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Abstract

:

The economic growth and demographic progression in Saudi Arabia increased spending on the development of conventional power plants to meet the national energy demand. The conventional generation and continued use of fossil fuels as the main source of electricity will raise the operational environmental impact of electricity generation. Therefore, using different renewable energy sources might be a solution to this issue. In this study, a grid-connected solar PV-wind hybrid energy system has been designed considering an average community load demand of 15,000 kWh/day and a peak load of 2395 kW. HOMER software is used to assess the potential of renewable energy resources and perform the technical and economic analyses of the grid-connected hybrid system. The meteorological data was collected from the Renewable Resources Atlas developed by the King Abdullah City of Atomic and Renewable Energy (KACARE). Four different cities in the Kingdom of Saudi Arabia, namely, the cities of Riyadh, Hafar Albatin, Sharurah, and Yanbu were selected to do the analyses. The simulation results show that the proposed system is economically and environmentally feasible at Yanbu city. The system at this city has the lowest net present cost (NPC) and levelized the cost of energy (LCOE), highest total energy that can be sold to the grid, as well as the lowest CO2 emissions due to a highly renewable energy penetration. This grid-connected hybrid system with the proposed configuration is applicable for similar meteorological and environmental conditions in the region, and around the world. Reduction of some greenhouse gasses as well as the reduction of energy costs are main contributors of this research.
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1. Introduction


Tropical and hot climate regions all over the world are underutilized in generating power and providing alternative resources of energy [1]. For example, the Gulf Cooperation Council (GCC) countries in the Middle East, which have an abundance of natural resources, there is less incentive to develop Renewable Energy (RE) projects. Other reasons may be related to political and economic instability that deprive governments of financial resources to invest in new technology [2,3]. The Kingdom of Saudi Arabia (KSA) is considered to be one of the top countries for having some of the hottest weather worldwide. It is also the top fossil fuel consumer for electric power generation in the Middle East [4].



KSA’s power demand has significantly increased over the last two decades [5]. In 2003, the Saudi Electricity Company (SEC) report showed that the peak load of the national grid was 26.2 GW. In 2016, the total amount of electricity generated, reached more than 74 GW, as shown in Figure 1. It is expected to reach more than 100 GW by 2030 due to both rapid population and economic growth [6,7]. The report also presented the total number of customers, which was 3,622,390 in 2000, and recorded an average annual growth of 5.4% from 2000 to 2014.



The power sector of KSA relies heavily on fossil fuels for electric power generation [8,9]. Heavy Fuel Oil (HFO), natural gas, diesel oil, and crude oil are the types of fossil fuels used in power plants. Figure 2 illustrates the development of fuel consumed for power generation from 2000–2014 [6]. Due to the rapid increase in commercial and residential loads every year, appropriate and sufficient electrical power generation must be provided to meet the growth of such demands. However, continued dependence on fossil fuel as the primary energy source will cause fuel depletion, environmental pollution, and have an extremely negative impact on human health [10].



The report in Reference [11] shows that KSA is one of the top producers of carbon dioxide (CO2) emissions in the world. Hence, implementing renewable energy projects for power generation will not only reduce the level of CO2 emissions in KSA, but will also contribute to increasing the kingdom’s revenues [12]. KSA has several suitable locations for implementing renewable power generation projects. Wind and solar energy have the most potential renewable energy sources in the kingdom [13]. An analytical study, made for evaluating different renewable energy sources in Saudi Arabia, shows that photovoltaic (PV), concentrated solar power (CSP), and wind energy are the most effective RE technologies, respectively [14]. Another study, conducted by Munawwar et al. [15], reviewed the growth of the solar industry and renewable energy in the Gulf Cooperation Council (GCC) areas, and stated that solar power production is expected to represent up to 16–22% of the KSA’s total energy generation by 2032. The KSA authorities recognize the importance of wind energy, and will support investments in this sector [16].



In establishing the King Abdullah City of Atomic and Renewable Energy (KACARE) in 2010, the aim was to build renewable energy power sector for KSA. One of the most important projects is the renewable resources atlas of the KSA, which KACARE is developing. Almost 32 monitoring stations across the country provided extensive information about solar resources, and nine stations for wind resources provided limited information [17]. By using these types of data to analyze the potential of renewable energy resources in such hot climate regions, researchers, and power project developers contribute to the achievement of KSA’s 2032 and 2040 RE visions mentioned in References [18,19].



Analytical studies to explore and conduct the performance of solar and wind energy resources in KSA are few. For solar power, a study conducted by Erica et al. [20] summarized one year of solar resource measurement data for 30 stations, which KACARE was provided across the country. They analyzed the Global Horizontal Irradiance (GHI), Direct Normal Irradiance (DNI), and Diffuse Horizontal Irradiance (DHI) data, based on one-minute measurements. Arif et al. [21] addressed the solar energy future aspects and the applications of solar power along with different studies conducted in the same field with the aim of establishing energy polices for KSA [22,23]. In addition, Almarshoud [18] presented a review of the photovoltaic system for 32 sites of solar resources across KSA using three modes of a sun tracking system. That study showed a high productivity of energy and the difference in percentages of using a fixed tilt angle, and 1-axis and 2-axis tracking modes for the 32 sites. A.M. Ramli et al. [24] conducted experimental investigations to study the effect of weather conditions on a PV output power production using a simple rule-based model. This study came up with results presented as a percentage and showed the significant effect of dust, rain, and clouds on a PV panel’s efficiency.



For wind energy, researchers conducted several studies for evaluating the potential of wind energy and resources for different locations in Saudi Arabia. Starting from 2004, S. Rehman et al. [25] presented an analysis of 14 years of wind data for five costal locations in the KSA with the aim of assessing the potential wind energy. In their research paper, they found the most suitable location for harnessing the power of wind. Another study regarding wind power costs in 20 locations in KSA, used data recorded from 1970 to 1982. Here, S. Rehman et al. [26] showed that the minimum cost of electricity generated by using different wind turbines with a maximum output of 2500, 1300, and 600 kW was found to be 0.0234, 0.0295, and 0.0438 $/kWh in the same city. In 2005, Alabbadi [27] assessed the power density and wind energy resources for five locations by using the data collected between 1995 and 2002. Another assessment of wind energy performed in 2012, for five different locations in KSA, was introduced by Eltamaly et al. [28] through a computer program for the purpose of selecting the most effective size of wind turbine for each site. In 2015, Baseer et al. [29] analyzed and presented the characteristics of wind speed for Jubail Industrial City at three different heights. They also analyzed seven locations in the same city by using different wind data at 10 m above ground level (AGL) [30]. The results showed that the East of Jubail Industrial City is the most promising area for wind energy production from a 3 MW wind machine. S.M. Shaahid et al. [31] presented an economic feasibility study for the development of 75 MW wind power plants in four coastal regions in KSA using different combinations of 600 kW wind turbines (wind farms). This research showed that the energy from a wind electric conversion system (WECS) would not produce for 41–53% of the time during the year. Davut Solyali et al. [32] and Farivar Fazelpour et al. [33] did similar studies in other countries and presented the technical assessment of wind resources and energy density using the Weibull distribution function to do the estimation. Additionally, A. Dabbaghiyan et al. [34] and A. Allouhi et al. [35] evaluated the wind energy potential for different sites at various heights in Iran and Morocco using Weibull distribution to assess the wind power density. In the Bushehr province of Iran, the average wind power density was approximately 265 W/m2 at the height of 40 m. In Morocco, the results showed the most suitable location for harnessing the wind power among six coastal locations.



The literature review shows the potential of solar and wind resources based on the data of the Renewable Resource Monitoring and Mapping (RRMM) program, which KACARE provided, and other data of local sites in the KSA. The primary observation by the authors also shows that most of the existing research work focuses on the evaluation of renewable energy resources and feasibility of small-scale RE generation in KSA, specifically the solar PV. One very important missing aspect is to investigate the potential of a large-scale grid-connected PV/Wind hybrid system considering real grid prices. As per the authors’ knowledge, none of the existing work explored the technical and economic aspects of a large-scale grid-connected hybrid system for the KSA’s climate conditions.



In the present study, a resource assessment and techno-economic analyzes of grid-connected solar/wind hybrid systems for different cities was carried out. In order to develop a hybrid grid-connected system model to analyze the power production and identify the best economic configuration, the National Renewable Energy Laboratory’s (NERL) Hybrid Optimization of Multiple Electric Renewables (HOMER) was used. This software is considered the best and simplest tool to evaluate RES among other different renewable energy software [36]. For the selected locations, the load applied was a hypothetical community load with a maximum daily consumption of 15 MWh/day. The peak of this load is expected to occur during August due to the high temperatures with 2.395 MW, as illustrated in Figure 11. The analyses of the grid-connected hybrid systems were performed by simulating each system’s operation for 25 years—that is, the project lifetime. Capital costs, equipment replacement cost, operation and maintenance expenses, grid prices, and project lifetime are important data required by the simulation.



For the simulation of the grid-connected hybrid system, location and wind/solar resources were the considered key variables that were examined in order to determine which city had the best and optimal hybrid energy system based on costs, energy production, energy purchased and sold, and lowest CO2 emissions. For accurate results, ground reflectance, ambient temperature, wind site altitude, and hub height were included in the computations.




2. Resource Analysis


2.1. Solar Data


The analysis presented in this paper was carried out using the KACARE’s RRMM. To get an overview of the solar energy potential at the four selected cities in Table 1, the monthly average values of the GHI, DNI, and DHI were analysed for all 12 months of 2015. This analysis aims to explore the availability of solar resources based on the data available from different sites. For this purpose, we downloaded the solar data for Hafar Albatin, Riyadh, Sharurah, and Yanbu from the Renewable Resource Atlas. Figure 3 provides an overview of the stations installed across the country and were classified into the Tier 1 Research station, Tier 2 Mid-range stations, and Tier 3 Simple Stations. Sulaiman et al. [38] and Erica et al. [20] explained more about these types and the major equipment used for the Saudi solar resource network.



The DNI data are an important factor for Concentrating Solar Power (CSP) technologies. Figure 4 compares the measured values of the DNI for the four selected stations during 2015. This represents the average monthly data. The main selected cities were Hafar Albatin (Northeast region), Riyadh (middle of the country), Sharurah (South), and Yanbu (West coast). The maximum DNI occurred between June and July with approximately 7887 Wh/m2 as the maximum for Yanbu, 6937.7 Wh/m2 for Haver Albatin, and 6293 Wh/m2 for Riyadh. The minimum DNI for Hafar Albatin and Riyadh was during April with less than 3500 Wh/m2 and 4783.8 Wh/m2 for Yanbu during August. It can be seen from the DNI line graph that when the longitude has the same or a similar value, DNI will follow the uniform pattern as shown for Hafar Albatin and Riyadh-KSU. The DHI is the scattered solar radiation, and it does not include the DNI since it is available from the entire sky. In Figure 4, the Hafear Albatin and Riyadh stations recorded the highest amount of DHI radiation in the first quarter of 2015, while Sharurah had the maximum DHI during July, and Yanbu during August.



GHI is the input data used in HOMER software since it is an important factor to photovoltaic installations and it includes the DNI and DHI. In this part, we compared the GHI of the selected places using the data of the same year from January to December. The solar radiation started gradually increasing from the first quarter of the year and reached the maximum in June and July. Thereafter, it decreased from August until the minimum values occurred during December. We observed a uniform pattern for the GHI data from the line graph in Figure 4 with maximum values of 7400 to 8160 Wh/m2 during the summer season and the minimally recorded values during winter were in between 3239 and 5088 Wh/m2 for the sites.



In this study, we took different locations with different topographies into consideration to test and compare the performance of the solar monitoring stations in each city. We observed the minimum annual average daily total DNI at Hafar Albatin and the maximum at Sharurah as it can be seen in Figure 5. For the DHI, we recorded the maximum annual average daily total in Riyadh by 2614.04 Wh/m2. The maximum average daily total of GHI solar radiation was in Sharurah by 6681.62 Wh/m2, and the minimum was in Hafar Albatin with 5744.84 Wh/m2.




2.2. Wind Data


This part provides a brief description of the four locations considered in this study. The meteorological data were collected beginning in 2014 by the KACARE wind resource monitoring stations across the country. The measured parameters included temperature, relative humidity, pressure, wind speed, wind direction, and many other parameters at 40 m, 60 m, 80 m, 98 m, and 100 m above the ground surface. The measurements of the average monthly wind speed were made at 40 m, 60 m, 80 m, 98 m, and 100 m for each site, and the average wind directions were made at 37 m, 80 m, and 98 m. For this study, the details of the selected sites are summarized in Table 2. At all of these locations, the meteorological measurements were made at different heights. The data used in this analysis covers 12 months of measurements stretching from January to December 2015. The reason for choosing only one year is because we found some data missing for some of the months in 2014 and 2016. Figure 3 shows the map of Saudi Arabia. The figure shows the locations of the measurement sites presented in Table 2 and the current locations of the other wind sites in the country.



One of the most important factors about wind farm projects is the wind direction. To achieve the optimum design of a wind power plant, the prevailing wind direction of the selected locations must be assessed. In this paper, we applied the KACARE wind rose simulation for the locations under consideration to provide the diagrams at a height of 80 m above the ground. Each wind rose chart has 16 cardinal directions, as shown in Figure 6. These charts show the frequency and speed of the wind as it blows from each direction. Designers can make their decisions for a particular site by analyzing the rose plots. We can observe from these plots that the most prevailing wind direction for Sharurah and Riyadh was from the East-Northeast for about 21% of the time and from the Northeast for 13% of the time, respectively. The Hafar Albatin site recorded that the most wind direction was from the North for about 16% of the time, and 39% was from the North-Northwest direction for Yanbu, as seen in Figure 6. Hence, wind turbines can be installed upon these directions. Generally, modern wind energy conversion systems have different cut-in speeds that depends on the size of the installed wind turbine.



It is fundamental to analyze the wind energy regime before implementing any wind energy project since the cost of wind energy production is heavily dependent on the wind resources at these sites [39]. Speed critically influences the wind resources at a certain site. Accordingly, the average wind speed is important in assessing the wind energy potential at any site [40]. To describe the wind speed distribution, the literature shows several density functions that can be used. The Weibull and the Rayleigh functions are the two most common distributions. In this study, we used the Weibull distribution to do the wind distribution analysis for the selected sites. This type is characterized by two parameters, one is the scale parameter c (m/s), and the other is the shape parameter k (dimensionless). There are several methods for calculating these two parameters of the Weibull distribution for wind speed analysis [41,42]. We used the power density method (PDM) in this study to estimate the scale and shape parameters; it relates to the averaged data of wind speed. We then compared the results to the actual data, and we calculated the coefficient of determination (R2) in order to examine how well the distribution functions, and it fits the data set. Table 3 shows that R2 was 97% and above for all Weibull distributions. These results illustrate that the fitted functions describe the observed values of wind speed reasonably well.



Figure 7 and Figure 8 show the Weibull distribution, and Cumulative Distribution Function (CDF) at 80 m height for the selected sites. From these two graphs, we observed that the wind speed remained above 10 m/s for about 41% of the time at Yanbu, followed by 10 m/s for 27% at Hafar Albatin, 22% at Sharurah, and 14% at Riyadh. This also shows that the best location among these cities for wind energy production is Yanbu due to the high wind speed, as seen in Figure 7 and Figure 9. The results also indicate that Yanbu city has a better potential for using wind energy than the other three locations in the provinces examined. In Table 3, we found the annual mean wind power density (per unit area P/A) for the selected locations to be about 833.78 W/m2 at Yanbu, 426.20 W/m2 at Sharurah, 292.02 W/m2 at Riyadh, and 519.27 W/m2 at Hafar Albatin for winds at a height of 80 m.





3. Design and System Specifications


3.1. Model Design


The hypothetical load considered in this study is a 15 MWh/day community load. This load is the AC primary electric load that the designed system must meet in order to avoid the unmet load. Beside the load, the system consists of four other components: The grid system, DC to AC converter, solar PV array, and 1 MW wind turbine as presented in Figure 10. An inverter is required by the grid-connected system to adapt the direct current DC produced by the PV array and feed it to the AC busbar where the load connected. Since this design has no backup system, the utility grid will serve as a reliable supplier to the load due to the electric intermittence caused by the renewable energy sources.



Figure 11 shows the profile of the monthly average load with a peak demand beginning in May through August and declining from September to the end of the year. This increase is mainly due to the high temperatures during the summer, which cause the significant usage of air conditioning in KSA. The average scaled power consumed per day is 15 MWh/day with a peak of 2.395 MW occurring in August.




3.2. System Components


3.2.1. Electric Grid


The utility grid is the most reliable system that can be used, whereas the solar PV/wind system depends on the renewable energy resources only. However, if the produced power by the solar PV/wind exceeds the load requirements, the excess electricity is sold in a certain tariff to the grid. Several researches have proven that the LCOE is reduced when the excess energy is used in this way [43]. The Renewable Energy Feed in Tariff (REFIT) is an agreement to accelerate the investment in renewable energy technology. In KSA, A.M. Ramli et al. [44] conducted a study on the analysis of renewable energy feed-in tariffs and concluded that applying fixed REFIT helps to enhance sustainability by eliminating the inflation effect in such a region. In 2017, SEC changed the residential and commercial rate of electricity to new prices. The two consumption categories of the residential loads are 1–6000 kWh and more than 6000 kWh, which have the rate charge of 0.048 $/kWh and 0.080 $/kWh, respectively. Accordingly, the new rates utilized to schedule fixed prices at different times during the day and month, as shown in Figure 12. This figure shows the grid schedule rate for the whole day and each row represents the hours of the day starting at 00.00. The rate includes peak, shoulder, and off-peak times, whereas the sellback electric charges are 0.070 $/kWh, 0.040 $/kWh, and 0.038 $/kWh, as shown in Figure 13.




3.2.2. PV Modules and Wind Turbine


In this study, the hybrid solar PV/wind is a system integrated with the grid to reduce dependence on fossil fuels as a primary source of electricity. The size of a grid-connected RES depends on the system constraints. In the present design, the solar PV/wind hybrid system should be sized to meet at least 60% of the peak load demand, and this will identify the required output power from the hybrid grid-connected system. In HOMER, the PV output power can be calculated using Equation (1)


     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    Y  P V     is the capacity of PV array in [kW],    f  P V     refers to the derating factor in [%],     G ¯  T    PV solar irradiation in [kW/m2],     G ¯   T , S T C     is the incident radiation at standard test conditions and it is [1 kW/m2],    α P    is the Temp coefficient of power in [% /°C],    T c    PV cell Temp in current time step [°C], and    T  c , S T C     the cell temperature under stander test conditions [25 °C].



It can be seen from Equation (1) that several factors, including solar irradiation and the cell temperature have the influence on the generated power from the PV. Table 4 presents the PV technical and financial input data and the inverter types. These types of PV and converters have shown a good performance in KSA [36]



The wind speeds have been described in the previous sections for all selected locations. The technical and estimated financial input data of the 1 MW wind turbine are presented in Table 4. Figure 14 shows the power curve of the considered wind turbine, which has the cut-in speed of 4 m/s, and the total output power of 1 MW can be obtained at a wind speed of 12 m/s to 20 m/s. The measurement of wind speed was taken at the height of 80 m and the approximate hub of the wind turbine is 80 m above the ground at which the rotor sits [45]. By knowing the hub height wind speed, the wind turbine power can be determined from the power curve. In HOMER software, the power curve is typically used to specify the performance of any wind turbine under conditions of standard temperature and pressure (STP). The power value shown by the power curve is multiplied by the air density ratio to adjust the actual conditions, as follows


     P  W T G   =  (   ρ   ρ 0     )  .    P  W T G , S T P      








where    P  W T G     is considered the actual output power of the wind turbine in kW,     P  W T G , S T P      is the power output of the wind turbine at STP in kW,  ρ  is the actual air density kg/m3, and    ρ 0    is the air density at STP, which is 1.225 kg/m3.





3.3. Economic Model


In HOMER, there are two main economic factors used to rank different system configurations. These are the net present cost (NPC), or the life-cycle cost and the levelized cost of energy (LCOE) [46]. NPC is defined as the present value of all system costs over the project’s lifetime, minus the value of all revenues earned. Additionally, it can be calculated from Equation (2). The LCOE is the average cost in $/kWh of the actual consumed energy produced by the system and it can be calculated from Equation (3)


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



(2)




where  i  is the annual interest rate, Cann,tot represents the system total annualized cost,    R  P r o j     is the project lifetime in years, and the capacity recovery factor (CRF) can be calculated by


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








 i  is the real discount rate and N refers to the number of years


    L C O E =    C  a n n , t o t      R  p r i m   +  R  t o t , g r i d , s a l e s        



(3)




where    R  p r i m     is the AC primary load in kWh/year and    R  t o t , g r i d , s a l e s      is the total grid sales in kWh/year.



An alternative economic performance measure could be investigated by decision makers along with the NPC and the cost of energy. The Return on Investment (ROI) is the yearly cost savings relative to the initial or reference system. In HOMER software, the ROI can be calculated using Equation (4)


    R O I =     ∑   i = 0    R  p r o j      C  i , r e f     −  C i     R  p r o j    (   C  c a p     −    C  c a p , r e f    )       



(4)




where    C  i , r e f     is the nominal annual cash flow for the base (reference) system;    C i    is the nominal annual cash flow for current system;    R  p r o j     is the project lifetime in years;    C  c a p     is the capital cost of the current system, and    C  c a p , r e f     is the capital cost of the base (reference) system, which is the grid.





4. Simulation Results and Discussion


Performance of the grid-connected solar PV/wind hybrid system in the selected cities is discussed in this section. Technical and economic details along with electricity production for four different cases are compared and then the saved CO2 emissions for the defined cases are considered.



4.1. System Electricity Production


Figure 15 illustrates the total annual electricity production from the grid, wind turbine, and solar PV systems in kWh/yr. The effect of renewable energy penetration on the consumption from the grid can be seen from the graph. At Yanbu city, the annual electricity production from the RE system represents almost 70% out of the total due to the high output power, specifically from the wind turbine, which represents 53%. This reduces the annual energy purchased from the grid to 1,978,631 kWh/yr, which represents only 30% out of the total annually consumed power. The wind energy production in Yanbu city was compared to a study presented by S.M. Shaahid et al. [31] and the capacity factor of the wind turbine were higher in this study due to the different size and hub height of the wind turbine. The yearly total renewable power output at Hafar Albatin is 3993.2 MWh/yr versus 2418.7 MWh/yr from the grid. At this city, wind energy production represents 62%, whereas the solar PV is around 17%, and the remaining power produced by the grid. Sharurah city has the highest solar irradiation among others. 19% of the annual electricity production comes from the PV system. However, the wind energy and electricity purchased have almost the same amount of consumption, as illustrated in Figure 15. Riyadh city has recorded the highest electricity purchased from the grid due to the low renewable output power.



Figure 16 shows the time series analysis of the first week of August in all cities. As it can be seen from these graphs, all systems have the same load shape and different output power. As the output power produced by the hybrid system increases, the consumed power from the grid declines instantaneously. Additionally, the sum of the renewable output power and the grid power is equivalent to the total electrical load served, which indicates that the designed grid-connected system has met the electric load requirements with zero unmet power demand.



In KSA, the main source of electricity is fossil fuel-based power plants. As a consequence, the vast majority of CO2 emissions are from the power sector. Figure 17 shows the amount of CO2 emissions in kg/yr that can be saved if the renewable hybrid system is connected to the grid. The annual CO2 emission produced by the grid system only (with no hybrid system) is 3,460,200 kg/yr, which means that the hybrid grid-connected system has contributed significantly to lower CO2 emissions. As can be seen from the graph, the system performance at Yanbu city can reduce the CO2 emissions by almost 63%, which equals to 2,209,705 kg/yr followed by Hafar Albatin, Sharurah, and Riyadh, respectively.



One of the most important indicators of renewable energy system productivity is the capacity factor. Additionally, it is considered the most effective parameter in analyzing renewable energy system performance due to the direct effect on the cost of generated power. It is defined as the ratio of the real energy output to the theoretical full energy output over a specific period of time [34]. The annual capacity factor and the annual energy output power of wind and solar are evaluated in Figure 16 and Figure 17 using HOMER software. For both solar and wind, several parameters were considered including the temperature, derating factor, tracking system, wake, turbine hub height, and about 15% generation losses of wind turbine in order to evaluate the production. Figure 18 summarizes the annual capacity factors for the four considered systems. The results clearly show that the annual capacity factor is significantly affected by the availability of renewable energy resources. As indicated in the figure, Yanbu city has the highest capacity factor for wind energy and Riyadh city has the lowest potential for installing wind turbines. On the other hand, there is no significant difference between the PV system capacity factors in all selected cities.




4.2. Economic Analysis


In HOMER, a discounted cash flow (DCF) is the nominal cash flow discounted to year zero. In this study, the considered real discount rate for each system is 6%. Figure 19 shows a comparison of the cumulative discounted cash flow for all considered grid-connected systems throughout the projects lifetime compared with the base case. This method was used to estimate the attractiveness of an investment opportunity in such cases. A DCF was completed for all projects located at the selected cities and compared to the grid as a base case. Consequently, NPC for each system was found by summing up the yearly total discounted cash flows of the project lifetime. In Figure 19, the system at Yanbu city demonstrated the lowest NPC and LCOE of $3,080,182.00 and 0.03655 $/kWh, respectively. At Hafar Albatin city, the system NPC is $3,558,756.30 and has a LCOE of 0.04392 $/kWh. In Sharurah city, the system performed reasonably, even with a high NPC and LCOE. Based on the annual solar irradiation and the mean wind energy density, Riyadh city is not particularly suitable for the installation of large-scale hybrid grid-connected system. Additionally, the electric and economic analysis showed that using only the grid system in Riyadh city is the best economical option due to the high cost and low production, as seen in Figure 15 and Figure 20. However, Yanbu city has more appropriate renewable energy resources, specifically for utilization of wind turbine technology. The model at this city recorded the highest ROI of 7.5%, which makes it the most suitable place since it makes a profit during the project’s lifetime. Thus, it is considered as the best city for wind energy development among all the others.



It is interesting to discuss the electricity purchasing and selling for each month during the year. The monthly power flow to and from the grid for the four considered systems is depicted in Figure 21 and Figure 22. In the first four months of the year, the air temperature and the load demand are at their lowest. Consequently, all systems show the highest amount of power sold to the grid. More than 50% of the total annual sold energy to the grid for all systems occurred during this period. However, because of the high demand, in addition to the rising temperatures during most of the year, all systems become more reliant on the grid. Among all cities, the Yanbu city grid-connected system has the highest amount of energy sold to the grid and it is 1118 MWh/yr followed by Hafar Albatin, Sharurah, and Riyadh with 863.5 MWh/yr, 824.6 MWh/yr, and 504.7 MWh/yr, respectively.



Figure 23 shows a comparison between the capital cost and the cost of the energy produced by PV/Wind system in each city. These results represent the energy cost at the grid price over the considered lifetime. In HOMER Pro, the capital cost is part of the NPC. Since one model was applied at all selected locations, the capital costs are almost the same for each system. However, the costs of the produced energy over the project’s life-time are different, as illustrated in the graph. From Figure 13 the applied grid prices are 0.08 $/kWh during peak demand and 0.048 $/kWh at the shoulder and off-peak times. At Yanbu city, the total annual electricity produced by PV/Wind systems is around 4684.53/yr MWh and the cost of this annual amount based on the grid prices exceeds 6.8 million dollars over the project’s life time, as seen in Figure 23. The system capital costs at Yanbu city represent only 32% of the energy cost. The model at Hafar albatin city shows a total annual production of 3993.2 MWh/yr from the PV/Wind system. Over 25 years, the expected energy cost at the same city is almost 5.8 million dollars and the capital costs represent around 38% of this value. Sharurah and Riyadh show the lowest energy production with 3774.6 MWh/yr and 3157.5 MWh/yr, respectively.





5. Conclusions


This paper presents an overview of the current status of Saudi Arabia’s power generation and a possible increase in the demand for electricity over the next 15 years. Additionally, an investigation of solar and wind energy resources along with technical and economic analysis of a grid-connected hybrid system for four selected locations are presented. Based on real data provided by KSA’s renewable resources atlas, the HOMER-Pro optimization tool developed by NREL is utilized to select the best system performance. The following are the key findings of this study:




	-

	
For solar resources, GHI values are high at all of our selected sites with relatively low variability. Due to the effect of pollution, dust, and clouds, DNI levels were more variable. The highest annual average daily total of GHI and DNI of solar radiation was in the city of Sharurah by 6681.62 Wh/m2 and 6206.91 Wh/m2, respectively. For wind energy resources, the frequency analysis showed that the availability of wind speeds above 10 m/s was 41% of the time at Yanbu followed by 27% at Hafar Albatin, 22% at Sharurah, and 14% at Riyadh at 80 m for the entire year. In addition, the annual mean wind power density for Yanbu city was the highest with 833.78 W/m2 at the height of 80 m, which indicates that this location is the best for wind energy production.




	-

	
The effects of changing renewable energy resources on the power generation are analyzed. Four different grid-connected hybrid systems have the same components and the costs are considered. Since every location has a different wind speed and solar radiation intensity over the year, different configurations of power generation at each location are expected to meet the same load demand requirements. The simulation results show that the solar and wind resources potential at Yanbu city, leads to the minimum LCOE of $0.03655 followed by Hafar Albatin, Sharurah, and Riyadh. The system’s capacity factors at each location also show that Yanbu city has the highest renewable energy output power, particularly the power from the wind turbine which that represents 53% out of the total annual generation. The systems performance at Hafar Albatin and Sharurah shows reasonable power production and lower CO2 emissions even though the systems have high NPC and LCOE. However, the solar PV and wind turbine capacity factors at Riyadh city are low compared to other systems. Therefore, it is not economically viable.









The analyses presented in this study can have a strong influence on the selection of technology and location of solar and wind energy power plants in KSA. Additionally, the proposed system design and techno-economic analysis could be applied to any location worldwide to improve the performance of grid-connected hybrid solar/wind considering the variation of the components’ costs, load profile, and the sites’ metrological conditions. We should note that using long-term data analysis would help to understand the inter-annual variability of renewable energy resources that limit this study. Therefore, continuing the operations of renewable energy monitoring stations is needed to assemble data for long-term forecasting. In future research, performance analysis of a large-scale hybrid grid-connected solar-wind-biomass will be investigated for various locations with different metrological conditions.
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Figure 1. Peak Load Versus Generation Capacity for (SEC) [37]. 
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Figure 2. Development of Fuels Consumed in SEC Power Plants from 2000 to 2014 [6]. 
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Figure 3. Solar and Wind Resource Monitoring Stations, by Province (RRATLAS). 
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Figure 4. Average Monthly DHI, DNI, and GHI at the selected stations. 
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Figure 5. Annual average daily total of DNI, GHI, and DHI. 
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Figure 6. Wind rose diagrams for the selected stations. 






Figure 6. Wind rose diagrams for the selected stations.



[image: Sustainability 10 03690 g006]







[image: Sustainability 10 03690 g007 550] 





Figure 7. Weibull distribution of the measured data at 80 m. 
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Figure 8. Cumulative density of wind speed at 80 m. 






Figure 8. Cumulative density of wind speed at 80 m.



[image: Sustainability 10 03690 g008]







[image: Sustainability 10 03690 g009 550] 





Figure 9. Monthly mean wind speed in m/s. 
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Figure 10. Design configuration of Wind/PV grid-connected system. 
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Figure 11. The monthly average load profile applied. 
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Figure 12. Grid daily schedule rate for all months. 
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Figure 13. Defined rates during the day. 
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Figure 14. Wind turbine power curve. 
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Figure 15. Total annual electricity production from the grid, PV, and wind turbine. 
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Figure 16. One-week generation of grid along with PV/wind hybrid system to maintain load demand. 
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Figure 17. Saved CO2 emission by each system. 
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Figure 18. Solar PV and wind capacity factor in each city. 
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Figure 19. Cumulative Discounted Cash Flow for all Systems and Base Case. 
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Figure 20. Systems NPC and LCOE. 
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Figure 21. Monthly energy purchased from grid. 
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Figure 22. Monthly energy sold to grid. 
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Figure 23. Capital cost versus the total cost of energy produced by the PV/Wind system at the grid price. 
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Table 1. Solar monitoring stations details.
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	S. NO
	Monitoring Sites
	Tier
	Longitude (E)
	Latitude (N)
	Operating Since





	1
	Hafar Albatin
	2
	45.9570
	28.3320
	6 October 2013



	2
	Riyadh
	2
	46.6163
	24.7235
	15 October 2014



	3
	Yanbu
	1C
	38.2046
	24.9865
	29 October 2014



	4
	Sharurah
	2
	47.0861
	17.4758
	3 September 2013
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Table 2. Wind monitoring stations details.
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	S. NO
	Site
	Longitude (E)
	Latitude (N)
	Elevation (m)
	Data Collection Start





	1
	Riyadh
	46.3527
	24.5764
	924
	13 August 2014



	2
	Yanbu
	37.4844
	24.3420
	18
	18 August 2014



	3
	Sharurah
	47.0731
	17.3234
	764
	26 August 2014



	4
	Hafar Albatin
	44.2031
	28.2688
	360
	24 August 2014
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Table 3. Annual estimated Weibull parameters.
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	Site
	Mean (m/s)
	Standard Deviation
	Average WPD (W/m2)
	K
	C (m/s)
	R2





	Riyadh City Site A
	6.30
	3.27
	292.02
	2
	7.11
	0.976



	Yanbu
	8.84
	4.70
	833.78
	1.95
	9.98
	0.980



	Sharurah
	7.07
	3.78
	426.20
	1.95
	7.98
	0.981



	Hafar Albatin
	7.65
	3.94
	519.27
	2.02
	8.64
	0.982
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Table 4. Components Specifications.
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Components

	
Parameters

	
Value

	
Unit






	
PV (CS6K-280M-T4-4BB)

	
Capacity

	
1

	
kW




	
Life time

	
25

	
Year




	
Capital

	
1640

	
$/kW




	
Replacement

	
1640

	
$/kW




	
O&M

	
10

	
$/yr




	
Dual axis tracker

	
1000

	
$




	
    α P    

	
−0.50

	
%/°C




	
    f  P V     

	
80

	
%




	
Efficiency

	
18

	
%




	
Converter

	
Capacity

	
1

	
kW




	
Life time

	
15

	
Year




	
Efficiency

	
95

	
%




	
Capital

	
300

	
$




	
Replacement

	
300

	
$




	
Wind Turbine

	
Initial Capacity

	
1,300,000.0

	
$




	
Replacement

	
1,300,000.0

	
$




	
O&M

	
1200

	
$/yr




	
Life time

	
25

	
Year




	
Hub Height

	
80

	
m




	
Applied Losses

	
15

	
%




	
Capacity

	
1

	
MW




	
Economical parameters

	
Project life time

	
25

	
Year




	
Real Discount Rate

	
6

	
%




	
PV/wind Size

	
PV

	
0.5

	
MW




	
Wind Turbine

	
1

	
MW












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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