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Abstract

:

The rapid development of modern society has resulted in an increased demand for energy, mainly from fossil fuels. The use of this source of energy has led to the accumulation of carbon dioxide (CO2) in the atmosphere. In this context, microalgae culturing may be an effective solution to reduce the CO2 concentration in the atmosphere, since these microorganisms can capture CO2 and, simultaneously, produce bioenergy. This work consists of a techno-economic assessment of a microalgal production facility integrated in a petrochemical complex, in which established infrastructure allows efficient material and energy transport. Seven different scenarios were considered regarding photosynthetic, lipids extraction and anaerobic digestion efficiencies. This analysis has demonstrated six economically viable scenarios able to: (i) reduce CO2 emissions from a thermoelectric power plant; (ii) treat domestic wastewaters (which were used as culture medium); and (iii) produce lipids and electrical and thermal energy. For a 100-ha facility, considering a photosynthetic efficiency of 3%, a lipids extraction efficiency of 75% and an anaerobic digestion efficiency of 45% (scenario 3), an economically viable process was obtained (net present value of 22.6 million euros), being effective in both CO2 removal (accounting for 1.1 × 104 t per year) and energy production (annual energy produced was 1.6 × 107 kWh and annual lipids productivity was 1.9 × 103 m3).
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1. Introduction


In the last decades, greenhouse gas (GHG, mainly carbon dioxide, CO2) emissions to the atmosphere have increased drastically, leading to atmospheric concentrations 40% higher than those observed in the pre-industrial period [1]. This concentration increase is associated with the planet’s climate change, strongly concerning different entities worldwide, because the associated environmental changes tend to be uncontrolled and unacceptable [2,3,4]. Therefore, there is an urgent need to develop efficient CO2 mitigation systems and also to use carbon neutral energy sources. Microalgae culturing is considered a promising alternative to efficiently remove CO2 from atmosphere or from flue gas emissions; microalgae are photosynthetic microorganisms that convert CO2 into organic compounds in the presence of light [5,6]. Although terrestrial plants are also capable of reducing CO2 levels, microalgae present some notable advantages [7,8,9,10]: (i) higher growth and biomass production rates; (ii) shorter times to maturity; (iii) no need for arable land; and (iv) the capability to grow using waste as nutrients. To reduce the costs associated with nutrient supply and the environmental impact of using freshwater resources, microalgal culture can be performed using: (i) domestic [11,12]; (ii) leachate [13,14]; (iii) agricultural [15,16]; (iv) refinery [17]; and (v) industrial [18] wastewater as culture medium. This procedure simultaneously promotes nutrient removal from wastewaters (a costly treatment process) and biomass production [19,20,21]. In addition, microalgal biomass can play an important role in biofuel production [22,23,24]: (i) the fatty acids produced by microalgae can be extracted and converted into biodiesel; and (ii) residual biomass can be fermented to produce ethanol or methane. This study aims to develop a techno-economic analysis of microalgal cultivation near a petrochemical complex located in Sines (Portugal) for bioenergy production using CO2 from local emissions and domestic wastewater as culture medium.




2. Microalgal Production Plant Siting


Under autotrophic conditions, microalgae reproduce through photosynthesis, requiring CO2, water and inorganic salts to convert light energy into chemical energy in the form of organic compounds [25]. Growth medium requires the presence of the inorganic elements that constitute algal cells: nitrogen and phosphorus. Marine microalgae are commonly grown in sea water supplemented with nitrate and phosphate fertilizers, whereas other microalgae can be cultivated in wastewaters, thus reducing culturing costs and providing wastewater treatment [26]. In commercial scale systems, microalgal culturing represents up to 30% of the total oil production costs [27]. The utilization of wastewater as culture medium can significantly reduce the operational costs associated to the culturing step. In addition, CO2 from the atmosphere or from flue gas emissions should be supplied continuously during light periods, thus enabling CO2 mitigation. Therefore, the selection of the location for microalgal culturing should not focus exclusively on the weather conditions, but also on the availability of water, nutrients (carbon, nitrogen and phosphorus) and land [28,29]. In addition, the proximity to an established infrastructure will also be important to allow the efficient material transport (raw materials and process products) and utility needs. The reduction of transportation costs will enhance the economic viability of the process and improve its overall energy balance. In biofuel production using other feedstocks, the transportation costs may represent 12%–50% of the total production costs [28].



2.1. Proposed Location and Site Description


The present study proposes the construction of a high rate pond facility in Sines, Portugal. Sines is a municipality from the district of Setúbal, which is located in the Alentejo Litoral region. Total area of this municipality is approximately 203 km2 and in 2011, its population density was 70 inhabitants km−2, corresponding to a total of 14,210 inhabitants [30].



Microalgal culturing in open ponds strongly depends on environmental factors, such as temperature, solar light irradiation and evaporation rates. Therefore, selection of an adequate site for the installation of an algal facility should take into account these parameters. Daily and annual fluctuations in temperature can result in significant microalgal productivity losses. Temperatures ranging from 15 to 26 °C have been reported as optimal growth temperatures for some microalgal species [31]. The average annual temperature observed in the region of Sines is around 17.2 °C (monthly minimum, maximum and average temperatures are presented in Figure 1A). Horizontal light irradiation in Sines municipality (Figure 1B) presents an annual average of 5.21 kWh·m−2·day−1 [32]. Water evaporative losses in open ponds are very common. Evaporation rate depends on different factors, such as [33]: (i) water temperature in the air-water surface; (ii) air-water surface area; and (iii) air temperature. Evaporation rates in lagoons from the south of Portugal were determined by Rodrigues [33]. In this study, the author has demonstrated average evaporation rates of 0.075 m·month−1.



Selection of this local site was based on these environmental factors. However, other characteristics were considered: (i) the flat topography of this region, which avoids the need for land preparation before open pond construction; (ii) the presence of a thermoelectric power plant in this area, which can supply the facility with the required CO2 and other utilities, such as steam; (iii) the presence of a biodiesel production plant able to generate energy from raw materials, such as oils and animal fats, with a production capacity of 27 kt·year−1; (iv) the closeness to the coast, so that seawater can be easily used if required; and (v) the availability of sufficient domestic wastewater to feed the algal facility (the wastewater load at a typical Portuguese wastewater treatment plant is about 1000 m3·h−1 for a population equivalent of 170,000 inhabitants and the number of inhabitants of Setúbal district is approximately 867,000 [30]).





3. Process Flowsheet and Scenarios Description


3.1. Process Flowsheet Description


Cultivation of microalgae can be carried out in closed or open bioreactors. Microalgal production in open systems is less expensive in terms of construction and operation and has larger production capacity [35,36,37]. However, biomass productivities achieved with these systems are lower than those achieved with closed systems, which is mainly due to insufficient mixing. Additionally, these systems are more susceptible to the diffusion of CO2 to the atmosphere, evaporative losses of water, poor light utilization by cells, oscillations in the culture conditions and microbial contaminations [36,37,38,39].



As open pond systems are more commonly used for commercial scale applications [35,40,41] and lower investment and operational costs (important advantage in bioenergy production) are required, they are proposed in this study for Chlorella vulgaris growth (a fast-growing microalga widely applied in wastewater treatment processes and biofuels production, due to its high biomass productivities and lipid contents and to their high ability for nutrients removal and resistance to contaminations [7,42,43,44]) using domestic wastewater as culture medium (    S  W W     ). According to Cai et al. [45], nitrogen and phosphorus concentrations typically range between 15–90 and 5–20 mg·L−1, respectively. In this study, nitrogen and phosphorus concentrations in the domestic wastewater were assumed to be 50 and 10 mg·L−1, respectively. To enhance biomass productivities, CO2 can be provided to cultures using flue gases from a thermoelectric power plant and some refinery processes (e.g., steam methane reforming). Microalgal biomass (    S  02     —output stream of open ponds) is then harvested by flocculation in a clarifier (    S  03     ) followed by centrifugation (    S  04     ) to a concentration of about 20% (w/w). To avoid the use of chemicals, cell disruption procedure was the continuous pulsed electric field (PEF) tested for lipids extraction from C. vulgaris by Flisar et al. [46]. The extracted lipids (    S  05     ) will be sold to the biodiesel plant located nearby. The remaining biomass (    S  06     ) is then forwarded to the anaerobic digestion process. The output streams of this process are the following: (i) biogas that is burned in the combined heat and power (CHP) generation unit (    S  07     ); (ii) fertilizer, considered a product of the process (    S  08     ); and (iii) wastewater that is recycled to the open ponds (    S  A D     ). The process diagram of this plant is presented in Figure 2.




3.2. Scenarios Description


In this study, seven scenarios were considered, characterized by different efficiencies in some of the most important steps of the microalgal facility (see Table 1). In the scenarios 1 (base scenario), 2 and 3, the effect of photosynthetic efficiency (2%, 1% and 3%, respectively) was analysed. These values were already determined for open ponds. Photosynthetic efficiencies achieved in open systems lie between one tenth and one third of the “theoretical” value of 10%, due to several losses [40,47]: (i) inactive photon absorption; (ii) reflection; (iii) respiration; (iv) light saturation; and (v) photo-inhibition [48]. In the scenarios 1, 4 and 5, the efficiency of lipids extraction (75%, 60% and 90%, respectively) was assessed. PEF extraction efficiencies between 60% and 90% have already been reported in the literature [46,49,50]. Since lipids extraction efficiency is easier to control than cell lipid content, this value was assumed to be constant (25%). In the scenarios 1, 6 and 7, the efficiency of anaerobic digestion (45%, 30% and 60%, respectively) was compared, since different studies have reported anaerobic digestion efficiencies within this range of values [51,52].





4. Techno-Economic Assessment


4.1. Mass Balance


The overall process is schematically represented in Figure 2 and the mass balance to the different streams involved in the process is presented in Table 2. Briefly, the process comprises four different steps: (i) microalgal growth; (ii) microalgal harvesting; (iii) combined cell disruption and lipids extraction; and (iv) anaerobic digestion followed by electricity production. The following sections include a description of each step and all the considerations assumed to determine mass balances for each process unit.



4.1.1. Microalgal Growth


The proposed algal facility consists of 25 similar high rate ponds with 0.3 m height, performing a total pond area of 100 ha. These open ponds may operate during diurnal periods, since photosynthetic growth does not occur at night. Therefore, this period may be used for shut down for cleaning and maintenance. Average biomass productivities were determined taking into account the operation time of open ponds, average horizontal light irradiance observed in Sines (Figure 1B) and the assumed photosynthetic efficiencies (1% to 3%). Photosynthetic efficiencies ranging between approximately 1.5% and 4.5% were already reported for C. vulgaris [53]. Accordingly, annual average biomass productivity determined for the base scenario in this region is approximately 16 g m−2·day−1, which is similar to the values determined by Doucha and Lívanský [54] for Chlorella sp. grown in open ponds (25 g m−2·day−1). Considering annual average biomass productivities and the pond volume (3.0 × 105 m3) and considering the average evaporation rate reported in Section 2.1 (0.075 m·month−1), the input stream of water and nutrients (    S  01     ) required for microalgal growth on a daily basis corresponds to 3.5 × 104 m3·day−1 (in the base scenario). This water input is obtained from domestic wastewater (    S  W W     , 2.4 × 104 m3·day−1), from water recycling (    S  W R     , 1.1 × 104 m3·day−1) and from water resulting from the anaerobic digestion step (    S  A D     , 62 m3·day−1). Flow rates of the recycling water (    S  W R     ) can be regulated to avoid excessive dilution of the cultures in rainy days. Assuming that biomass concentration achieved during the cultivation step is 0.5 g·L−1, biomass flow rate after the cultivation step (    S  02     ) is, in the base scenario, 3.3 × 104 m3·day−1. Input and output streams of microalgal production in the studied scenarios are summarized in Table 2.



As referred before, domestic wastewater will be used as culture medium. Wastewater will provide nutrients, such as nitrogen and phosphorus, to microalgae. On the other hand, CO2 resulting from the thermoelectric power plant and refinery processes will be supplied to the cultures. Taking into account the annual average biomass productivities and the typical molecular formula described for microalgae, CO0.48H1.83N0.11P0.01 [7], theoretical nitrogen, phosphorus and carbon removal rates were estimated. For these determinations, it was assumed that all nitrogen, phosphorus and carbon removed from the wastewater or from the flue gas were incorporated into microalgal biomass. Although the typical molecular formula of microalgal biomass was not determined for C. vulgaris, it has already been applied by several authors to determine C, N and P removal rates by microalgae from the genus Chlorella [55,56,57]. Considering the base scenario, nitrogen, phosphorus and carbon removal rates are 1.1, 0.22 and 8.43 g·m−2·day−1. With these values, minimum concentrations of these nutrients required in the feed stream were determined. Accordingly, for the same scenario, minimum nitrogen and phosphorus concentrations in the feed stream are 31 and 6.2 mg·L−1, respectively, whereas CO2 requirements correspond to 39 t·day−1. Table 3 presents average removal rates determined for nitrogen, phosphorus and carbon in the studied scenarios, as well as minimum required concentrations of these nutrients.




4.1.2. Microalgal Harvesting


The proposed harvesting techniques for this study include a pre-concentration step through flocculation followed by centrifugation, where biomass concentration achieved was assumed to be 200 g·L−1 [48,58]. The use of a pre-concentration step aims the reduction of the flow rate to be processed in the centrifugation step, which may result in significant savings in terms of energy. In the pre-concentration step, flocculation may be induced by the addition of NaOH as flocculant. The amount of flocculant used was assumed to be 9 mg·g−1biomass, as reported by Vandamme [59]. In the last step, a harvesting efficiency of 95% was also assumed. Harvesting efficiencies higher than 94% were obtained in different studies, when applying centrifugation for the harvesting of microalgal biomass [60,61]. With this harvesting efficiency and the average biomass productivities, the flow rate of the output stream from the centrifugation step (    S  04     ) corresponds to 78 m3·day−1 (in the base scenario).



Knowing the initial composition of the domestic wastewater, as well as elemental composition of microalgae and total biomass collected per harvesting, it is possible to determine effluent composition. Considering that all nitrogen and phosphorus removed from wastewater is incorporated into microalgal biomass, effluent composition in nitrogen and phosphorus (for the studied scenarios) range between 3.2–5.3 and 0.57–1.0 mg·L−1, respectively. Nitrogen and phosphorus concentrations in the resulting effluent are lower than the limits established by EU legislation for the discharge of domestic effluents (15–20 and 1–2 mg·L−1 for nitrogen and phosphorus, respectively) [62,63], which means that the proposed process promotes the efficient treatment of domestic wastewaters.




4.1.3. Cell Disruption and Lipids Extraction


PEF technology is a non-thermal method usually applied in food processing applications for inactivation of microbes, helping to maintain the food quality for human consumption [64,65]. This technique uses short and high voltage pulses, which induce the non-thermal permeabilization of cell membranes and, in determined conditions, the complete disruption of cells into fragments. It is a rapid (treatment time is less than a second), flexible and energy-efficient method (heat is minimized) that avoids the use of organic solvents, usually toxic, thus not affecting the biochemical composition of microalgal biomass [46,64,66]. Regarding microalgal products, PEF is considered to have high potential for the extraction of compounds, due to the low energy consumption, easy scale-up and low operational costs. This extraction method does not use any toxic extraction solvent (not requiring a solvent recovery step) and is highly effective when directly applied to wet feedstocks [49,65,67]. PEF was already applied to extract lipids from C. vulgaris [46,68,69]. It was considered a clean, cheap and quick extraction process, being a promising method for the production of biodiesel and pharmaceutical and dietary products.



Considering the base scenario, presenting a PEF efficiency of 75% [49], total microalgal oil extracted, with a density of 0.86 kg·L−1 [70], corresponds to 3.4 m3·day−1. For the other studied PEF efficiencies, 60% (scenario 4) and 90% (scenario 5), total lipids extracted are 2.7 and 5.1 m3·day−1, respectively. For the base scenario, biodiesel production through transesterification of the extracted lipids results in a biodiesel productivity of 3.0 t·day−1 (3.47 m3·day−1).




4.1.4. Anaerobic Digestion


Biomass resulting from the oil extraction step (75 m3·day−1 in the base scenario) is subjected to anaerobic digestion followed by electricity production. In this step different process efficiencies were evaluated (45%, 30% and 60%). Taking into account the elemental composition of microalgal biomass after lipids extraction and considering that fractions of CH4 and CO2 in the biogas are respectively 60% and 40% (v/v) (typical composition of the biogas consists of 55%–70% CH4 and 30%–45% CO2 [71]), resulting biogas stream in the base scenario has the following composition: 2.3 t·day−1 of CH4 and 4.3 t·day−1 of CO2. Additionally, a residue rich in nitrogen and phosphorus is produced (approximately 7.0 t·day−1 in the base scenario). Due to its high content in nitrogen, this residue can then be used as fertilizer [43].




4.1.5. Net CO2 Balance


Based on a recent study performed for C. vulgaris [72], the use of a CO2 concentration of about 5% (v/v) was proposed, which has shown to be optimal for microalgal growth. Taking into account the results obtained in this study, it is expected a slight decrease in the pH of the culture to about 6.5, which will not be harmful for microalgae. During this process different CO2 streams are involved. In the cultivation step, CO2 is fed into microalgal cultures at different rates (Table 3), depending on the studied scenarios. On the other hand, anaerobic digestion and electricity production in the CHP generation unit release CO2. Since CO2 will be mainly supplied from the flue gas of a thermoelectric power plant working with natural gas, it is expected that this flue gas presents residual sulphite and nitrite concentrations. Accordingly, there is no need of a purification step prior to addition in the ponds. Considering a CO2 uptake efficiency of 80%, net CO2 balances were determined for the studied scenarios (Table 4).



These results have shown negative values in all the scenarios (net CO2 balances range between −30 and −10 t·day−1), which means that the proposed process is a net zero emission process able to efficiently uptake CO2 from the flue gases of a thermoelectric power plant. Comparing the studied scenarios, it is possible to conclude from Table 4 that the most effective in CO2 uptake is the scenario 3, the one assuming the highest photosynthetic efficiency (3%). In this scenario, annual CO2 uptake corresponds to 1.1 × 104 t.





4.2. Energy Balance


In this process, energy is mainly required in the following steps: microalgal cultivation, microalgal harvesting and cell disruption and lipids extraction. Figure 3 shows the electrical requirements of each of these processes for the studied scenarios.



In the cultivation step, energy is required in three different stages: (i) mixing; (ii) water pumping; and (iii) blowers for flue gas. Considering a mixing velocity of 0.23 m·s−1 and all the head losses occurring in the open ponds (corresponding to head losses around the bends, 0.010 m, through the sumps, 0.026 m, and down the straightaways, 0.11 m), it is possible to determine the power required to overcome all these head losses. Assuming 25 similar open ponds operating at the same time, energy required daily can be determined. Therefore, assuming a 12:12 light:dark period, the total energy required for mixing corresponds to 4.4 × 103 kWh·day−1. Energy needed in water pumping is calculated based on the flow rate of the input (    S  01     ). Pump and motor efficiencies of 88% and 83% were assumed [73]. Therefore, for the base scenario, a water input of 3.5 × 104 m3·day−1 corresponds to an energy input of 1.4 × 103 kWh·day−1. Energy required for CO2 distribution was determined based on the CO2 requirements for each studied scenario (Table 3), assuming a CO2 concentration in the flue gas of 5% (v/v). Additionally, air blower efficiency was considered to be 77% [74]. Accordingly, the energy consumption associated to the air blowers was 4.4 × 102 kWh·day−1 for the base scenario.



Energy consumption in biomass harvesting corresponds to the energy required for centrifugation. Accordingly, this value was determined taking into account the flow rate resulting from the pre-concentration step (    S  03     ) and the specific energy consumption, 1.2 kWh·m−3, commonly reported for microalgal harvesting through centrifugation [75]. For the base scenario, the harvesting step corresponds to a power consumption of 9.8 × 103 kWh·day−1.



Regarding cell disruption and lipids extraction through the continuous PEF method, energy required was determined assuming the specific energy consumption reported by Flisar et al. [46]. According to the authors, the energy required to process 1 L of culture broth for 1 h is 14.4 kJ, which corresponds to 4.0 kW·m−3. Taking into account the flow rates to be processed in this unit (    S  04     ) for each scenario, energy consumption for this step was determined. For the base scenario, an energy input of 7.5 × 103 kWh·day−1 is required.



Although energy is required in several processes, in the CHP generation unit there is an energetic output composed by electrical (40% of the total energy) and thermal energy (45% of the total energy) [76]. Assuming that the biogas produced by anaerobic digestion of microalgae presents a chemical composition similar to the one obtained from household waste, inferior and superior calorific power correspond to 6.0 and 6.6 kWh·m−3, respectively [77]. With the flow rates resulting from the anaerobic digestion process (    S  07     ) for each scenario and considering an average value between inferior and superior calorific power, values for electrical and thermal energy produced were determined. Considering the base scenario, total electrical and thermal energy produced is 1.4 × 104 and 1.6 × 104 kWh·day−1, respectively.



The energy balance performed to the microalgal facility allowed the evaluation of the energetic performance for each of the studied scenarios (Table 5). Analysing the ratio between the energy produced by the microalgal facility (corresponding to the energy obtained from the extracted lipids and the one obtained in the CHP generation unit) and the total energy required, the energy returned on energy invested (EROEI) was determined. For all studied scenarios, EROEI was higher than one, which means that the studied scenarios are energetically efficient. With an EROEI of 3.0, the scenario 7, which assumes an anaerobic digestion efficiency of 60%, is the most efficient in terms of energy.




4.3. Economic Assessment


The economic analysis of an industrial process should take into account the investment capital, also known as fixed capital, as well as annual production costs and annual revenues. With these parameters, it is possible to determine the economic viability of the project. Therefore, the next sections present a detailed economic analysis of the proposed system of wastewater treatment and energy production (electricity and biofuels) using microalgae.



4.3.1. Fixed Capital


Fixed capital is the total investment cost needed to create the facility. It includes the equipment acquisition and installation costs, piping and electrical costs and also the costs of buildings, yard improvements, service facilities and land. Acquisition costs were determined for almost all the equipment required in this process: high rate pond, air blowers, clarifier, centrifuge, decanter, digester and CHP generation unit (Table 6).



These costs were defined according to values already reported in the literature for different years and were normalized to 2014 cost basis, using the Chemical Engineering Plant Cost Index, I, according to Equation (1):


   Cost = Base cost  I   I  base       



(1)







For the studied scenarios, total acquisition costs determined ranged between 5.7 and 6.3 million euros. This value was obtained assuming that the estimated costs account for 90% of total purchase costs. The correct estimation of total capital investment should also include cost factors associated to direct and indirect costs (Table 7).



In the direct costs, typical factors that should be considered are: (i) installation costs; (ii) instrumentation and control; (iii) piping; (iv) electrical equipment and materials; (v) buildings; (vi) yard improvements; and (vii) service facilities. Indirect costs comprise engineering and supervision, construction expenses, contractor’s fee and contingency [81]. These factors typically represent a fraction of the total purchase costs. Including these factors in the calculus of fixed capital results in a total capital investment between 14.4 and 15.8 million euros (Table 7). For the studied scenarios, this value is mainly influenced by the expenses associated to the acquisition costs, followed by those associated to engineering and supervision, equipment installation, piping and service facilities.




4.3.2. Annual Production Costs


To evaluate the economic viability of a project, it is also necessary to determine the annual production costs, which are presented in detail in Table 8. These costs include variable and fixed costs. Variable costs oscillate according to productivity rates. In this study, these costs comprise raw materials, miscellaneous materials, utilities, such as electricity and steam, costs associated to the pre-concentration step with NaOH and to PEF extraction and shipping and packaging. On the other hand, fixed costs are constant and do not oscillate with productivity rates. In these costs are included maintenance, operating labour, laboratory costs, supervision, plant overheads, insurance, local taxes and royalties. Normally, estimation of these costs is done by attributing a percentage of fixed capital or other variables to each of the referred parameters [82].



In this case-study, it was assumed that raw materials costs were negligible because all the process requirements can be found in the local site of the facility: nutrients are supplied in the domestic wastewater that is daily fed into the algal ponds and CO2 is obtained from flue gas emissions from the thermoelectric power plant located in Sines and from the anaerobic digestion and combined heat and power generation processes. Regarding the utilities, electrical energy was considered the most important one. According to the energetic balance, total energy required oscillates between the studied scenarios, being 2.3 × 104 kWh·day−1 in the base scenario. Considering electricity costs of 0.10 € kWh−1 [81], total annual costs for utilities are, for the base scenario, 857 thousand euros. Assuming NaOH requirements of 9 mg·g−1biomass and NaOH costs of 0.682 USD·kg−1 [83], the costs associated to the pre-concentration step were determined. Production costs for PEF extraction were determined assuming lipids extraction costs of 10 €·t−1 [84]. Operating labour costs were calculated assuming 10 operators with an average salary per month of 1000 €. The other parameters were determined basing on the percentages proposed by Sinnott and Towler [82] and showed in Table 8. Resulting annual production costs are, for the base scenario, approximately 3.0 million euros.




4.3.3. Annual Revenues


Although the major aims of this process are the production of lipids and energy (both electrical and thermal), credits from wastewater treatment, CO2 capture and from the production of an N-rich residue that can be used as fertilizer should also be considered.



Therefore, considering lipids sales of 1 €·kg−1, electricity and steam sales of 0.10 €·kWh−1 [81], a credit of 3.50 €·kg−1 of nitrogen removed and 2.40 €·kg−1 of phosphorus removed [76], a credit of 30 € t−1 of CO2 captured [85] and an income from fertilizers sales of 0.40 €·kg−1 [79], total annual revenues for the studied scenarios oscillate between 2.5 and 7.4 million euros (Figure 4), being the best scenario, the one assuming a photosynthetic efficiency of 3% (scenario 3), and the worst, the one considering a photosynthetic efficiency of 1% (scenario 2). The other studied scenarios have shown similar annual revenues of about 5.0 million euros.




4.3.4. Economic Viability


The viability of a project can be evaluated through the determination of net present value (NPV) and internal rate of return (IRR). NPV is the sum of present values of the individual cash-flows (revenues minus costs). When NPV is positive, the viability of the project is ensured because it implies that net income is higher than costs. On the other hand, IRR is the rate of return that makes NPV of all cash flows (both positive and negative) from a particular investment equals to zero. In other words, IRR is the minimum interest value for which there is no income, but there are no other costs. Therefore, a project is economically feasible when this value is higher than the interest rate, so that revenues are higher than costs [86].



NPV and IRR were determined for the process here described, assuming a 10% interest rate and a 30-year bond to fund the facility construction (Table 9). According to these values, it is possible to state that the project is economically viable for all the studied scenarios (except the scenario 2), as they present a positive NPV, ranging between 4.3 and 22.6 million euros. However, the best scenario is the third one (which assumes a photosynthetic efficiency of 3%), since the IRR determined for this scenario (26%) is much higher than the assumed interest rate. Additionally, a payback time of about 4 years was determined for this scenario, whereas for the other studied scenarios payback times determined range between 7 and 8 years. These results indicate that at the end of the 30-year bond term, this project would be fully amortized and debt-free for these scenarios.



Taking into account the NPV obtained in each of the studied scenarios, a sensitivity analysis was performed to evaluate which are the crucial conditions for an economically viable process (Figure 5). Analysis of Figure 5 shows that photosynthetic efficiency is the most important factor influencing NPV: for photosynthetic efficiencies ranging between 1% and 3%, NPV oscillates between −12.1 and 22.6 million euros.



Regarding the other assumptions considered, lipids extraction and anaerobic digestion efficiencies, the evaluated ranges have not strongly influenced NPV, being these values positive for all studied scenarios. For lipids extraction efficiencies ranging between 60% and 90%, NPV obtained, ranged between 4.3 and 6.3 million euros. On the other hand, anaerobic digestion efficiencies between 30% and 60% have resulted in NPV of 4.9 and 5.6 million euros.






5. Conclusions


This study presents an economically viable process of microalgal production in Portugal concerning wastewater treatment, CO2 emission saving and bioenergy production purposes. For this process, seven scenarios were considered, assuming different efficiencies in some of the most important steps of microalgal processing. From the considered scenarios, six were economically viable. From those, the one assuming a photosynthetic efficiency of 3%, a lipids extraction efficiency of 75% and an anaerobic digestion efficiency of 45% (scenario 3) was considered the most effective in terms of: (i) CO2 uptake (1.1 × 104 t per year); (ii) energy production (annual energy produced was 1.6 × 107 kWh and annual lipids productivity was 1.9 × 103 m3); and (iii) economic viability (NPV of 22.6 million euros with an IRR of 26% and a payback time of 4 years). In addition, since this project assumes the use of domestic wastewater as culture medium, this scenario is also effective in nitrogen and phosphorus removal, processing 1.9 × 107 m3 of wastewater per year.
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Figure 1. Minimum (black line), maximum (grey line) and average (dashed line) temperature (A) and horizontal solar irradiation (B) per month observed in Sines municipality, Portugal [32,34]. 
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Figure 2. Process diagram. CHP—combined heat and power; PEF—pulsed electric field. 
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Figure 3. Electrical requirements determined for different steps of the microalgal facility in each of the studied scenarios. 






Figure 3. Electrical requirements determined for different steps of the microalgal facility in each of the studied scenarios.



[image: Energies 09 00224 g003]







[image: Energies 09 00224 g004 1024] 





Figure 4. Annual revenues obtained in each of the studied scenarios. 
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Figure 5. Sensitivity analysis of the process considering the different studied scenarios. 
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Table 1. Characterization of the seven scenarios (Sc) evaluated in this study.
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Scenarios‘ Assumptions

	
Sc1

	
Sc2

	
Sc3

	
Sc4

	
Sc5

	
Sc6

	
Sc7






	
Photosynthetic efficiency (%)

	
2

	
1

	
3

	
2

	
2

	
2

	
2




	
Biomass productivity (g·m−2·day−1)

	
16.4

	
8.2

	
24.6

	
16.4

	
16.4

	
16.4

	
16.4




	
Lipids extraction efficiency (%)

	
75

	
75

	
75

	
60

	
90

	
75

	
75




	
Anaerobic digestion efficiency (%)

	
45

	
45

	
45

	
45

	
45

	
30

	
60
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Table 2. Mass balance to the flow streams involved in the process determined in each of the studied scenarios (Sc).
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Streams

	
Sc1

	
Sc2

	
Sc3

	
Sc4

	
Sc5

	
Sc6

	
Sc7






	
    S  01     —water input in the cultivation step (×104 m3·day−1)

	
3.5

	
1.9

	
5.2

	
3.5

	
3.5

	
3.5

	
3.5




	
    S  02     —biomass flow rate after the cultivation step a (×104 m3·day−1)

	
3.3

	
1.6

	
4.9

	
3.3

	
3.3

	
3.3

	
3.3




	
    S  03     —biomass flow rate after the pre-concentration step (×103 m3·day−1)

	
8.2

	
4.1

	
12

	
8.2

	
8.2

	
8.2

	
8.2




	
    S  04     —biomass flow rate after the centrifugation step (m3·day−1)

	
78

	
39

	
117

	
78

	
78

	
78

	
78




	
    S  05     —extracted lipids flow rate (m3·day−1)

	
3.4

	
1.7

	
5.1

	
2.7

	
4.1

	
3.4

	
3.4




	
    S  06     —biomass flow rate after the lipids extraction step (m3·day−1)

	
75

	
37

	
112

	
75

	
74

	
75

	
75




	
    S  07     —biogas flow rate after the anaerobic digestion step (t·day−1)

	
6.6

	
3.3

	
10

	
6.9

	
6.3

	
4.4

	
8.9




	
    S  08     —flow rate of the residue produced in the anaerobic digestion step (t·day−1)

	
7.0

	
3.5

	
11

	
7.3

	
6.6

	
8.9

	
5.1




	
    S  E V     —water flow rate required to compensate evaporation losses (×103 m3·day−1)

	
2.5

	
2.5

	
2.5

	
2.5

	
2.5

	
2.5

	
2.5




	
    S  W W     —wastewater flow rate required to feed the culture (×104 m3·day−1)

	
2.4

	
0.62

	
5.2

	
2.4

	
2.4

	
2.4

	
2.4




	
    S  W R     —recycling water flow rate required to feed the culture (×104 m3·day−1)

	
1.1

	
1.3

	
0

	
1.1

	
1.1

	
1.1

	
1.1




	
    S  A D     —anaerobic digestion effluent flow rate required to feed the culture (m3·day−1)

	
62

	
31

	
93

	
62

	
62

	
62

	
62








a Biomass flow rate after the cultivation step was determined considering annual average biomass productivities and assuming a final biomass concentration of 0.5 g·L−1 [40,47].
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Table 3. Average removal rates of nitrogen, phosphorus and carbon and minimum concentrations required for microalgal cultivation in each of the studied scenarios (Sc).
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Nutrients Loads and Removal Rates

	
Sc1

	
Sc2

	
Sc3

	
Sc4

	
Sc5

	
Sc6

	
Sc7






	
    r N     (g·m−2·day−1)

	
1.1

	
0.54

	
1.6

	
1.1

	
1.1

	
1.1

	
1.1




	
    [ N ]     (mg·L−1)

	
31

	
15

	
46

	
31

	
31

	
31

	
31




	
    r P     (g·m−2·day−1)

	
0.22

	
0.11

	
0.33

	
0.22

	
0.22

	
0.22

	
0.22




	
    [ P ]     (mg·L−1)

	
6.2

	
3.1

	
9.2

	
6.2

	
6.2

	
6.2

	
6.2




	
    r C     (g·m−2·day−1)

	
8.4

	
4.2

	
13

	
8.4

	
8.4

	
8.4

	
8.4




	
    [ C ]     (t·day−1)

	
39

	
19

	
58

	
39

	
39

	
39

	
39
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Table 4. Net CO2 balance in each of the studied scenarios (Sc).
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CO2 Streams

	
Sc1

	
Sc2

	
Sc3

	
Sc4

	
Sc5

	
Sc6

	
Sc7






	
CO2 required for microalgal growth (t·day−1)

	
39

	
19

	
58

	
39

	
39

	
39

	
39




	
CO2 resulting from the anaerobic digestion (t·day−1)

	
4.3

	
2.1

	
6.4

	
4.5

	
4.1

	
2.9

	
5.7




	
CO2 resulting from CHP generation (t·day−1)

	
6.4

	
3.2

	
9.7

	
6.7

	
6.1

	
4.3

	
8.6




	
Net CO2 balance (t·day−1)

	
−20

	
−10

	
−30

	
−20

	
−21

	
−24

	
−17








CHP—combined heat and power.
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Table 5. Net energy balance in each of the studied scenarios (Sc).







Table 5. Net energy balance in each of the studied scenarios (Sc).







	
Energetic Streams

	
Sc1

	
Sc2

	
Sc3

	
Sc4

	
Sc5

	
Sc6

	
Sc7






	
Energy required in microalgal cultivation (×103 kWh·day−1)

	
6.2

	
5.3

	
7.0

	
6.2

	
6.2

	
6.2

	
6.2




	
Energy required in microalgal harvesting (×103 kWh·day−1)

	
9.8

	
4.9

	
15

	
9.8

	
9.8

	
9.8

	
9.8




	
Energy required in cell disruption and lipids extraction (×103 kWh·day−1)

	
7.5

	
3.7

	
11

	
7.5

	
7.5

	
7.5

	
7.5




	
Energy obtained from the extracted lipids (×104 kWh·day−1)

	
3.0

	
1.5

	
4.6

	
2.4

	
3.6

	
3.0

	
3.0




	
Electrical energy produced in the CHP generation unit (×104 kWh·day−1)

	
1.4

	
0.69

	
2.1

	
1.4

	
1.3

	
0.92

	
1.8




	
Thermal energy produced in the CHP generation unit (×104 kWh·day−1)

	
1.6

	
0.77

	
2.3

	
1.6

	
1.5

	
1.0

	
2.1




	
EROEI

	
2.5

	
2.1

	
2.7

	
2.3

	
2.7

	
2.1

	
3.0








CHP—combined heat and power; EROEI—energy returned on energy invested.
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Table 6. Total purchase costs (in k€) of the major equipment in each of the studied scenarios (Sc).







Table 6. Total purchase costs (in k€) of the major equipment in each of the studied scenarios (Sc).







	
Equipments

	
Sc1

	
Sc2

	
Sc3

	
Sc4

	
Sc5

	
Sc6

	
Sc7






	
High rate pond a

	
3479

	
3479

	
3479

	
3479

	
3479

	
3479

	
3479




	
Air blowers b

	
123

	
62

	
185

	
123

	
123

	
123

	
123




	
Clarifier c

	
325

	
163

	
488

	
325

	
325

	
325

	
325




	
Centrifuge d

	
14

	
14

	
14

	
14

	
14

	
14

	
14




	
Decanter e

	
44

	
44

	
89

	
44

	
44

	
44

	
44




	
Digester and CHP generation unit f

	
1399

	
1399

	
1399

	
1399

	
1399

	
1399

	
1399




	
Total

	
5753

	
5530

	
6023

	
5753

	
5753

	
5753

	
5753




	
Total purchase costs

	
5983

	
5734

	
6281

	
5983

	
5983

	
5983

	
5983








a 34,000 USD per ha (2009) [78], including the costs associated to paddlewheels and liners; b 2500 € per 200 m3·h−1 (2012) [79]; c 948,000 USD per 23,200 m3 (2010) [73]; d 4500 USD per ha (1996) [80]; e 45,000 € per 4 m3·h−1 (2012) [79]; f 10,000 USD per ha (1996) [80]; CHP—combined heat and power.
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Table 7. Total capital (fixed capital) cost estimation (in k€) in each of the studied scenarios (Sc).







Table 7. Total capital (fixed capital) cost estimation (in k€) in each of the studied scenarios (Sc).







	
Costs

	
Factor a

	
Sc1

	
Sc2

	
Sc3

	
Sc4

	
Sc5

	
Sc6

	
Sc7






	
Direct costs

	

	

	

	

	

	

	

	




	
Total purchase costs

	
1.00

	
5983

	
5734

	
6281

	
5983

	
5983

	
5983

	
5983




	
Purchased equipment installation

	
0.20

	
1197

	
1147

	
1256

	
1197

	
1197

	
1197

	
1197




	
Instrumentation and control

	
0.15

	
897

	
860

	
942

	
897

	
897

	
897

	
897




	
Piping

	
0.20

	
1197

	
1147

	
1256

	
1197

	
1197

	
1197

	
1197




	
Electrical

	
0.10

	
598

	
573

	
628

	
598

	
598

	
598

	
598




	
Buildings

	
0.15

	
897

	
860

	
942

	
897

	
897

	
897

	
897




	
Yard improvements

	
0.05

	
299

	
287

	
314

	
299

	
299

	
299

	
299




	
Service facilities

	
0.20

	
1197

	
1147

	
1256

	
1197

	
1197

	
1197

	
1197




	
Indirect costs

	

	

	

	

	

	

	

	




	
Engineering and supervision

	
0.3

	
1795

	
1720

	
1884

	
1795

	
1795

	
1795

	
1795




	
Construction expenses

	
0.05

	
299

	
287

	
314

	
299

	
299

	
299

	
299




	
Contractor’s fee

	
0.03

	
179

	
172

	
188

	
179

	
179

	
179

	
179




	
Contingency

	
0.08

	
479

	
459

	
502

	
479

	
479

	
479

	
479




	
Total capital cost

	

	
15,017

	
14,391

	
15,765

	
15,017

	
15,017

	
15,017

	
15,017








a Fraction of the total purchase costs [79].
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Table 8. Estimation of the annual production costs (in k€) in each of the studied scenarios (Sc).
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Costs

	
Sc1

	
Sc2

	
Sc3

	
Sc4

	
Sc5

	
Sc6

	
Sc7






	
Variable costs

	

	

	

	

	

	

	




	
Raw materials

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Miscellaneous materials a

	
75

	
74

	
77

	
75

	
75

	
75

	
75




	
Utilities

	
857

	
510

	
1205

	
857

	
857

	
857

	
857




	
Pre-concentration with NaOH

	
35

	
17

	
52

	
35

	
35

	
35

	
35




	
PEF extraction

	
11

	
5

	
16

	
9

	
13

	
11

	
11




	
Shipping and packaging b

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Fixed costs

	

	

	

	

	

	

	




	
Maintenance c

	
751

	
738

	
766

	
751

	
751

	
751

	
751




	
Operating labour

	
120

	
120

	
120

	
120

	
120

	
120

	
120




	
Laboratory costs d

	
24

	
24

	
24

	
24

	
24

	
24

	
24




	
Supervision d

	
24

	
24

	
24

	
24

	
24

	
24

	
24




	
Plant overheads e

	
60

	
60

	
60

	
60

	
60

	
60

	
60




	
Insurance f

	
150

	
148

	
153

	
150

	
150

	
150

	
150




	
Local taxes g

	
300

	
295

	
306

	
300

	
300

	
300

	
300




	
Royalties f

	
150

	
148

	
153

	
150

	
179150

	
150

	
150




	
Annual production costs

	
2557

	
2164

	
2956

	
2555

	
2559

	
2557

	
2557








a 10% of the Maintenance costs; b Usually negligible; c 5% of the total fixed capital; d 20% of the Operating labour costs; e 50% of the Operating labour costs; f 1% of the total fixed capital; g 2% of the total fixed capital; PEF—pulsed electric field.
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Table 9. Economic viability of the proposed project in each of the studied scenarios.







Table 9. Economic viability of the proposed project in each of the studied scenarios.







	
Economic Viability Parameters

	
Sc1

	
Sc2

	
Sc3

	
Sc4

	
Sc5

	
Sc6

	
Sc7






	
Interest rate (%)

	
10

	
10

	
10

	
10

	
10

	
10

	
10




	
Lifetime (years)

	
30

	
30

	
30

	
30

	
30

	
30

	
30




	
Net present value (NPV, k€)

	
5287

	
−12,124

	
22,609

	
4267

	
6307

	
4940

	
5634




	
Internal rate of return (IRR, %)

	
14

	
n.a.

	
26

	
13

	
15

	
14

	
14




	
Payback time (years)

	
8

	
n.a.

	
4

	
8

	
7

	
8

	
8








n.a.—not applicable; NPV—net present value; IRR—internal rate of return.








© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons by Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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