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Abstract

:

An open-field cultivation combined-type aquaponic system (OCAS) was developed to effectively utilize saline groundwater and prevent soil salinization while ensuring food production in drylands. To achieve the sustainable food production of the OCAS in power-scarce areas, a stand-alone photovoltaic system (PVS) for the OCAS was designed through a feasibility study of utilizing solar energy to meet its power demand. As a case study, the OCAS was established in La Paz, Baja California Sur, Mexico, with power consumption 22.72 kWh/day and annual average daily global horizontal irradiation (GHI) 6.12 kWh/m2/day, considering the 2017 meteorological data. HOMER software was employed for performance analysis and techno-economic evaluation of an appropriate PVS. Thousands PVS configurations were evaluated in terms of total net present cost (NPC) and levelized cost of energy (COE). The PVS that fulfilled the power demand and had the smallest NPC was proposed, for which the NPC and COE were calculated as $46,993 and $0.438/kWh, respectively. The relationship between its annual power supply and power demand of the OCAS was also analyzed in detail. It was found that the operation hours and the amount of power generation by the proposed PVS were 4156 h and 19,106 kWh in one year. Additionally, it was predicted that the excess power would occur almost every afternoon and reach 43% of the generated power. Therefore, the COE can be further reduced by rationally utilizing the excess power during operation.
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1. Introduction


The world population is expected to reach 9 billion by 2050. Hence, an increase by at least 70% in agricultural production is required. Due to limited arable land and freshwater resources, the current food production systems may become insufficient to provide food in the near future [1]. Moreover, climate change and global warming influence the availability of usable freshwater and energy resources, further threatening food security. Most vulnerable to these changes are rural areas with underdeveloped resource-scarce in drylands [2]. To adapt this situation, an innovation system for agricultural production is required to ensure food security, natural resource management and environmental sustainability of rural community in dryland. The importance of investing in agricultural research is also emphasized to achieve the development of the innovation system [3,4].



Aquaponics is the one of innovation systems that combines aquaculture with hydroponics to produce fish and plants. Plants use fish metabolites as nutrients, thus reducing the need for fertilizers. Various research works have focused on the benefits of integrating agriculture with existing aquaculture facilities [5,6,7]. These systems are expected to provide efficient use of water, particularly in semiarid and arid regions where freshwater is scarce, and vegetables have to be imported at a high cost [8,9]. Many vegetables and fish can be produced by aquaponics. Leafy plants such as lettuce (Lactuca sativa), spinach (Spinacia oleracea L.) and pak choi (Brassica campestris L. subsp. chinensis) and fruity plants such as tomato (Lycopersicon esculentum) and cucumber (Cucumis sativus) were selected for aquaponics [10]. The selection of plant species relies mainly on experience, depending on stocking density and species of fish such as Tilapia (Oreochromis niloticus), Channel catfish (Ictalurus punctatus) and Common carp (Cyprinus carpio) [11]. The aquaponic systems vary greatly in terms of species of fish and plants, process solutions and capacity, among other factors. This makes them ideal, in terms of flexibility, for food production since they can be modified to fit various needs or regions [12].



To create a stable ecological system and ensure fish and plant production, aquaponic systems need continuous water pumping and aeration. The power demand of those operations depends on the system configuration (design, species, capacity and technologies) and geographic location (climate and available energy resources). For each case, the different measures are needed to ensure that each system will have a reliable energy to provide sustainable conditions for fish and plants. The power demand of such systems has been provided by power grids and fossil fuels [13,14]. However, many communities in drylands are widely separated in rural areas with limited or no access to power. Moreover, in many such areas, fuel supply reliability is a pressing problem [15,16,17].



Many developing countries on drylands have abundant solar energy. Wider utilization of solar energy can provide not only reliable energy supply but also better livelihood to rural communities in those countries. Recently, solar energy can find many applications in agriculture, providing electricity in various cases, particularly in areas without power [18,19]. Similarly, a solar-powered aquaponic system can be a viable option for food production in developing countries where access to electricity and water is scarce. However, photovoltaic systems (PVS) need to be optimized to make aquaponics economically feasible, considering reliable energy supply and acceptable economic cost for the consumer. While building a solar-powered aquaponic system, the size and techno-economic feasibility of the PVS need to be studied in the laboratory scale [20]. However, there is no systematic research on how to design the PVS for the aquaponics. Once the power supply is cut off, even if the oxygen supply is stopped for several hours, it will cause devastating damage to the aquaculture system. Moreover, the power generation of PVS varies with the season; thus, it should be considered to balance the power supply and consumption of the system in each season. Compared with the design of solar power generation device for other systems [18,19], there are more stringent requirements on loss of power supply for the design of PVS of aquaponics system.



The current study is based on an international research project “Development of Aquaponics Combined with Open Culture Adapting to Arid Regions for Sustainable Food Production”, adopted by JST/JICA and SATREPS (Japan Science and Technology Agency/Japan International Cooperation Agency, and Science and Technology Research Partnership for Sustainable Development). The open-field cultivation combined-type aquaponic system (OCAS) has been proposed by linking the aquaponics to open-field cultivation to mitigate soil salinization while ensuring food production and effective use of water resources. Specifically, fish are farmed using saline groundwater, and the aquaculture wastewater is used for hydroponic cultivation with halophyte plants that can absorb salt. The water with reduced saline content resulting from hydroponic plant production can then be irrigated for open-field cultivation. Different from the traditional water recycling utilization in aquaponics, this system has one-way water utilization using saline groundwater. In this project, the operation performance of the OCAS has been investigated by authors and coresearchers at Tottori University in Japan and Centro de Investigaciones Biológicas del Noroeste (CIBNOR) in Mexico [21].



In this paper, the feasibility of utilizing solar energy is investigated to meet the electricity demand of the OCAS. In particular, the system design, performance analysis and techno-economic evaluation of a stand-alone PVS for the OCAS are provided. The global horizontal irradiance and ambient temperature data of the year 2017 have been recorded for La Paz, Baja California Sur, Mexico. Consequently, solar energy resources have been evaluated. Hybrid optimization model for electric renewable (HOMER) software was used as a simulation tool for optimizing the proposed PVS. To obtain an optimum PVS configuration, the calculation for thousands of configurations was performed and compared to optimize net present cost (NPC) and cost of energy (COE). It is mainly focused on analyzing the expected power generation and cost performance of the proposed PVS.




2. Materials and Methods


2.1. Description of OCAS and Its Load Profile


In this study, the OCAS was constructed at the CIBNOR (24°8.0′ N, 110°25.8′ W) in La Paz as a pilot project. The cultivation tests of the OCAS have been performed to select the suitable fish and plants in the project. Based on those tests, the considerable main situation of aquaculture and hydroponics was assumed to simulate the PVS design and performance. The water flow and electrical equipment at each section in the pilot system are shown in Figure 1. Saline groundwater was conducted from the well located in CIBNOR for the OCAS. It contained an amount of Chloride (Cl), Sodium (Na) and a small amount of Calcium (Ca), so the electric conductivity (EC) and salt concentrations of groundwater were approximately 6 dS/m and 36 mol/m3, respectively. In aquaculture section, a closed recirculating aquaculture system was adopted and consisted of a fish-rearing tank (volume: 1.0 m3), a sludge tank (volume: 0.145 m3), a solid–liquid separator and a biological aerated filter (volume: 0.36 m3). The saline groundwater of 1.2 m3 was supplied and circulated in the aquaculture system. The juvenile fish of Tilapia with a weight of 50g were firstly introduced with the density of 100–150 fish per tank in the rearing tank. The feeding was given 3 to 5 times per day due to the fish weight. Tilapia was reared to grow adult fish with a weight of 500–600 g for four months. Harvest of Tilapia was estimated 75 kg/m3 approximately. Water temperature in the rearing tank changed in the range of 28 °C and 32 °C. The dissolved oxygen concentration was kept above 4.5 mg/L. The pH of the rearing water was controlled within the range of 6.5 to 9.0. To circulate the rearing water and supply oxygen in the aquaculture system, a circulation pump, ultraviolet sterilizer and air pump were installed. A moving-bed biofilm reactor (MBBR) was introduced as a method of biological filtration. Once every 30 days, the rearing water was exchanged. This aquaculture wastewater was utilized as a nutrition solution for hydroponic cultivation and transferred into a hydroponic tank by a water pump. The urine and manure of Tilapia after proper treatment were recycled as fertilizer to the hydroponic and open-field cultivation.



Swiss chards (Beta vulgaris var. cicla. (L)) were grown by hydroponic cultivation. Swiss chard is halophyte, which is widely planted in Baja California Sur, Mexico. The cultivation tank was a water tank of 2 m in length, 1.5 m in width, and 0.4 m in depth and was connected to the water storage tank for storing the aquaculture wastewater as a nutrition solution. The aquacultural wastewater contained Nitrate Nitrogen (NO3-N), Phosphorus (P) and Potassium (K) added in aquaculture process in addition to Na, Cl and Ca originated from groundwater and its value of EC was approximately 7–8 dS/m. The cultivation density was 42 plants/m2. The nutrient solution was circulated by a pump between the cultivation tank and the water storage tank, and the necessary oxygen demand of the roots was supplied by the entrainment of air. In addition, a dehumidifier was installed in each of the aquaculture and the hydroponic sections to recover evaporation and transpiration water. Then, the water was replenished to a water tank set at hydroponic and the open-field cultivation. Moreover, the nutrient solution in hydroponic tank was transported into the water tank using a potable water pump as irrigation water for open-field cultivation of Peppers (Capsicum annuum L.) every 30 days. In the open-field cultivation, the water was finally irrigated in a field of 12.0 m2 daily by drip irrigation with the flow rate of 4 mm/day.



To ensure the maximum power consumption of the OCAS and design a safe power supply system, we assumed that the system was operated in a normal state without the failures of electrical appliances and the food production process was continuous in the OCAS. The annual maximum power demand of aquaponics was established as a load profile. The daily power consumption (load profile) of the pilot system is shown in Figure 2, and it was calculated from the specifications of the electrical appliances and operation time described in Table 1.




2.2. Description of Meteorological Data


The meteorological data including the global solar irradiance on the horizontal ground surface and ambient temperature were measured and recorded every 10 min using a pyranometer (PYR Pyranometer, Decagon) and temperature measurement equipment (ATMOS 14, Decagon) with a data logger (Em50, Decagon) installed at CIBNOR in 2017. Furthermore, the clearness index, which was defined as the global solar irradiance on the horizontal ground surface divided by the extraterrestrial solar irradiance, was calculated by using the data of geographic location and global solar irradiance of the considered area through HOMER software.



Figure 3 presents the monthly average daily global horizontal irradiation (GHI) and clearness index in 2017. In the current study, GHI was defined as the sum of global solar irradiance received on a horizontal ground surface for the specific period (hour, day, month and year) and was calculated by using the measured data every 10 min. It was observed that the monthly average daily GHI gradually increased from January to May and then decreased from June to December. The fluctuations of monthly average daily GHI for each month were within 3.34 kWh/m2–7.97 kWh/m2. The highest monthly average daily GHI (May: 7.97 kWh/m2) reached to 2.39 times greater than that of the lowest month (December: 3.34 kWh/m2). The annual GHI was 2232.10 kWh/m2. The stability of the GHI was evaluated by the clearness index. The clearness index of each month fluctuated within the range of 0.51–0.72. In addition, the clearness index of each month was 0.60 or above (except for December, which was 0.51). The annual average daily GHI of La Paz was 6.12 kWh/m2, which was higher than the national average [22] in Mexico where the annual average daily GHI had been over 5.0 kWh/m2 across the country [23].



Output of 1 kW solar panel was estimated to obtain the optimum tilt angle of solar panels facing to the south using HOMER. The tilt angles of the panel were varied at 1° interval from 0° to 90°, and then the annual power generation was respectively calculated. According to the result shown in Figure 4, the annual power generation was the largest at a tilt angle of 22°. Thus, in this research, the tilt angle of solar panels was set to 22°. In addition, based on the method submitted from Duffie J.A. [24], the solar irradiation on surface at a tilt angle of 22° was calculated from the measured daily GHI. The typical results are shown in Figure 5 and Figure 6. It was confirmed that the daily solar irradiation which was lower than the monthly average daily solar irradiation often occurred in February, September and December. Those number of days were 5 days (February), 8 days (September) and 10 days (December), respectively. Since monthly total and monthly average daily solar irradiation in December became the lowest in the year, the PVS power generation would be greatly affected, and it was suggested the countermeasure for power shortage would be required for the OCAS in this area.




2.3. Description of the PVS


The system configuration and energy flow for the proposed PVS of the OCAS are shown in Figure 7. The system consisted of a PV array, charge controller, battery bank, inverter and other incidental apparatus and cables. For this connection, the DC bus was set to 48 V, and the AC bus was set to 120 V. The major equipment for power distribution is the inverter to which the AC and DC buses are connected. The PV array, battery bank, DC and AC buses carry the electricity to all AC loads utilized in the OCAS. The DC generated by the PV array is transferred to AC via the inverter to provide the electricity required by the equipment of aquaponics, while surplus electricity is supplied to the battery bank by the charge controller. When the capacity of the battery bank becomes full, the surplus electricity is carried to dump load if the equipment is not operated for the OCAS. The battery bank provides the electricity to the OCAS when the PV power generation is supplied to the several equipment in the OCAS.



The specifications of the PV array, charge controller, battery bank, inverter of the proposed PVS and search condition of each component in HOMER are described below. The specifications of the PV array and charge controller are shown in Table 2 and Table 3. The PV array (TSM-260 PD05.08) [25] of Trina Solar was selected. Next, the charge controller [26] was installed for this system. The specifications of the Trojan [27] battery are shown in Table 4, which have already inputted as default settings in HOMER used in this research. It was assumed that the properties of the battery bank remained constant throughout its lifetime and were not affected by external factors, such as temperature [28]. In addition, the kinetic battery model [29] was used to find the charge and discharge amount, and as a dispatch strategy, the cycle charging strategy [30] was adopted. The inverter was used to convert DC power obtained from the PV array or battery bank into AC power. In this study, Schneider Conext SW4048 Inverter [31] was adapted. The specifications of the inverter are shown in Table 5. Furthermore, the cost of replacement was assumed the same as the initial cost. The total of the operating and maintenance (O&M) cost of the PV array was taken as $10/year (mainly for cleaning the PVS) [32]. The O&M cost of other equipment was negligible [33].




2.4. Description of Simulation Method by HOMER Software


HOMER software developed by National Renewable Energy Laboratory (NREL) in USA [34] was utilized for optimizing design and assessing the techno-economic feasibility of a stand-alone PVS for the OCAS. This software uses inputs, such as electric loads, to perform simulations based on different system configurations and generates the optimized system configurations sorted in terms of total NPC and levelized COE. The optimization of system design configurations was performed by minimizing the objective function to the constraints. The objective function in this analysis was the total NPC of the stand-alone PVS over the project lifetime, excluding the sum of revenues. The constraints were charging and discharging of batteries, power balance between the stand-alone PVS and the OCAS and other technical constraints. Consequently, the optimum system configuration satisfied with the power balance for each hour between electric power supply of the stand-alone PVS and the electric loads of the OCAS.



The power produced by the PV array PPV (kW) was calculated using the following formula [24]:


   P  P V   =  Y  P V    f  P V    (     G T     G  T , S T C      )   [  1 +  α p   (   T c  −  T  c , S T C    )   ]   



(1)




where YPV is the rated capacity of the PV array (kW), meaning its power output under standard test conditions (kW); fPV is the PV array derating factor (-), which accounts for the negative effects on the performance of the PV panel, such as dust, wire losses and elevated temperature. A derating factor of 0.8 [35] was used. GT is the solar irradiation on the PV array in the current time step (kW/m2); GT,STC is the incident radiation under standard test conditions (=1 kW/m2); αP is the temperature coefficient of power (%/°C); Tc is the PV cell temperature in the current time step (°C); and Tc,STC is the PV cell temperature under standard test conditions (°C).



HOMER first estimates whether the PVS can adequately serve the electricity requirements and any other constraints imposed by authors. Secondly, it estimates the total NPC and COE of the stand-alone PVS, which is the total cost of installing and operating the system over its lifetime.



The following equation was used to calculate the NPC ($):


  N P C =    C  a n n , t o t     C R F  (  i ,  R  p r o    )     



(2)




where Cann,tot is the total annualized cost ($/year), i is the annual real interest rate, Rpro is the project lifetime (years) and CRF is the capital recovery factor given by


  C R F  (  i , N  )  =   i   ( 1 + i )  N      ( 1 + i )  N  − 1    



(3)




where N is the number of years (years). i was set at 0.05 (=5%) in this study.



The levelized COE ($/kWh) was calculated as the average cost per useful electricity produced by the stand-alone PVS using the following equation:


  C O E =    C  a n n , t o t      E  s e r v e d      



(4)




where Eserved is the total electrical load served per year (kWh/year).



Before performing analysis, HOMER requires data for simulation and optimization, including meteorological data, load profile, equipment characteristics, search space and economic and technical data. These data used in this study are described in detail in Section 2.1, Section 2.2 and Section 2.3.





3. Results and Discussion


3.1. System Configuration and Energy Flow Analysis of the Optimum PVS


Based on the 2017 meteorological recorded data and the OCAS power consumption, the simulation for many considerable configurations were performed to decide an optimal system configuration, as shown in Figure 8 and Figure 9. The results obtained by HOMER show that the optimum system comprises PV array (12.2 kW, 47 panels), battery bank (40 units, 10 stings), charge controller (2 units, 8 kW) and inverter (1 unit, 3.8 kW). Although the percentage of maximum annual capacity shortage to annual power demand of the OCAS was set at 0%, an extremely small load, totaling to approximately 0.259 kWh (0.00312% of the total load) was generated during the simulated year. In previous studies on the design of stand-alone power system [36,37,38], such small capacity shortage has been generally considered to have no impact on the operation of the power system. However, in the aquaculture in the OCAS, it must be carefully considered a possibility that the serious damage to the fish occur by the interruption of aeration in rearing the tank [39]. Therefore, the second optimal system configuration with no unmet load was selected. This system is considered safe for power supply, which comprises PV array (12.5 kW, 48 panels), battery bank (40 units, 10 stings), charge controller (2 units, 8 kW) and inverter (1 unit, 3.8 kW). The performance of this optimum PVS is discussed in Section 3.1, Section 3.2 and Section 3.3, and the economic analysis on this PVS is provided in Section 3.4.



The energy flow of the stand-alone PVS is shown in Figure 10. The electricity supply is originally given by PV output (19,106 kWh) and battery storage depletion (about 29 kWh). It is obtained that the amount of electricity of 8291 kWh is consumed by the OCAS. If the amount of PV power generation is more than total amount of power demand and battery charging, the excess electricity is supplied to the dump load at that time. It is found that the excess electricity transferred to the dump load is 43% (8278 kWh) of the total PV power generation. However, this also implies that if the power demand of OCAS or storage capacity of PVS is reasonably increased, it is possible to spend the excess electricity for other operations instead of being transferred to the dump load. Therefore, it results in improving the energy use efficiency of the system [40].




3.2. Operating Performance of PVS Components


A summary data of the technical and economic performance of PV array, battery bank and inverter is shown in Table 6. The operation hours for PV power generation is 4156 h and the annual PV power generation is 19,106 kWh. The average power output of the PV array is 2.18 kW, and the average daily accumulated power generation is 52.32 kWh. The levelized cost for the PV array is $0.066/kWh. The levelized cost of the battery bank is not calculated because the battery bank is charged by the only the PV array. However, the battery wear cost of $0.196/kWh becomes significantly higher, calculating close to 45% of the COE ($0.438/kWh) (the simulated value of COE is explained in Section 3.4). The battery cost is more expensive than that of the PV array, which explains why users sometimes stop utilizing the battery bank and install more solar panels [41]. This leads to reduction in the initial equipment cost for system design of PVS to the same power demand. However, in the OCAS process, the circulation pump and the aeration pump must be worked for rearing the fish and the dehumidifier is also operated for recovering water from the air through the nighttime. Consequently, it must give preference to install more battery banks for ensuring the safe power supply although it results in increasing the equipment cost [42]. It is also simulated that the capacity of the inverter of the optimum PVS is 3.8 kW. The actual output of the inverter changes with power consumption of the OCAS. According to the simulation results, the annual amount of electricity imported to the inverter was 8821 kWh, and the annual amount of electricity exported from the inverter was 8291 kWh. The average output of the inverter was 0.947 kW with a minimum output of 0.135 kW and maximum output of 1.66 kW.




3.3. Technical and Economic Analysis of the PVS


3.3.1. Power Generation Characteristics of the PV Array


Figure 11 shows hourly profile of the power generation output of the PV array and Figure 12 shows the monthly total amount of power generation and the monthly average daily power generation of each month. In Figure 11, the PV power generation occurs typically from 7:00 a.m. and 6:00 pm in a day. The daily total time of power generation is about 12 h from the 30th day to the 240th day of the year and the time for the rest of the days is slightly shortened. In Figure 12, the monthly total amount of PV power generation and the monthly average daily PV power generation increase from January to May, and then decrease gradually from September to December. The decrease of the power output with seasonal meteorological condition is focused on because there is usually dry season and rainy season in dryland [43]. Moreover, in La Paz, Mexico, the seasonal typhoon in September (around 240th days) and the continuous cloudy days in December (330th days to 365th days) resulted in a decrease in solar radiation. This leads to an excessive decline in PV power generation. Even in drylands, the sizing of stand-alone PVS must be designed in consideration with not only average solar irradiation but also autonomy based on the number of infrequent and continuous cloudy days through a year. From this point, a hybrid power generation system can be considered as useful option, combining PV power with other renewable energy, such as wind power. According to the previous research [44,45], it is reported the COE of hybrid power generation system is smaller than that of PVS. However, the initial cost of the hybrid power generation system increases to a certain extent the initial cost of PVS, and the NPC will also increase. Therefore, when the power generation system is designed, it should also be compatible with local energy resources [46] and consider the increase of initial cost.




3.3.2. Operating Characteristics of the Battery Bank


The simulation results of the state of charge (SOC) of the battery bank in the stand-alone PVS are shown from Figure 13, Figure 14 and Figure 15. As shown in Figure 13 and Figure 14, the SOC of the battery bank changes between 60% and 100% in about 99.4% of the time in a given year (assuming that the battery bank discharges from a full charge (SOC 100%) at 0:00 a.m. on 1 January). It is also found that the SOC of the battery bank is more than 80% in 70.4% of the time in a given year, and the battery bank was in a “shallow” discharge state for most of the time. As shown in Figure 13 and Figure 15, a deep discharge occurred during nighttime in just two months. The lowest SOC values generated in September and December were 53.6% and 50.4%, respectively, with monthly average SOC values of 83.9% and 76.1%. As mentioned in Section 3.3.1, this is explained by the relatively unstable and insufficient solar irradiation caused by hurricanes in September and by continuous cloudy days in December. According to the simulation results shown in Table 6, the usable nominal capacity of battery banks is 54.3 kWh, which can support the operation of OCAS by only battery bank without PV power output for 57.4 h (autonomy: 2.4 days). The proposed PVS can ensure the smooth operation of OCAS mostly under the solar irradiation data in the current study. However, it is often performed to design the practical sizing of a stand-alone PVS with several values of autonomy in range of 3 to 5 [47,48]. In the actual operation of OCAS, it is difficult to predict the weather change every day accurately. On the basis of this study, the preparation of emergency generator for power supply may be recommended to ensure the safe operation of OCAS in the continuous occurrence of extreme weather. If the change of local seasonal solar irradiation is predicted, it can be suggested to carry out the maintenance of the OCAS equipment with the arrangement of fish raring schedule as the countermeasure for avoiding short-term power shortage.




3.3.3. Occurrence of Excess Power


When using a stand-alone PVS, the excess electricity is generated because of the mismatch between the periods of the PVS power generation and the OCAS power consumption. Rational use of excess power is one of the issues in the deployment of the PVS. The simulation was conducted using HOMER to clarify the power supply–demand relationship of the PVS every hour for a year. As mentioned in Section 3.2, the surplus power generation was found to be 8278 kWh, but those detailed results are shown from Figure 16 to Figure 18. As shown in Figure 16 and Figure 17, the statistics is conducted on the hourly excess power of each month. It is found that excess power is generated between 10:00 a.m. and 6:00 p.m. from January to July, and the maximum excess power is obtained around noon. On the other hand, it should be remarked to occur the continuous day without the excess power in September (around 240th days) and December (330th days to 365th days). Although the PVS power generation can meet the power demand of OCAS, it is not enough to fully charge the battery bank for this period, as mentioned in Section 3.3.2. It is actually required to monitor the power generation and SOC of the PVS. As shown in Figure 18, the monthly total amount of excess power and the monthly average of daily accumulated excess power decrease steadily from January to December, and they are extremely small for December. The COE is calculated by dividing the cost of the stand-alone PVS by the amount of power consumption of OCAS that is supplied by the PVS [49]. Thus, the COE could be further reduced by rationalizing the excess power and converting it to power consumption. For example, it is considered to regulate water temperature in aquaculture tank. Moreover, it is available to refrigerate fish and vegetables in postharvest processing on site.





3.4. Economic Evaluation of the PVS


In this study, the cost of the stand-alone PVS was evaluated using the total NPC and the levelized COE [50]. The total NPC of $46,993 for the proposed PVS is obtained from this simulation. Especially, the total NPC includes several types of cost such as initial capital, O&M, replacement and so on. The breakdown of NPC by type of cost and equipment for the PVS is shown in Figure 19. It is found that the initial capital cost of the PV system is $26,115 and reaches to about 56% of the total NPC. It is also remarkable that the cost for the battery bank reaches to about 59% through initial capital and replacement cost. This indicates that the cost of the power storage system in a stand-alone PVS is dominant. The cost of the 12.5 kW PV array occurs at the initial capital and O&M cost. It accounts for 31% of the total NPC of the PVS, while the cost of the inverter accounts for about 6% of the NPC of the entire system. The lowest cost item is the charge controller, which accounted for 4% of the NPC. At the end of the 25-year project, a total remaining value of $1696 for each facility is calculated.



It is also obtained that the COE of the PVS is $0.438/kWh, which is more than the current Mexican electricity rate ($0.221/kWh) [22]. However, because there is no power grid in the remote areas of drylands, comparing the COE of the PVS with the electricity cost of the areas with power grids may not reflect the actual costs of building the PVS. However, compared with a similar study [34], the COE is still in a reasonable range, which is economically advantageous [50] compared with the erection of long-distance transmission lines and utilization of diesel generators [51]. When calculating COE through Equation (4), the amount of excess power was not considered in the amount of “total electrical load served per year”. In the same PVS, even if the cost is constant and the power consumption (“total electrical load served per year”) is larger than that in current simulation, it is possible to reduce COE. According to the results explained in Section 3.1, 43% of the generated power is transferred to the dump load as excess power, which is not provided to the OCAS. The simulations of power supply and demand in Section 3.3.3 show that the system generates excess power during the day. It is suggested that the selection of electrical appliances or the setting of the service time of electrical appliances in the PVS must be considered, and the surplus electricity should be reasonably used to further reduce the COE.



OCAS operators bear certain economic risks due to the high equipment investment and meticulous production technology. Therefore, to guide the reasonable operation of the OCAS, it is very important to establish an effective operation and management method of the OCAS suitable for the operators themselves. The specific management strategy of the OCAS is uncovered in this study. To provide a reference for operators, the production and sales volume of OCAS through field empirical experiments is estimated and discussed below.



Previous researchers systematically conducted LCA and economic analysis of the whole aquaponic systems [52,53,54,55]. According to previous studies, the market price changes on vegetables and fish are in the range of $1.46–2.50/lb ($0.66–1.13/kg) and $1.46–5.00/lb ($0.66–2.27/kg), respectively. The production costs reported for vegetables and fish are $0.75–1.50/lb ($0.34–0.68/kg) and $1.46–4.99/lb ($0.66–2.26/kg), respectively. However, as mentioned in the introduction of this paper, the productivity and energy consumption of the aquaponic system are related to the structure, the scale and the local environment. The design and operation methods of aquaponics also affect the production. Therefore, it is difficult to use the existing data in this work. Instead, a simple economic estimation by referring to the data of local surveys and production data of unpublished empirical experiments in La Paz is achieved. According to the field empirical experiment, taking the OCAS shown in Section 2.1 as the research object, it can be estimated that the annual harvest is 225 kg tilapia, 78 kg Swiss chard and 48 kg pepper. Based on the market price survey data of fish and vegetables implemented in La Paz, the average sales prices in the last three years for tilapia, Swiss chard and pepper are respectively 51.80 pesos/kg ($2.23/kg), 24.13 pesos/kg ($1.04/kg) and 93.18 pesos/kg ($4.01/kg). Therefore, it can be estimated that the annual sales revenue is $775.35 (Tilapia: $501.75, Swiss chard: $81.12, Pepper: $192.48). Assuming that the commodity price of these remains unchanged, the sales revenue will be $19,383.75 within 25 years. If the sales revenue of 25 years is changed to NPC, further reduction of the total NPC may be expected. However, the cost of power equipment let alone the overall material and labor costs is much higher than the sales revenue of the OCAS system.



From the perspective of sales revenue of harvests, it seems even less economical to set up a stand-alone PVS for OCAS. However, compared with the previous aquaponics, OCAS can not only produce food but also alleviate the salinization of soil. In addition, the stand-alone PVS using clean energy has a series of beneficial effects on reducing greenhouse gas emissions [56]. The important impact of the PVS on the environment should also be positively evaluated. In addition, if OCAS has a stand-alone power supply device, the applicability of OCAS in remote areas will be greatly promoted. Therefore, it is difficult to simply evaluate the budgeting of this system by only looking at the sales revenue. Combined with the values of environmental protection and mitigation of food shortage, the evaluation of the economic and environmental benefits of the whole system is a topic of future work.





4. Conclusions


Food security in drylands is a major concern due to rapid population growth. The depletion of groundwater for irrigated agriculture and soil degradation due to the use of highly saline groundwater worsen food production and productivity in these regions. To achieve both effective water use and prevention of soil salinization, the OCAS was established. Moreover, to achieve sustainable production of the OCAS in remote areas without power supply, a stand-alone PVS was designed. To promote the utilization of the OCAS in these remote areas, the techno-economic feasibility of optimum stand-alone PVS that can supply electricity for aquaponic systems was discussed.



HOMER software was employed to perform simulations and techno-economic evaluation of the stand-alone PVS for the pilot system of the OCAS installed in CIBNOR, La Paz, Baja California Sur, Mexico. It was found that the average daily GHI was 6.12 kWh/m2, which is suitable for PV power generation. The total NPC of the stand-alone PVS was calculated as $46,993, and the capacity of each component was derived as 12.5 kW of PV array, 8 kW of charge controller, 40 units of battery and 3.8 kW of inverter. The cost of the battery bank, PV array, inverters and charge controllers were also found to account for 59%, 31%, 6% and 4% of the NPC for the proposed stand-alone PVS, respectively. In addition, the COE of the PVS was calculated to be $0.438/kWh. Furthermore, the annual power supply and demand of the proposed stand-alone PVS were analyzed. The power generation of PV array was performed for 4156 h and was estimated power generation of 19,106 kWh annually. Furthermore, 43% of the generated power was transferred to the dump load as excess power, which was not supplied to the OCAS. The power supply and demand simulations showed that the excess power of the system occurred in almost every afternoon. Therefore, COE can be further reduced by rationally consuming excess power during OCAS operation.



The number of days for low solar irradiation were 5 days (February), 8 days (September) and 10 days (December), respectively. It is explained that the full charging of battery bank cannot be achieved for these periods. The autonomy of the proposed PVS was presented for 2.4 days. The PVS operation with the low SOC condition is a risk that leads to cutting off the power supply for the OCAS. The preparation of countermeasure for ensuring power supply and safe operation of OCAS in the continuous occurrence of low solar radiation is recommended, even on dryland.



In conclusion, this study provides insight into optimizing a stand-alone low-cost PVS to provide power supply for aquaponics on drylands. To successfully guide the operation of the OCAS, it is necessary to examine production technology and management methods. Based on the achievement of breeding and cultivation technology for the OCAS not only the optimization of the PVS but also the overall operation management of the OCAS can be achieved.
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Figure 1. Water flow and equipment location of an open-field cultivation combined-type aquaponic system (OCAS). 
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Figure 2. Details of power consumption of the OCAS in a day. 
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Figure 3. Monthly average daily global horizontal irradiation (GHI) and clearness index in 2017. 
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Figure 4. Variation of annual power generation with tilt angle of 1 kW output photovoltaic (PV) panel. 
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Figure 5. Daily solar irradiation on surface at a tilt angle of 22° throughout 2017. 






Figure 5. Daily solar irradiation on surface at a tilt angle of 22° throughout 2017.



[image: Sustainability 12 09556 g005]







[image: Sustainability 12 09556 g006 550] 





Figure 6. Monthly total solar irradiation and monthly average daily solar irradiation in 2017. 






Figure 6. Monthly total solar irradiation and monthly average daily solar irradiation in 2017.



[image: Sustainability 12 09556 g006]







[image: Sustainability 12 09556 g007 550] 





Figure 7. Schematic of a stand-alone photovoltaic system (PVS) for the OCAS. 
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Figure 8. Optimization results sorted by total net present cost (NPC). 
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Figure 9. System configuration of the proposed PV system with battery storage in HOMER. 
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Figure 10. Energy flow of the proposed PVS. 
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Figure 11. Hourly profile of simulated PV array output during 2017. 
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Figure 12. Monthly total PV power generation and monthly average daily PV power generation. 
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Figure 13. Hourly profile of simulated battery bank state of charge during 2017. 
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Figure 14. Relative frequency of SOC. 
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Figure 15. Boxplot of SOC in each month. 
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Figure 16. Hourly profile of simulated excess power during 2017. 






Figure 16. Hourly profile of simulated excess power during 2017.



[image: Sustainability 12 09556 g016]







[image: Sustainability 12 09556 g017 550] 





Figure 17. Variation of average excess power with time by month. 
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Figure 18. Monthly total excess power generation and monthly average daily excess power generation. 
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Figure 19. Breakdown of NPC by component and cost type. 
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Table 1. Electrical equipment in the OCAS.
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Section

	
Equipment (Quantity)

	
Power

	
Operating Time






	
Aquaculture

	
Air pump (1)

	
25 W

	
24 h/day




	
Circulation pump (1)

	
60 W

	
24 h/day




	
UV sterilizer (1)

	
20 W

	
24 h/day




	
Hydroponic

	
Circulation pump (1)

	
30 W

	
24 h/day




	
Open-field cultivation

	
Irrigation pump (1)

	
160 W

	
10:30–10:55




	
Others

	
LED lighting (4)

	
18 W

	
20:00–20:30




	
Dehumidifier (2)

	
745 W

	
19:00–8:00




	
Potable water pump (2)

	
60 W

	
Once every 30 days




	
11:00–11:50




	
12:00–12:50
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Table 2. Specifications of PV array.
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	Manufacturer
	Trina Solar





	Model
	TSM-260 PD 05.08



	Rated output under standard test condition
	260 W



	Temperature coefficient
	−0.41%/°C



	Normal operating cell temperature
	44 °C



	Efficiency under standard test condition
	15.9%



	Capital cost
	$170/panel



	Replacement cost
	$170/panel



	Operating and maintenance (O&M) cost per panel
	$10/year



	Derating factor
	0.8



	Tilt angle
	22°



	Lifetime
	25 years



	Search condition of PV capacity in HOMER
	1–100 panels (with an interval of 1)
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Table 3. Specifications of a charge controller.
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	Manufacturer
	OutBack Power





	Model
	FLEXmax 80



	Nominal battery voltage
	48 VDC



	Maximum input voltage
	150 VDC



	Maximum output current
	80 A



	Maximum output
	4000 W



	Efficiency
	97.5%



	Capital cost
	$580/unit



	Replacement cost
	$580/unit



	O&M cost
	$0



	Lifetime
	10 years



	Search condition in HOMER
	1–6 units (with an interval of 1)
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Table 4. Specifications of a battery bank.
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	Manufacturer
	Trojan





	Model
	SPRE 12 225



	Rated capacity
	2.71 kWh



	Maximum capacity
	226 Ah



	Rated output voltage
	12 V



	Roundtrip efficiency
	80%



	Maximum depth of discharge
	50%



	Capital cost
	$379/unit



	Replacement cost
	$379/unit



	O&M cost
	$0



	Lifetime throughput
	2172 kWh



	Search condition of battery bank capacity in HOMER
	4–80 units (with an interval of 4)
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Table 5. Specifications of inverter.
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	Manufacturer
	Schneider





	Model
	Conext SW4048



	Rated output capacity
	3.8 kW



	Lifetime
	10 years



	Efficiency
	94.0%



	Capital cost
	$1595/unit



	Replacement cost
	$1595/unit



	O&M cost
	$0



	Search condition in HOMER
	1–6 units (with an interval of 1)
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Table 6. Component performances of the proposed stand-alone PVS during the simulated year.
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PV Array

	
Battery Bank

	
Inverter






	
Rated capacity

	
12.5 kW

	
Batteries number

	
40 units

	
Capacity

	
3.8 kW




	
Mean output

	
2.18 kW

	
Usable nominal capacity

	
54.3 kWh

	
Capacity factor

	
24.9%




	
Capacity factor

	
17.5%

	
Battery wear cost

	
$0.196/kWh

	
Mean output

	
0.947 kW




	
Total production

	
19,106 kWh/year

	
Annual throughput

	
9122 kWh/year

	
Minimum output

	
0.135 kW




	
Hours of operation

	
4156 h/year

	
Expected life

	
9.52 year

	
Maximum output

	
1.66 kW




	
Levelized cost

	
$0.066/kWh

	
Autonomy

	
57.4 h

	
Hours of operation

	
8760 h/year




	
Minimum output

	
0 kW

	
Energy in

	
10,165 kWh/year

	
Energy in

	
8821 kWh/year




	
Maximum output

	
8.00 kW

	
Energy out

	
8159 kWh/year

	
Energy out

	
8291 kWh/year
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