9 MJ kg-1 [65]. These results indicate that this process is a feasible option for the conversion of algal biomass into liquid fuel [14].


          




          

            Pyrolysis




            Pyrolysis is the conversion of biomass into bio-oil, syngas and charcoal at medium to high temperatures (350-700 °C) in the absence of air. This process is the basis of several methods that are being developed for producing biomass based fuel, including either first or second generation feedstocks [61]. However, there are technical challenges given that the oils obtained through this process are acidic, unstable, viscous, and contain solids and chemically dissolved water [14, 66]. Therefore, the process require further processing to lower the oxygen content and remove alkalis [67].




            This technology compared to the others is one of the most studied in terms of the usage of algal biomass. For example, Chlorella prothothecoides under heterotrophic growth conditions recorded an oil yield of 57.9% DW with an HHV of 41 MJ kg-1, a value 3.4 times higher than the achieved by phototrophic cultivation [68]. For C. prothothecoides and Microcystis aeruginosa grown phototrophically, bio-oil yields of 18% with a HHV of 30 MJ kg-1 and 24% with a HHV of 29 MJ kg-1 were achieved, respectively. According to Demirbas [69], for C. prothothecoides it is possible to obtain an HHV of 39.7 MJ kg-1 at temperatures ranging from 502-552 °C. According to the information shown in Table 3, bio-oils obtained from microalgae are of higher quality than those extracted from lignocellulosic materials [68, 69].




            

              Table 3 Comparison of typical properties of bio-oils (pyrolysis of wood and microalgae) and petroleum oils. Taken from [14].




              

                

                  

                    	Properties



                    	Typical Values

                  




                  

                    	Bio-oils



                    	Petroleum Oil

                  




                  

                    	Wood



                    	Microalgae

                  


                



                

                  

                    	C (%)



                    	56.4



                    	62.07



                    	83.0-87.0

                  




                  

                    	H (%)



                    	6.2



                    	8.76



                    	10.0-14.0

                  




                  

                    	O (%)



                    	37.3



                    	11.24



                    	0.05-1.5

                  




                  

                    	N (%)



                    	0.1



                    	9.74



                    	0.01-0.7

                  




                  

                    	Density (kg L-1)



                    	1.2



                    	1.06



                    	0.75-1.0

                  




                  

                    	Viscosity (Pa s)



                    	0.04-0.20 (at 408C)



                    	0.10 (at 408C)



                    	2-1000

                  




                  

                    	HHV (MJ kg-1)



                    	21



                    	29-45.9



                    	42

                  


                

              




            




            Finally, for comparison purposes, Table 4 shows some research results obtained for the previous three technologies in the production of energy using microalgae as feedstock.




            

              Table 4 Comparison of gasification, pyrolysis and thermochemical liquefaction for energy production from microalgae. Taken from [14].




              

                

                  

                    	Conversion Process



                    	Microalgae



                    	Production



                    	Operation Conditions



                    	Liquid



                    	Gas Content (% dry wt.)



                    	Solid Content (% dry wt.)

                  




                  

                    	Content (% dry wt.)



                    	HHV (MJ/kg)

                  


                



                

                  

                    	Gasification



                    	Spirulina



                    	N/A



                    	1000 °C; 0.101 MPa



                    	-



                    	-



                    	64



                    	-

                  




                  

                    	Thermochemical liquefaction



                    	Botryococus braunii



                    	N/A



                    	300 °C; 3 MPa



                    	64



                    	45.9



                    	-



                    	-

                  




                  

                    	Thermochemical liquefaction



                    	Duanliella tertiolecta



                    	N/A



                    	300 °C; 3 MPa



                    	42



                    	34.9



                    	-



                    	-

                  




                  

                    	Pyrolysis



                    	Chlorella prothothecoides



                    	Heterotrophic



                    	450 °C; 0.101 MPa



                    	57.9



                    	41



                    	32



                    	10.1

                  




                  

                    	Pyrolysis



                    	Chlorella prothothecoides



                    	Phototrophic



                    	450 °C; 0.101 MPa



                    	16.6



                    	30



                    	-



                    	-

                  




                  

                    	Pyrolysis



                    	Chlorella prothothecoides



                    	Phototrophic



                    	500 °C; 0.101 MPa



                    	18



                    	30



                    	-



                    	-

                  




                  

                    	Pyrolysis



                    	Chlorella prothothecoides



                    	N/A



                    	502 °C; 0.101 MPa



                    	55.3



                    	39.7



                    	36.3



                    	8.4

                  




                  

                    	Pyrolysis



                    	Microcystis aeruginosa



                    	Phototrophic



                    	500 °C; 0.101 MPa



                    	24



                    	29



                    	-



                    	-

                  


                

              




            


          


        




        

          Algal Biomass to Biodiesel




          Biodiesel is a drop-in diesel alternative, made from domestic, renewable resources such as plant oils, animal fats, used cooking oil, and even new sources such as algae. It is a fuel comprised of mono-alkyl esters of long chain fatty acids derived from vegetable oils or animal fats, meeting ASTM D 6751 [70]. It is produced through transesterification, in which glycerin is separated from the oil. This process has two products, the methyl esters (biodiesel) and glycerin.




          As aforementioned, microalgae are known for producing intra-cellular oils that can be used as feedstock in the transesterification for generating biodiesel. These oils have similar physical and chemical properties to petroleum diesel, 1st generation biodiesel from oil crops and compares favorably with the international standard EN14214 (International Biodiesel Standard for Vehicles) [14].




          Some of the advantages of algal biodiesel are that it is renewable, biodegradable, and quasi-carbon neutral; it is non-toxic and contains reduced levels of particulates, carbon monoxide, soot, hydrocarbons and SOx, and the reduced CO2 emissions compared to petroleum diesel [14, 71]. Algal biodiesel is more suitable in the aviation industry given its low freezing points and high energy densities, compared to 1st generation biodiesel [72].


        




        

          Biorefineries




          For biotechnological process, the most advanced concept up to date is the biorefinery, which is a structure that integrates biomass conversion processes in a given scheme for the production of different products such as biomolecules, biomaterials, bioenergy and biofuels [73]. This methodology applies three concepts: hierarchy, sequencing and integration. Hierarchy refers to the hierarchical classification of the principal elements that conforms a biorefinery system (feedstock, technologies and products). Sequencing involves the analysis of the different routes to obtain the proposed products (chemical, biochemical and thermochemical). Integration involves the relationship between the feedstock, technologies or processes and products through material and energy balances [23, 74].




          The first level in a biorefinery is the raw materials. Based on the composition of the raw material, it is only possible to obtain certain chemical building blocks (i.e. sugars, fats and oils, proteins, polyphenols, among others) that can be converted in specific products. Moncada [74] proposed five families of products that can be obtained from biomass, which are biofuels, bioenergy (e.g. power and heat), food products, biomaterials, biomolecules and chemical products. Fig. (2) shows the linkage between the types of biomass, obtained chemical building block and possible products.




          
[image: ]


Fig. (2))


          Hierarchical distribution of types of biomass, obtained chemical building block and possible products [75].



          In the specific case of microalgae, biorefineries aim for the integration of multiple processes and technologies to generate different energy blocks out of one single raw material. To give a mere example of this application, it is possible to consider the growth of the microalgae to maximize the oils production. Then, after proceeding to remove the oils, there are two feedstock blocks. One, the oils that can be used to produce biodiesel. The second block is the wet/dry cake of the microalgae. This feedstock can be used for several thermochemical conversion processes or to produce bioethanol, as it was previously mentioned. In this sense, there is a complete and more intensive usage of the microalgae. This process might even consider the extraction of metabolites (high added-value product) before the obtainment of energy production, which will increase the economic performance of the process.


        


      




      

        Challenges in the Use of Microalgae for Energy Production




        Microalgae biomass has a wide range of possible biotechnological uses, not only in the field of energy production, but also in the field of biomolecules. This raw material can be used for the production of energy and other commodities for several reasons such as high productivity, multiple range of substrates (from sugars, to low quality water and seawater), and that no fertile land is needed [76]. However, these uses have a significant difference in terms of the required amount of biomass to process. The most common use for this raw material is for obtaining added-value products for human applications (health, cosmetics, nutraceutical and foods) and aquaculture [77]. For these applications, the required amount of bio- mass is very small compared to other markets such as energy or commodities [76].




        Although microalgae have a high potential to contribute to the world demand of energy and commodities, the current available technology is not enough to supply the potential world demand. Thus, this raw material and its subsequent production processes have some challenges that must be Overcome and it is still necessary to solve several bottlenecks related with biological, engineering, economic and environmental aspects [78].




        First, the technology must be scaled-up several orders to significantly contribute to the biofuels market. Specially, it is necessary to reduce the biomass production cost [78]. According to Acién et al. [76], this production cost is associated to some specific factors. The cost of the equipment is strongly related to the type of production scheme (PBR or open ponds/raceways), which can vary from 0.1 €/L to 3 €/kg. Another factor is the consumption of raw material, specifically the carbon dioxide, which is the most expensive consumable and whose purity affects the biomass production yields. Finally, water and fertilizers uptake contributes significantly to the production cost. For this, it is recommended to use wastewater containing minerals, which may reduce the production cost, although it is necessary to define the required pretreatment. When optimizing these factors, it is possible to achieve production costs near to 1.8 €/kg, but this cost is still higher than what would be acceptable for the biofuels market [76].




        It has been reported that microalgae fuel production is relatively close to economic feasibility [79], but current production technologies request substantial reduction of the current costs and to operate near the optimal photosynthetic yield. Therefore, regarding the production costs, it is necessary to use low-cost carbon dioxide and medium, developing more productive photobioreactor systems and dramatically reducing their cost [76, 80].




        Second, as the achieved microalgae density in the medium is low in harvesting stage, the required areas to produce high amounts of biomass are very high. According to Pulz and Gross [81] and Chisti [82], microalgae biomass market produces only 5 ktonne/year, with a cost of 25000 $/tonne, and in order to replace 5% of the US demand of transport fuel, it is necessary to produce between 20000-66000 ktonne/year of biomass at production costs below 400 $/tonne. Therefore, it is required to select an optimized location to increase the productivity, improving the photosynthetic efficiency of microalgae by adequate culture conditions and control, in order to decrease the required areas by enhancing the productivities per area.




        Finally, the most important challenge to overcome is associated to the integration of the current and potential uses of the microalgae. This means to evaluate the use of the microalgae to obtain simultaneously added-value products and energy. There is a significant potential in the simultaneous extraction of valuable co-products (viz., β-carotene, polyunsaturated fatty acids, biofertilizers, among others) with biofuel production [14]. The large-scale production of microalgae required for biofuels/energy would increase the net amount of these high added-value products, whose price will boost the economic performance of the process. In addition, the biomass resulting after the extraction of the high added-value products could still be used for energy production.




        Based on this, biorefineries can become an excellent option for the integration of the possible processing lines of the microalgae, obtaining in first place the high added-value products, given that they require higher purity and less processing and then using the microalgae biomass cake for energy production. This scheme offers the possibility of producing energy or biofuels, depending on the selected process (based on the multiple ones previously analyzed). However, the most




        technical, economic and environmental biorefinery scheme requires further research.


      


    




    

      SCENARIOS ANALYSIS: SIMULATION FOR COGENERATION AND BIODIESEL CASES




      After analyzing and showing the wide potential of microalgae, its current technologies and processes and the challenges still to overcome, this section shows certain specific examples of the use of microalgae for the production of biofuels and energy, specifically biodiesel and cogeneration, respectively.




      Aspen Plus software was used to simulate the global processes. The thermodynamic model used was UNIFAC Dortmund for the liquid phase and Soave Redlich Kwong with the Boston Mathias modification (RK&BM) for the vapor phase. Conversely, extraction residues were used as a fuel in a biomass fired cogeneration, included into the simulation according to chemical compositions reported by Phukan et al. (Microalgae paste) [83]. The kinetic model for basic catalysis employed in this work was reported by Granjo et al. [84]. Economic evaluations were calculated using Aspen Process Economic Analyzer with an annual interest rate of 17%, a tax rate of 33% and the straight-line depreciation method over a 12-years period of analysis. For feedstock prices, the international reports from ICIS pricing were employed. The reported prices were the following: methanol (2.11 USD/kg), sodium hydroxide (0.39 USD/kg), phosphoric acid (0.78 USD/kg). For microalgae oil as a non-commercial oil, the values reported in literature by Campbell et al. [85] were employed (1.24 USD/L). Operating charges such as operator and supervisor labor costs were defined for Colombia at 2.14 and 4.29 USD/h, respectively. Electricity, potable water, low and high pressure steam costs were 0.0304 USD/kWh, 1.25 USD/ m3, 1.57 USD/ton and 8.18 USD/ton, respectively.




      The environmental impact was assessed with the waste reduction (WAR) algorithm (developed by the U.S. Environmental Protection Agency) to estimate the potential environmental impact (PEI) generated in the process considering eight environmental impact categories: human toxicity potential by ingestion (HTPI), human toxicity potential by dermal and inhalation exposure (HTPE), terrestrial toxicity potential (TTP), aquatic toxicity potential (ATP), global warming potential (GWP), ozone depletion potential (ODP), photochemical oxidation potential (PCOP), and acidification potential (AP). The mass flow rate of each component in the process streams was multiplied by its chemical potential to determine its contribution to the potential environmental impact categories.




      

        Cogeneration from Extraction Cake Residues




        Cogeneration technologies are an option for the production of mechanical and thermal energy with significant energy and cost savings. Operationally, it has also a higher efficiency compared to systems that produce the same energy separately.




        Fig. (3) shows the process flow-sheet diagram for a cogeneration system based on the extraction cake residues. The extraction cake residues are obtained after extracting the oil of the grown microalgae. This residue has high content of starch and fibers. Among the available technologies for biomass-fired cogeneration, the combined-cycle gas turbine (CCGT) is considered as a promising alternative due to its efficiency. The CCGT configurations are composed mainly by three systems: (i) a gas turbine where chemical energy is converted into mechanical work; (ii) a heat steam recovery generator (HSRG), which is a high-efficiency steam boiler that uses hot gases from a gas turbine or a reciprocating engine to generate steam, in a thermodynamic Rankine cycle, generating steam at different pressure levels depending on the requirements of the chemical process; and (iii) a steam turbine where the steam produced in HSRG system is employed to generate additional power [86].
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Fig. (3))


        Process flow-sheet diagram for cogeneration system based on extraction cake residues. 1. Direct use heat exchanger, 2. Air divisor, 3. Compressor, 4. Turbine, 5. Dryer, 6. Combustion chamber, 7. Cyclone, 8. High-pressure superheater, 9. High-pressure evaporator, 10. High-pressure economizer, 11. High pressure drum, 12. Low-pressure economizer I, 13. Flow divisor, 14. Low-pressure economizer II, 15. Intermediate pressure economizer, 16. Intermediate pressure evaporator, 17. Intermediate pressure superheater, 18. Intermediate pressure drum, 19. Flow divisor, 20. Low-pressure evaporator, 21. Low-pressure superheater, 22. Low-pressure drum, 23. Steam turbine, 24. Flow mixer.



        Simulation results for the biomass fired cogeneration plant using microalgae paste as fuel reveal an energy production of 33.33 MW and electricity production of 8.22 MW. In this case, 1.17 MW of cogenerating heating are consumed in direct heat use and 0.011 MW of cogenerating electricity are consumed in pumping.


      




      

        Biodiesel Production Using Basic Catalysis




        The biodiesel production has three main sequential stages: Pretreatment, reaction and purification. These stages are shown in Fig. (4).
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Fig. (4))


        Process flow diagram for biodiesel production using basic catalysis. 1. Neutralization reactor I, 2. Transesterification reactor, 3. Liquid liquid extraction column I, 4.Distillation tower I, 5. Liquid liquid extraction column II, 6. Distillation tower II, 7. Neutralization reactor II, 8. Solid separator, 9. Flash.



        In the pretreatment stage, particles, colloidal mater, pigments, extraction residues and other impurities can be removed using filtration. First, it is necessary to dry the oil, and then eliminate the free fatty acids (FFA) using neutralization or through the pre-esterification of the FFA, to avoid the saponification reaction. Esterification can be performed under batch operation at 200-250 °C. Generally, the reaction is conducted close to the methanol boiling point.




        The reaction stage consists in a catalyzed transesterification to reduce the reaction time and costs. Transesterification is a reaction of fatty acids with an alcohol to produce three molecules of alkyl esters and one of glycerol. The catalyst can be basic or acid, the acid catalyst converts free fatty acids into biodiesel esters through esterification, while simultaneously catalyzes the transesterification of triglycerides to biodiesel. However, acid catalysis has slower reaction rates than basic and requires higher rates of methanol.




        After the transesterification, the reaction mixture contains alkyl esters, glycerol, non-converted alcohol, catalyst and mono-, di- and tri-glycerides. There are two alternatives to purify this mixture. First, a liquid-liquid extraction can be performed, recovering alkyl esters in the light phase, while glycerin is in heavy phase, and then non-converted alcohol is separated. Second, vacuum distillation is used first to separate the non-converted alcohol and then liquid-liquid extraction to separate glycerin and biodiesel. The second alternative is the one applied in this case because the initial separation of alcohol facilitates the subsequent separation of phases. After this point, both for homogeneous alkaline and acid processes, catalyst must be neutralized, producing salts that could be removed later by filtration or centrifugation. After neutralization, the ester-enriched phase is purified, removing residual alcohol, catalyst, neutralization salts, soaps and residual glycerol. Finally, biodiesel is dried using distillation or vacuum flash.




        The economic evaluation results for biodiesel production are summarized in Table 5. As significant results, raw material costs (including costs of all feedstocks used in biodiesel production such as oil, methanol, catalyst and acids) for basic catalyzed processes (0.497 USD/L) were the highest. The total cost with cogeneration was 0.307 USD/L. For biodiesel from microalgae oil, there are not commercial values reported in the open literature. However, authors such as Demirbas [87] and Campbell et al. [85] agree that the production cost of this oil should be lower than diesel oil. In this sense, biodiesel obtained from microalgae oil covers this requirement. When the cogeneration was included, the process cost changed positively.




        

          Table 5 Economic evaluation results for biodiesel production.




          

            

              

                	



                	Cost (USD/L)

              


            



            

              

                	Raw material cost



                	0.497

              




              

                	Total utilities cost



                	0.022

              




              

                	Operating labor



                	0.008

              




              

                	Maintenance



                	0.005

              




              

                	Operating charges



                	0.002

              




              

                	Plant overhead



                	0.006

              




              

                	General and administrative cost



                	0.037

              




              

                	Subtotal cost



                	0.577

              




              

                	Credit by electricity selling



                	-0.269

              




              

                	Total cost with cogeneration



                	0.230

              


            

          




        




        The environmental analysis results using WAR algorithm are shown in Fig. (5). In Fig. (5a), it can be seen that the microalgae used as feedstock processed using basic catalyzed has a high mitigation potential, reflected in the negative PEI. In Fig. (5b), it can be seen how all outlet streams contain pollutant elements, which can affect the ecosystem. This means from the generation point of view that all the alternatives have the potential to mitigate the environmental load by transforming feedstocks into added-value products. In this analysis, it can be seen how all outlet streams contain pollutant elements, which can affect the ecosystem. Therefore, it would be desirable for these streams to have a PEI close to zero, in order to reduce the potential environmental impacts of products.




        
[image: ]


Fig. (5))


        PEI analysis for biodiesel production from microalgae cake. a) Generated PEI per mass of product. b) Outlet PEI per mass of product. Human Toxicity Potential by Ingestion (HTPI), Human Toxicity Potential by Exposure (HTPE), Aquatic Toxicity Potential (ATP), Terrestrial Toxicity Potential (TTP), Global Warming Potential (GWP), Ozone Depletion Potential (ODP), Photo-chemical Oxidation Potential (PCOP) and Acidification Potential (AP).



        Cogeneration results gave an advantage to basic catalyzed processes due to the possibility of employing the extraction residues to generate heat and power. Both higher heating and power potential were released by microalgae paste. The high protein and low fiber content of these feedstocks apparently helped to increase the calorific value of these residues. As long as they have comparative higher calorific values and higher available rates, these residues could generate more steam and consequently, produce more heat and power.




        Microalgae oil is more expensive than other common oils used for biodiesel production, but the production volume makes the actual cost lower and makes the process more efficient in the context of biofuel production in Colombia. The oil price would be reduced by the intensification of the cultivation and growth of biomass because the algae have a high photosynthetic capacity and a high duplication rate of cells in a short residence time with lower cultivation area compared to conventional energy crops [88].




        The main advantage of microalgae cultivation compared to other crops is the ability to assimilate waste streams, such as greenhouse gases. Intensive cultivation of algae is an attractive alternative for replacing fossil fuels and the production of value-added products. Microalgae have high productivity and yield per planted area, as well as adaptation to diverse media availability of nutrients and water. However, technology does not guarantee low costs in the stages of oil separation due to the large amounts of water. This last step requires more research and development to be introduced in the industry. When microalgae processes obtain oil and cake, they can become much more profitable due to the decline in energy demand.


      


    




    

      CONCLUSION




      Microalgae are a source of different value-added products. However, obtaining each of these products as a stand-alone process is not very efficient in economic, technical and environmental terms. Microalgae are one of the main candidates for a future source of biofuel production and it has been proven through its usage under different bioenergy and biofuels productions schemes. However, these processes are performed currently only as separate processes that do not integrate the multiple potential of microalgae. The biodiesel is much more efficient coupled to a cogeneration system, which gives value to the microalgae cake, which is one of the wastes of the oil extraction process. It is necessary to continue the development of these schemes to improve the respective technology and reduce production costs.
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