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Abstract

:

In this study, the technical and economic feasibility of employing pumped hydroelectric energy storage (PHES) systems at potential locations in Jordan is investigated. In each location, a 1 MWp off-grid photovoltaic (PV) system was installed near the dam reservoir to drive pumps that transfer water up to an upper reservoir at a certain distance and elevation. PVsyst (Version 7.3.4) is implemented to simulate the water flow rate pumped to the upper reservoir at each location. The water in the upper reservoir is presumed to flow back into the dam reservoir through a turbine during peak hours at night to power a 1 MW load. Based on the water volume in the upper reservoir, the power generated through the turbine was estimated using HOMER Pro® (Version 3.15.3), and the power exported to the grid (when the power generated from the turbine is more than the power required by the driven load) was also determined. It is worth mentioning that scaling up the size of PV and hydropower systems is a straightforward approach considering the modular nature of such systems. However, the quantity of water in the dam reservoir that is allowed to be pumped is the main determinant for the size of a PHES system. The technical and economic results show that the potential of employing these locations to implement PHES systems is great. In addition, a study was conducted to estimate how much CO2 emissions were reduced by generating renewable energy compared to generating the same amount of energy from fossil fuels. These systems increase renewable energy in the energy mix in Jordan, stabilize the grid, and balance the loads, especially during peak periods. More importantly, PHES systems contribute to making the energy sector in Jordan more sustainable.
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1. Introduction


1.1. Energy in the World and Jordan


Energy is a necessary component of contemporary life, powering everything from homes and companies to transportation and industry. Throughout the last several decades, the world’s energy consumption has continuously increased as the global population has grown, economies have developed, and people’s quality of living has improved. The major sources of energy in the world are fossil fuels, which include oil, coal, and natural gas. Fossil fuels accounted for around 78.5% of estimated shares of final energy consumption based on statistics from 2020 [1]. In 2022, China consumed the most energy worldwide (159.39 EJ), followed by the United States (95.91 EJ) and India (36.44 EJ) [2]. Reducing energy-related carbon dioxide emissions is a top concern for many countries because they are a major cause of global warming. For example, the EU has established a goal to be climate-neutral before 2050, while China has committed to achieving the uttermost carbon emission reduction before 2030 and becoming carbon-neutral before 2060 [3].



Jordan is a country that relies heavily on imported energy to meet its needs. The country has limited domestic sources of energy, with only small reserves of oil shale and renewable energy resources. Jordan’s energy demands have been rising at a rate of 5% every year, and oil and natural gas accounted for about 94% of the country’s primary energy consumption in 2020 [4]. Electricity production in Jordan is largely based on imported oil and natural gas. After the disruption of the Egyptian gas supply, Jordan has faced significant economic strain. Therefore, reassessing policies towards more secure energy has become one of the main political issues in Jordan. In order to make sure that the transition to sustainable energy is reliable, affordable, and realistic, there is a need to focus on its diversification and import reduction, as well as increased dependence on renewable energy sources [5,6,7,8,9,10,11,12]. Jordan started looking for options and working on investment in oil shale, which positions Jordan fifth in the world in oil shale reserves. In addition to investing in oil shale, a transition toward renewable energy sources such as solar, wind, and others has started. Moreover, Jordan is exploring the potential of nuclear energy to help meet its energy needs. The country has signed agreements with several countries to explore the possibility of building a nuclear power plant [13].



Overall, the high cost of imported energy is a major challenge for Jordan, and the government has implemented several measures to improve energy efficiency and decrease energy consumption. These measures include the promotion of energy-efficient building designs and appliances, as well as the implementation of energy pricing reforms to encourage the efficient use of energy.




1.2. Renewable Energy (RE) in the World and Jordan


As countries throughout the globe work to decrease their dependence on fossil fuels and respond to the problem of climate change, RE is becoming an increasingly vital source of energy. RE sources (solar, wind, hydropower, and others) are rapidly expanding, accounting for almost 95% of the increase in global power capacity through 2026 [14]. The following are a few examples of countries that depend on RE sources (the numbers in parentheses represent RE dependence percentage in these countries): Iceland (100%), Norway (97%), Germany and Denmark (50%), China (29%), Japan (19%), and the United States (13%). These countries generate their electricity from renewable sources, such as wind, solar, geothermal, hydropower, and biomass [15]. Wind and solar are the fastest-developing RE resources, with global capacity increasing by more than 20% per year in recent years [16]. RE is becoming more competitive with fossil fuels and is now the most cost-effective option for new power generation [17].



In recent years, Jordan has taken significant action to develop its RE sector. Between 2014 and 2020, the country’s ability to generate electricity from wind and solar increased by more than 10 times compared to 2014 due to the high intensity of solar radiation and the consistently strong winds that can be found across much of Jordan [18]. Although natural gas continues to be the main source of electricity production in Jordan, the country has ambitious goals to boost the portion of RE in its electricity production mixture to 31% by 2030. Additionally, the country is making significant investments in the development of its RE sector [19].




1.3. Pumped Hydroelectric Energy Storage (PHES)


With the increased production of energy from renewable resources, such as wind and solar, into many countries’ electric grids, the overall need for cost- and energy-efficient storage capacity increases. Many plants that use RE resources rely on the normal availability of solar radiation, wind, or water. As a result, temporary energy storage can provide adequate grid stability. As a result, storage solutions must store excess capacity when the power demand is low and release it when the power demand is high. Several energy storage technologies have been developed, such as mechanical storage systems, with various kinds of gravitational storage and chemical energy storage using different battery technologies or hydrogen storage. But pumped hydroelectric energy storage (PHES) realizes the utmost power rating to date [20], with a new pumped storage capacity of 1.5 GW installed in 2020, reaching a capacity of 159.5 GW [21].



PHES is a type of energy storage system in which excess power is used to pump water from a reservoir at a lower position up to a reservoir at a higher position, and thus, energy is stored as a gravitational potential energy source. The water is then released through a turbine to generate electricity when there is a demand for energy. In other words, this potential energy is converted back into electrical energy whenever it is required [22]. PHES has been utilized for utility-scale power storage since the 1890s and is a well-established and economically accepted technology. In the 1890s, the first recognized uses of PHES were identified in Italy and Switzerland, and in 1930, PHES was introduced in the United States. This concept resurfaced in the early 2000s as an economically and technologically viable solution for peak load, wind, and solar energy storage for power quality assurance [23]. Now, PHES facilities are accessible anywhere in the globe. Currently, PHES represents 93% of all utility-scale energy storage in the United States. Currently, there are 43 PHES plants in the United States, and the country has the ability to develop additional plants to more than double its present capacity [24].



The upper reservoir in a PHES system is an essential component that stores potential energy in the form of water at an elevated height. It can be situated on a hill or mountain or constructed as an artificial lake or basin. The capacity of the upper reservoir is determined by the volume of water it can hold. Upper reservoirs can be constructed using various materials such as concrete, rock, or earthfill. The construction method depends on several factors, such as the local topography, the availability of materials, and the environmental impact. The construction of the reservoir may require the relocation of people or wildlife, the clearing of forests or other natural habitats, and the alteration of waterways. On the other hand, the lower reservoir is typically located at a lower elevation than the upper reservoir, allowing gravity to create the necessary pressure to drive the turbines that generate electricity. The lower reservoir can be situated on a river, constructed as an artificial basin, or presented as a dam. Water can be raised from the lower reservoir to the upper reservoir at off-peak hours by electricity and/or RE resources [25,26,27,28,29,30,31] such as wind energy [32], PV [33,34,35,36,37], or a PV and biogas generator [38,39].




1.4. Literature Review


1.4.1. PV–Wind Integrated with PHES


Alnaqbi et al. [25] reviewed the technological viability of hydropower production and PHES and its geographical distribution worldwide, focusing on the MENA region. The discussion covered a project constructed in the UAE. The project expects a significant penetration of about 25% of RE resources into the energy mix in the UAE by 2030. The authors stressed that PHES systems integrated with RE resources, such as wind turbines, photovoltaics, or solar thermal power plants, will play a vital part in stabilizing the power supply. In another study conducted by Shi et al. [26], the authors proposed a model of PHES and electrochemical energy storage (EES) for ultimately improving the accommodation of the PV and wind energy production in the grid. Their results show that the required energy curtailment rate of the grid can be attained. Examining different scenarios for substituting light fuel oil thermal power plants located in the northern side of Cameroon with RE resources was carried out in [27]. The combinations of PV–PHES, wind–PHES, and PV–wind–PHES were studied and evaluated using the non-dominated sorting whale optimization algorithm (NSWOA) and non-dominated sorting genetic algorithm-ii (NSGA-II) metaheuristics algorithms. The results showed that the three investigated scenarios mentioned above are profitable, with the total price for the PV–wind–PHSS scenario at a loss-of-load probability of 0% being 4.6% and 17% less than the wind–PHES and PV–PHES scenarios, respectively. A hybrid system consisting of wind (4–5 MW) and PV (0.54–1.60 MW) energy sources combined with PHES schemes was defined and analyzed in [28] by considering various pump/turbine capacities (2 MW, 4 MW, and 6 MW) and reservoir volume capacities. The results showed that integrating a 4 MW hydropower plant, a 5 MW wind farm, 0.54 MW PV, and an integrated PHES with a reservoir volume of 378,000 m3 achieves the best technical alternative, with 72% annual consumption satisfaction.



A feasibility study regarding the replacement of the traditional grid-connected system with an RE system using a PHES system in combination with PV–wind is shown in [31]. Such a system has the potential to be used as an alternative to supply power to the Vellore Institute of Technology (VIT) located in Chennai, India. The goal of this project is to make power supply satisfy the needed VIT load through the installation of roof-mounted solar panels and small-scale domestic wind turbines using components that have the lowest possible price. The integration of this hybrid system into the existing campus provides cost savings of USD 359,087 in net present cost and USD 28,442 in operating costs when compared to the cost of the grid, as shown by the results of HOMER software. Another feasibility study for the residential energy demand of a fictional island in Hong Kong, using a hybrid PV–wind combined with PHES facility, is assessed in [29]. A mathematical model to mimic hundreds of instances, each with a unique capacity for the component, was derived. The authors focused on a theoretically viable scenario that included PV arrays of 110 kWp, two wind turbines with 10.4 kW each, and a PHES with an upper reservoir of 5106 m3. In conclusion, it was realized that PHES is the most effective energy storage solution for islanded communities to achieve complete energy independence. The design and optimization of an off-grid PV–wind system for a remote island in South Korea was presented in [30]. In order to deal with the excess and shortfall of electricity, two various types of power storage systems were modeled: pumped hydro storage and batteries. The system in this study was optimized using HOMER Pro®. There was a total of half a million systems simulated by HOMER Pro®. However, the number of viable results was narrowed to a quarter of a million. Their results showed that pumped hydro storage is a cheaper choice in terms of the initial investment compared to batteries. In [38], Yimen et al. conducted techno-economic analysis and optimization using HOMER Pro® for a PV–wind–biogas generator integrated with PHES for electricity production in Djoundé on the northern side of Cameroon. The results showed that a combination of a 15 kW biogas generator and 81.8 kW PV system is optimal, with a cost of energy (COE) of 0.256 EUR/kWh and a net present cost (NPC) of EUR 370,426.




1.4.2. Wind Integrated with PHES


A technical and economic study of a hybrid wind–hydroelectric system integrated with water-pumping storage was investigated by Al-Addous et al. [32]. A 10 MW wind park with a 5.2 MW PHES system was considered and investigated for King Talal Dam, with an estimated annual energy generation of 26.7 GWh and projected annual emissions reduction of 15 mega tons of CO2 equivalent. In addition, a feasibility analysis reported that for a discount rate of 6%, the payback period is 8.59 years, and the internal rate of return (IRR) is 9.79%. The authors proved that water-pumped hydro storage in this proposed design could regulate the demand/supply to balance and mitigate the difference between off-peak and peak intervals, playing a significant part in stabilizing the grid and enhancing the penetration of RE systems in Jordan. Al-Masri et al. [40] proposed a wind–hydro on-grid system for the Jordanian utility grid. The proposed system was technically, economically, and environmentally optimized using three optimizers in MATLAB, i.e., genetic algorithm (GA), simulated annealing (SA), and pattern search (PS). The results showed that joining hydro storage with wind power is a more efficient option than conventional power production. The results showed that the GA provides the most economical solution of 0.096 USD/kWh, with a payback period of 10.271 years and reductions of 24.69% and 24.68% for carbon dioxide emissions and traditional grid energy consumptions, respectively.



Singh et al. conducted a meta-heuristic-based economic risk analysis of hybrid wind and PHES power systems [41]. Specifically, three meta-heuristic techniques were employed to identify the optimal employment of the wind park and PHES systems that minimized the system’s risk and generation cost. The results showed that the proposed system, which used one of the newly investigated optimization algorithms in the field (i.e., moth flame optimization (MFO)), effectively minimized the system’s risk and generation cost for the standard IEEE 30-bus system. In terms of electric losses, voltage profiles, production costs, and system feasibility, Basu et al. examined the effect of wind speed variability on a hybrid system of wind turbines and PHES in regulated/deregulated environments with the help of different heuristic algorithms (artificial bee colony algorithm and moth–flame optimization algorithm) [42]. The results showed that as the wind augmented by three times, there was an increase of 1% in the risk coefficients.




1.4.3. PV Integrated with PHES


In [33], Lugauer et al. established boundary conditions for the economic function of a micro-pump storage (MPS) system and proposed a roadmap towards its profitability. The technical and economic characteristics of an MPS system were evaluated using 11 pumps as turbines, regulated by a frequency converter for different production and load situations. For validation purposes, the electricity consumption of a dairy farmer was reduced by storing the PV’s electricity production in MPS. It was found that a nominal output of more than 22 kW (approximately) with heads higher than approximately 70 m was the most feasible practical solution, with a levelized cost of electricity (LCOE) and a total storage efficiency of 0.292 EUR/kWh and 42.0%, respectively. In [34], Al-Masri et al. described the realistic management and sizing of a PV system that is coupled with a PHES system at King Talal Dam (in Northern Jordan), which was suggested to act as the upper reservoir of the PHES. The suggested system was tested against two different scenarios to determine its size and its level of reliability. In the first scenario, the recombination loss in the PV system and the head loss in the turbine simulation were ignored. In the second possible scenario, these two losses were counted. In the first scenario, the needed number of PV modules and the size of the lower reservoir were 44,063 panels and 69.348 M.m3, respectively. In the second scenario, the values of these choice variables were reduced by 14.33% and 5.39%, respectively. A study on the feasibility of an off-grid hybrid energy system that utilizes solar energy, PHES, and battery storage is presented in [35]. The study compares the feasibility of the system with and without a solar tracker and analyzes its performance under various situations. The results indicate that the hybrid energy system with a solar tracker has a lower LCOE and a higher renewable fraction compared to the system without a solar tracker. The study also evaluates the environmental impact of the hybrid system and concludes that it can significantly reduce greenhouse gas emissions when contrasted with a diesel generator-based system. The authors conclude that the hybrid energy system with PHES and battery storage is a feasible and sustainable solution for off-grid systems in remote areas, particularly in regions with high solar potential.



In order to provide 3.032 kWh of electricity per day to a housing unit, a hybrid PV–battery–PHES system was proposed to make use of rainwater collection [36]. The oversizing of components and the management of a secure and dependable power supply were optimized, assessed, and compared for the purpose of reducing LCOE, with a loss of power supply probability of 0.0 for four various scenarios. Scenario One was a conventional PV–battery system; Scenario Two was a PV–battery integrated with hydro system that employs direct rainfall only; Scenario Three was a PV–battery integrated with PHES system, with a battery bank as the main energy backup; and Scenario Four was a PV–battery integrated with PHES system, with the hydro system as the main energy backup. Scenario Four was noted to have the largest percentage of hydropower share and also produced the lowest LCOE, which was estimated as 0.443 USD/kWh.



Different PV models for solar and PHES systems were examined in [37] for Al-Wehdeh dam, Jordan. Two-diode (TD), single-diode (SD), and ideal single-diode (ISD) models were tested for solar system size, reliability, and ecological implications. The study analyzed a 250 W PV module for performance at different temperatures. The optimal values of the index of reliability (IR) are 98.553%, 98.527%, and 98.558% for the ISD, SD, and TD models, respectively; this was calculated using the particle swarm optimization algorithm. However, IR optimal values of 98.557%, 98.524%, and 98.565% for the ISD, SD, and TD models, respectively, were estimated using the whale optimization algorithm. As can be seen, the results for IR are almost the same for the two algorithms. The TD model reduced annual emissions by 21.5198 Gg, making it the greenest option. A total number of 44,840 solar modules and a lower reservoir size of 65.052 M.m3 were optimized. ISD reduces PV panels by 16.67% and SD by 7.93% compared to TD. In [39], Agajie et al. proposed a hybrid system of PV and biogas generator integrated with energy storage (including superconducting magnetic energy storage and PHES) modeled and controlled by a recent controller for minimizing frequency and power oscillation. The results of the frequency deviation acquired by employing fractional order calculus for proportional–integral–derivative (PID) and fuzzy controllers with the opposition-based whale optimization algorithm were 1.05%, 2.01%, and 2.73% lower compared to different metaheuristic optimization techniques, specifically, QOHSA, TBLOA, and PSO, respectively, which were utilized to tweak the system.





1.5. Comments on the Objectives and Novelty of This Study


Before wrapping up this section, the following comments help readers explore the objectives and novelty of this work:




	-

	
In previous research work [43], the location of an upper reservoir for 10 dams in Jordan was surveyed. Based on several of the criteria discussed thoroughly in that work, six locations passed the criteria and have the potential for implementing PHES. The location of the upper reservoir was determined in terms of height and distance from the dam. As a continuation of that previous work [43], the obtained results were adopted and considered as the starting point in this current work. The six locations determined in that work were employed to simulate the performance of PHES systems integrated with a renewable energy resource (i.e., PV system in this work).




	-

	
Currently, in Jordan, there is a new direction regarding energy policy that is represented in terms of diversifying the renewable energy resources, increasing renewable energy share, and utilizing energy storage to solve the problems of stabilizing the grid and balancing loads, especially in peak periods, eventually leading to the sustainability of the energy sector in Jordan. Energy storage is a very contemporary concept in the energy sector in Jordan. This paper sends a clear message to governmental agencies, policy-makers, and investors about the viability of PHES integrated with PV systems in Jordan by taking into account the fact that Jordan is among the sunbelt countries. This paper encourages building such systems to achieve sustainability goals in Jordan.




	-

	
When inspecting the literature, less than a handful of research papers that discuss the technical and economic feasibility of such PHES systems integrated with renewable energy resources in Jordan were found. The approach in this paper (as shown later) is totally different from the approach in the other works in the world (in general) and the Jordan/MENA region area specifically. Two works on PHES integrated with wind farms [32,40] and two papers on PHES with PV systems [34,37] in Jordan have been conducted. Both pieces of work on PHES with PVs consider the case of one location. In [34], the authors took the dam as the upper reservoir for a PHES system with a PV station (whereas, currently, dams are considered as lower reservoirs). In [37], the authors analyzed different models of PV systems with PHES. In this work, all the potential dams in Jordan were investigated, making this study the largest in terms of the number of dams.




	-

	
This paper introduces the idea of modularity in building PHES systems integrated with PV systems. The approach utilizes a 1 MWp PV system, but the results can be scaled up based on the volume of water that circulates in the PHES system that is allowed by the authority.




	-

	
This paper estimates the energy generated after discharging water in the upper reservoir through turbines and investigates the match between the generated energy and load.




	-

	
This paper integrates two software packages (as shown later in the methodology) to predict the performance of PHES systems integrated with PV systems.




	-

	
In order to increase confidence in our conclusions, this paper describes five financial metrics that are used to estimate the feasibility of PHES integrated with PV systems.




	-

	
Finally, the approach and the results can be generalized and applied to similar situations in Jordan and the MENA region specifically.









These potential locations for PHES systems in Jordan, in addition to technical, economic, and environmental principles, are presented in Section 2. In Section 3, the results for a representative case (King Talal Dam) are presented and discussed thoroughly, followed by a summary of the results for all other dams in this work with an overview discussion. Section 4 concludes this paper with the most important findings and directions for future work.





2. Methodology


2.1. Potential Locations for PHES in Jordan


According to the study conducted by the authors of [43], 10 dams located in Jordan were surveyed to determine potential sites for PHES. The dams are considered as the lower storage basins without influencing their functionality, while the upper storage basins are determined based on meeting specific criteria. Potential sites for constructing PHES systems should be located on unique topography, such as a hill or mountain, and near water supplies. The selection criteria in [43] can be summarized as follows:




	-

	
The height between the higher and lower reservoirs should be high to enable building of PHES;




	-

	
The distance of water pipes should be as short as possible;




	-

	
The length-to-height (L/H) ratio should be within acceptable values;




	-

	
The minimum water capacity should be above 1 million cubic meters at least;




	-

	
Potential upper reservoirs should be natural or semi-natural basins;




	-

	
The properties of the location need to be able to prevent water loss;




	-

	
The potential sites should be near the electricity grid.









Out of the 10 dams surveyed in [43], only six sites met the basic requirements that were mentioned above, including geographical natural terrain and water availability. Table 1 lists these six successful sites, the heights of the upper and lower reservoirs, and the distance between them. In addition, the maximum capacity of each dam (lower reservoir), the water storage at the end of the year 2022 for each dam (considering water inflow and outflow in 2022), and their purposes/original uses are included in Table 1.




2.2. Proposed Operation of PHES Integrated with a Photovoltaic (PV) Station for Electrical Load


In this research, the six sites that passed the selection criteria discussed in the previous section (King Talal Dam, Al-Wahdah Dam, Wadi Al-Arab Dam, Al-Mujib Dam, Al-Walah Dam, and Al-Tannur Dam) were proposed for integration with a 1 MWp off-grid PV station installed near the lower reservoir to pump water to the upper reservoir. In addition, it is proposed that the water in the upper reservoir is discharged within 3 h during the night through a turbine to drive an electrical load of 1 MW. If the amount of water stored in the upper reservoir is not enough to power the 1 MW load, power is imported from the grid to the load. On the other hand, if the power generated from the turbine is more than that required by the load, then the excess power is exported to the grid. Figure 1 summarizes the idea proposed in this research.



It is worth mentioning that the selection of a three-hour period during the night to empty the upper reservoir depends on Jordan’s electric demand. There are several studies showing that the electric demand is a complex phenomenon in Jordan [5,46]. The electric demand depends on the season (summer, winter, spring, or autumn). Moreover, it depends on the days of the week (weekdays are different from weekends). However, these studies agree that there is an evening electric demand that expands for almost 3 h for all seasons and all days regardless of the type of electricity consumer.




2.3. Calculation of Water Pumped to the Upper Reservoir at Each Potential Site


In order to calculate the water pumped to the upper reservoir for each site, PVsyst (Version 7.3.4) was employed in this research. The current version of PVsyst uses meteorological data for the locations of PV stations provided by Meteonorm software (Version 8.1). The following are the main input parameters into PVsyst (Version 7.3.4) for each case:




	
The geographical location (latitude, longitude, and altitude) of each PV station near the dam (lower reservoir);



	
The size of the PV station is 1 MWp;



	
PV panel orientation (tilt angle = 30° and azimuth angle = 0°);



	
Elevation difference between the lower and upper reservoirs (as calculated from Table 1);



	
The type and size of the pipes (the pipe is assumed to be made from polyethylene 50 (PE) with a diameter of 500 mm and five elbows. The factor of other losses from the valves is considered to be 10);



	
The type and number of pumps equipped with AC motors.








For each site, the size of the upper reservoir is varied until the missing water and unused fraction percentages become zero. The main output parameter from PVsyst (Version 7.3.4) is the average daily pumped water for every month of the year for every site. Due to the variability in solar irradiation depending on the climate and weather season, the water pumped in the winter season is lower than the water pumped in the summer season. This is due to the fact that less radiation means less power delivered from the off-grid PV station to the pumps, which would result in less water pumped to the upper reservoir.




2.4. Calculation of the Power Generated from the Turbine at Each Potential Site


Based on the output results from PVsyst (Version 7.3.4), it is assumed that the water pumped to the upper reservoir during the day as a result of running the pumps using the off-grid PV station is discharged from the upper reservoir to the lower reservoir (dam) through a turbine to power a 1 MW load at night for three hours (from 8:00 PM to 11:00 PM, for instance). In this case, it is assumed that the upper reservoir (higher tank) becomes empty during 3 h at night. The three-hour demand period is not fixed (it shifts to earlier hours in winter and to later hours in summer due to the length of the day and social activities [5,46]). However, from a simulation point of view, continuously changing the three-hour demand period has no effect on the simulation results as long as the length of the demand period is the same. In order to calculate the energy generated in each site, HOMER Pro® (Version 3.15.3) was employed to handle this task. Figure 2 shows the HOMER Pro® (Version 3.15.3) model of the turbine and electrical grid connected to the load. The following are the main input parameters into HOMER Pro® (Version 3.15.3) for each site:




	
The available head for the turbine: It is the difference in height between the lower and upper reservoirs;



	
Designed water flow rate of the turbine: It is calculated based on the output from PVsyst (Version 7.3.4) for the average daily pumped water through the year for every site;



	
Minimum flow ratio of the turbine: It is determined as a percentage of its design flow rate. The turbine will not generate any electricity below this rate;



	
Maximum flow ratio of the turbine: It is entered as a percentage of its design flow rate. Up to this flow, the turbine produces electricity at the required efficiency. The output of the turbine does not grow with more flow over this point;



	
Efficiency of the turbine: It is a value at which the turbine converts the energy in water to electricity;



	
Load: It is assumed in this work that an electrical load of 1 MW is driven by the turbine, and this load is required for three hours at night;



	
Hourly water flow rate: A data file with 8760 lines representing the hours in a year is created as an input file in HOMER Pro® (Version 3.15.3). Each line is calculated by allowing water in the upper reservoir to follow through the turbine over 3 h at night to ensure it becomes empty. This is repeated for every month of the year.








Based on the above inputs for each of the six potential sites, the total energy generated through the year is estimated in addition to the percentage that the turbine covers the required load. Moreover, the energy sold to or purchased from the grid is determined for every month of the year. In general, it is expected that energy is purchased from the grid during the winter months, while there is a surplus in energy production during the summer months.




2.5. Selection of the Turbine Type and Size


An automated tool called HPP-design was utilized in this research to provide all information needed for the preliminary design of hydro power plants [47]. By providing the available head and the nominal expected flow rate of the turbine, HPP-design is able to find a range of suitable turbines (Pelton, Francis, Kaplan, Archimedes screw, cross-flow) and to direct the user to the best solution according to the specific framework of the plant.




2.6. Economic Analysis and Feasibility Study


The following economic assessment criteria were employed in this research:



2.6.1. Net Present Value (NPV)


It calculates the present value of all expected annual balances (cash flows) associated with an investment and compares it to the initial investment cost [48]. The formula to calculate NPV is as follows:


   N P V =     A B   1         1 + r     1       +     A B   2         1 + r     2     + ⋯ +     A B   n         1 + r     n         



(1)




where     A B   1    ,     A B   2    , …,     A B   n     are the annual balances (AB can be positive (inflows) or negative (outflows)); r is the discount rate, which is the rate of return employed to discount future annual balances back to their present value; and n represents the lifetime of the project or investment.




2.6.2. Internal Rate of Return (IRR)


It is a financial metric utilized to estimate the feasibility/profitability of a project. It denotes the discount rate at which the NPV of the project’s expected cash flows equal zero [48]. If the IRR of a project exceeds a discount rate that is equal to the bank interest rate, the investment is attractive. But if the IRR falls below that rate, the investment is undesirable. In order to calculate the IRR, the expected positive and negative annual balances of the project throughout its lifetime are required in addition to the initial investment required to start the project. Mathematically, IRR is calculated from the following equation:


  0 = I C +   ∑  t = 1   n    (     A B   t         1 + I R R     t     )    



(2)




where   I C   is the initial cost,     A B   t     is the annual balance in year   t  ,   t   is the time period (usually measured in years), and   n   represents the lifetime of the project or investment.




2.6.3. Simple Payback Period (SPP)


It is a financial metric employed to evaluate the time needed for an investment to generate cash inflows that equal or exceed the initial investment cost [49], and it is given by


  S P P =   I C   A E P × T      



(3)




where   I C   is the initial cost,   A E P   is the total annual energy production (in kWh), and   T   is the price for the energy generated (in USD/kWh).




2.6.4. Complex Payback Period (CPP)


It is also known as the discounted payback period. It is a financial metric that measures the duration of time needed for an investment to generate cash inflows that equal or exceed the initial investment cost, considering the time value of money, which means that a dollar obtained in the future is valued less than a dollar obtained today [49]:


  C P P =   I C   A E P × T − I C × F C R − A O M      



(4)




where   I C  ,   A E P  , and   T   are as defined for   S P P   above;   F C R   is a fixed charge rate per year, and it could be the interest rate paid on a loan according to the World Bank data; and   A O M   is the annual operating and maintenance cost.




2.6.5. The Electricity Cost


Supposing the initial cost (  I C  ) is financed by a bank loan; then, the annual uniform payment (  A U P  ) for   y   years at interest rate   r   to repay the loan of this   I C   is expressed as [50]


  A U P = I C ×   r   ∗   1 + r     y         1 + r     y   − 1    



(5)







The electricity cost is the ratio of the expenses (that include   A U P   and   A O M  ) to   A E P   for each year and is given by


  E l e c t r i c i t y   C o s t =   A U P + A O M   A E P      



(6)









2.7. CO2 Emission Reduction


When looking at any energy-producing system, greenhouse gas emissions are always considered because they play a major role in climate change and global warming and affect the planet’s ecosystem. This PHES system integrated with a PV station is no exception to that statement. A CO2 emission reduction study is conducted to estimate how much CO2 emissions are reduced to generate energy for the 30 years during the duration of the project compared to generating the same quantity of energy from fossil fuels. This study focuses only on energy production without taking into consideration the construction of different components of the system. For every year, the energy production from a PV station and turbine is found by taking into consideration the fact that the PV panels and turbines have degradation rates of 0.4% and 0.3%, respectively, per year. Eventually, to calculate CO2 emission reduction, the total energy production (from PV station and turbine) is multiplied by the electricity grid emission factor, which is 0.4585 kg CO2/kWh [51].





3. Results and Discussion


In this section, the methodology explained in the previous section is applied to the six potential sites in Jordan for PHES implementation. The approach followed in this section considers the results in great detail for a specific site, which is King Talal Dam. Then, the results for the other sites are summarized and discussed.



3.1. King Tala Dam


3.1.1. Pumped Water and PVsyst (Version 7.3.4) Results


The distance between the upper and lower reservoirs of the King Talal site and their heights (listed in Table 1 in Section 2.1), as well as the input parameters (summarized in Section 2.3), were inserted into PVsyst (Version 7.3.4). Then, the size of the upper reservoir was varied to 52,000 m3 until the missing water and unused fraction percentages became zero. The average daily pumped water to the upper reservoir for each month for the King Talal site is the main output parameter in this stage and is shown in Table 2. Inspecting this table shows that the water pumped in the summer months is almost double when compared to the water pumped in the winter months. For the PV station proposed for installation at the King Talal site, the performance ratio (PR) was checked to make sure it was within acceptable operation conditions. It was found that PR for year-round operation is 79.1%, which indicates that the system functions under very good conditions. In addition to PR, Table 3 summarizes the other output parameters obtained from PVsyst (Version 7.3.4) for the King Talal site.




3.1.2. Energy Generated from the Turbine and the Homer Pro® (Version 3.15.3) Results


The following parameters are the most important inputs to Homer Pro® (Version 3.15.3) that are used to calculate the energy generated by the turbine at the King Talal site:




	
The available head: It is the difference in heights between the lower and upper reservoirs, which is 205 m, as shown in Table 1;



	
Design flow rate: It is the water flow rate that is discharged to the turbine. However, because it is assumed in this work that the upper reservoir becomes empty over three hours during the night, the average daily water pumped to the upper reservoir (6486 m3, as shown in Table 2) is divided by three hours. Therefore, the water flow rate becomes 2162 m3/hour, which is equal to 600.6 L/s;



	
Minimum flow ratio of the turbine: It is taken as 50% of the design flow rate;



	
Maximum flow ratio of the turbine: It is expressed as 150% of the design flow rate;



	
Efficiency of the turbine: It is considered as 90%;



	
Load: It is assumed as 1 MW, and it is required for three hours at night from 8:00 PM to 11:00 PM;



	
Hourly water flow rate: A data file with 8760 lines is created and inputted into HOMER Pro® (Version 3.15.3). The value for each line representing the hours from 8:00 PM to 11:00 PM is calculated based on the average daily water flow pumped to the upper reservoir shown in Table 2. Each value in Table 2 is divided by three hours (and converted into liter per second). The values for lines other than the required time for electrical load are taken as zeros. This is repeated for every month of the year. A graphical representation of this input data file is taken from Homer Pro® (Version 3.15.3) and shown in Figure 3, where the water flow rate from 8:00 PM to 11:00 PM is calculated as explained above and is zero for hours outside this time interval.








Based on the input parameters and data file in Homer Pro® (Version 3.15.3) discussed in the above paragraph, the total energy production from the turbine and total energy imported from the electricity grid or exported to it for the King Talal site are summarized in Table 4. Based on this table, it is found that the energy generated by the turbine covers 97.8% of the total energy required by the load. In addition, based on the energy imported from or exported to the electricity grid (depicted in Figure 4), it is found that the maximum power is 1223 kW, and this is produced in July. However, during May, June, July, August, September, and October, there is a surplus in energy production. Therefore, the energy in these months is sold to the grid. But in January, February, March, April, November, and December, there is a shortage in the production of the energy needed to cover the assumed load.




3.1.3. Turbine Selection and HPP-Design Results


In order to select the turbine and obtain information about its performance and specifications, HPP-design is used. For the King Talal site, a head pressure of 205 m (it represents the difference between the height of the upper reservoir and height of the lower reservoir as shown in Table 1) and a flow rate of 751.2 L/s (average daily water raised to the upper reservoir in July, as seen in Table 2) are entered as inputs in HPP-design. The output from HPP-design is shown in Figure 5. The red dot in this figure shows the operating point of the turbine. Based on the location of this point, the most suitable type and size for turbines for the King Talal site are determined, which are Pelton and Francis in this case.




3.1.4. Economic Analysis of the PHES System at the King Talal Site


It is essential to assess the PHES system at the King Talal site from an economic perspective to decide if this system is viable for Jordan’s conditions while emphasizing the fact that any PHES system has a certain level of performance for various locations. Table 5 displays the itemized and initial (capital) costs for this PHES system at the King Talal site in USD. The cost of the PV station includes PV modules, inverters, structure, accessories, and installation. The civil and labor costs involve excavation, leveling, upper reservoir construction, pump foundation, control room construction, and pipe foundations, while the project management cost includes supervision and reporting [32]. Moreover, the following assumptions are taken into account when economic analysis is performed:




	
According to World Bank statistics, Jordan’s average inflation rate in 2022 was 4.229% [52]. For the following 30 years, this rate was utilized as the interest rate, electricity tariff increase, and yearly inflation rate;



	
The cost of the PHES system is supposed to be financed by a bank loan with an interest rate of 4.229% for the next 30 years. As this cost is supposed to be funded by bank loans, the discount rate, r, is assumed to be equal to the bank interest rate, which is 4.229%;



	
Two scenarios for the electricity tariff were considered in this work for comparison purposes: 0.20 USD/kWh and 0.30 USD/kWh;



	
The annual operation and maintenance (AOM) cost is supposed to be 1.0% of the initial project cost, and the annual inflation rate is increasing by 4.229%;



	
The yearly output production drop for the turbine is 0.3%/year [53].








It is worth mentioning that the electricity tariff in Jordan is a dynamic matter that is determined based on political, economic, and social issues [54]. A scaled tariff or tiered (steps or layers) rate is implemented in Jordan now. The rate increases when the electrical energy consumed increases. There are seven tiers (or layers) in Jordan’s electricity tariff system, with different percentages of consumers in each tier [55]. In this work, the two scenarios considered above for electricity tariffs cover almost all of the possible range of tariffs for the current consumers in Jordan and the possible increase in the future due to several factors.



Annual Balance


The annual balance (  A B  ) is calculated using the following equation [50]:


  A B = A S E + A O M    



(7)







The   A S E   is the annual sold energy and is given as


  A S E = A E P × T    



(8)




where   A E P   is the annual energy production and   T   is the electricity tariff.   A E P   is expected to decrease linearly at a constant rate by 0.3% every year. The   A E P   for the King Talal site in the first year is 1,070,460 kWh. In order to determine the   A E P   over the subsequent 30 years, the following equation is used:


  A E P = 1 , 070 , 460   k W h ∗ ( 1 − ( 0.003 ∗ ( y − 1 ) ) )  



(9)







The parameter   y   is the number of the year. The yearly electricity tariff   T  , based on the compound annual inflation rate of 4.229%, is determined using the following equation:


  T =   T   1   ∗     1 + 0.04229     y − 1    



(10)




where     T   1     is the electricity tariff in the first year. Two scenarios for     T   1     are employed, as mentioned in the assumptions above (0.20 and 0.30 USD/kWh). Multiplying   A E P   (from Equation (9)) by T (from Equation (10)) for every year yields the   A S E   (Equation (8)) over the lifetime of the project (30 years), which is demonstrated in Figure 6.



The   A O M   is found by utilizing the following equation:


  A O M =   A O M   1   ∗     1 + 0.04229     y − 1      



(11)




where     A O M   1      is the operation and maintenance cost in the first year, which is 1.0% of the initial cost for the King Talal site, as calculated in Table 5. This   A O M   is increasing by a rate of 4.229%, as mentioned in the above assumption. Figure 7 shows the   A O M   of the PHES system at the King Talal site, where the negative values means that the   A O M   is outflow or expenditure. Based on Equation (7) for AB, adding the   A S E   (from Equation (8) and Figure 6) to the   A O M   (from Equation (11) and Figure 7) results in the   A B   over the lifespan of PHES system for the King Talal site; this is displayed in Figure 8 for the two electricity tariff scenarios.




Financial Metrics for the PHES System at the King Talal Site


In order to obtain the   N P V   for the PHES system at the King Talal site, the values for AB obtained from Equation (7) over the lifespan of the project demonstrated in the previous section are substituted in Equation (1) with the discount rate,   r  , as specified in the above assumption. Similarly, to obtain the   I R R   for the system at the King Talal site, the values of   A B   are substituted in Equation (2) with   I C   (initial cost), as calculated in Table 5. The estimates for the   N P V   and   I R R   are tabulated in Table 6. In order to calculate the   S P P   and   C P P   for this system, Equations (3) and (4) (discussed in Section 2.6.3 and 2.6.4) are utilized, where the   I C   is taken from Table 5, and the   A E P  ,   T  , and   A O M   are calculated using Equations (9), (10), and (11), respectively; the   F C R   is assumed to be 4.229%. Carrying out the calculations reveals that the   S P P   and   C P P   for the PHES system at the King Talal site are as tabulated in Table 6.




Electricity Cost


In order to calculate the electricity cost for the PHES system at the King Talal site, Equation (6) is employed. But first, the   A U P   (annual uniform payment) from Equation (5) has to be computed. From Equation (5), by using the   I C   from Table 5, a discount rate of   r   = 4.229%, and   y   = 30 years (lifespan of the project), the value for   A U P   becomes


  A U P = 1 , 529 , 092 ∗   0.04229 ∗     1 + 0.04229     30         1 + 0.04229     30   − 1   = U S D   90 , 903  











In addition to the above value for   A U P  , the   A O M   (computed from Equation (11)) and   A E P   (determined from Equation (9)) are used to estimate the electricity cost from Equation (6) over the lifespan of the project and the results are shown in Figure 9. The electricity cost for the first year of the lifespan of the project is 0.099 USD/kWh.





3.1.5. CO2 Emission Reduction from the PHES System at the King Talal Site


For the first year of the project lifespan, the PV station produces 1,775,800 kWh at the pump input (Table 3), and the turbine generates 1,070,460 kWh (Table 4). When considering the electricity grid emission factor (which is 0.4585 kg CO2/kWh [51]), then a total of 1305 metric tons of CO2 emissions would be reduced. This amount would have been emitted into the atmosphere if fossil fuels were used instead of a PV station and turbine. However, this amount decreases annually with the overall decrease in the energy generated from this system due to degradation over the span of this project. In the case where the PV panels have a degradation rate of 0.4% per year and the turbine has a degradation of 0.3%, then the total emission reduction over the lifespan of the project becomes 37,162 metric tons, as shown in Figure 10.





3.2. Pumping Systems and PVsyst (Version 7.3.4) Results for All Sites


In this section, the procedure followed in Section 3.1.1 for the King Talal site is implemented for other potential sites in this study (Table 1). However, due to the large difference between the height of the upper reservoir and the height of the lower reservoir (511 m) and the long distance between them (2550 m) at the Al-Mujib site, no pumps are available in the PVsyst (Version 7.3.4) database to satisfy these requirements. Therefore, this site is excluded from the simulation, and no more results are generated for this site.



Based on the data listed in Table 1, the input parameters for PVsyst (Version 7.3.4) discussed in Section 2.3, and the varying size of the upper reservoir until the missing water and unused fraction percentages become zero, the main operating and output parameters from PVsyst (Version 7.3.4) are summarized in Table 7 for the five potential sites in this study.



As can be concluded from Table 7, the relationship between the head (difference between the height of the upper reservoir and the height of the lower reservoir) and daily average pumped water (and consequently the yearly water raised) to the upper reservoir is inversely proportional. Therefore, the relationship between the head and the volume of the upper reservoir is also an inverse relationship. As the head increases, the upper reservoir size decreases, and vice versa. The nature of these inverse relationships (the relationship between head and reservoir size and the relationship between the head and daily pumped water) is almost linear within the range of the head investigated in this study. From another perspective, it is noticed that there is a direct relationship between reservoir size and daily average pumped water, and this relationship is almost linear within the head range considered in this work. From Table 7, the Al-Walah site has the smallest head and, consequently, it has the largest upper reservoir size and highest daily average water raised to the upper reservoir (keeping in mind that the size of the PV station at all sites is 1 MWp). Moreover, it is noted that the energy production from all PV stations is almost the same (around 2 GWh) with less than 5% variability. This is not surprising because the location of these sites is within a small area. The difference in latitude between the Al-Wehdah site (northernmost location in this study; 32.72° N) and the Al-Tannur site (southernmost location; 30.97° N) is less than 2°, and the five sites are almost on the same longitude. Finally, after checking the PV system efficiency, performance ratio (PR), and pump efficiency values for all sites, it was found that these values are within the acceptable operating ranges, indicating that the off-grid PV pumping systems at all sites run effectively.



In addition, as noted in Table 1, the water storage in each site at the end of 2022 is considerably larger than the daily average pumped water (shown in Table 7) required to run the PHES system proposed at all sites. This implies that these dams can be utilized as PHES systems in addition to their original purposes/uses indicated in Table 1. More importantly, based on the water quantity in the dam reservoir that is allowed to pump from technical and/or legislative points of view, scaling up the size of the PV and hydropower systems can be carried out easily by taking into consideration the modular nature of such systems.




3.3. Turbine Hydroelectric Energy and Homer Pro® (Version 3.15.3) Results for All Sites


Based on the input parameters discussed in Section 2.4 and following the same approach implemented for the King Talal site discussed in detail in Section 3.1.2, the design flow rate is calculated for each site using daily average pumped water (presented in Table 7), and the results are shown in Table 8. In addition, an input file for each site was created based on the daily pumped water to the upper reservoir for each month. By taking into consideration the fact that the operating hours for the turbine is 1095 h (three hours a night multiplied by 365 days a year) and the required electrical energy (by load) is 1,095,000 kWh (load of 1 MW multiplied by 3 h a day multiplied by 365 days a year), the results of the Homer Pro® (Version 3.15.3) simulation are tabulated in Table 8. It is noted that energy is imported from the electricity grid in the winter months, but energy is exported to the grid in the summer months for all sites except for the Al-Tannur site. Moreover, the energy exported to the electricity grid is more than the energy imported from the grid for the two sites (Al-Walah and Al-Wehdah), as is clear from the hydro penetration percentage. The two sites have a hydro penetration percentage close to 100% (King Talal and Wadi Al-Arab). HPP-design was used to select the turbine based on head pressures and maximum flow rate, as shown in Table 8. It was found that the best turbine type is Pelton and/or Francis.




3.4. Economic Feasibility Analysis for All Sites


The first step in carrying out the feasibility analysis is to find the initial cost of the PHES system at each site, which is similar to what was carried out in Table 5 for the King Talal site. The initial cost is estimated based on the prices of the PV station, pumps, turbine, generator, pipes for pumping, turbine systems, civil and labor time, and project management costs. Table 9 shows the initial costs for all sites considered in this study.



By employing Equations (7)–(11), the annual balance (  A B  ) is calculated for each site depending on the   A S E   (annual sold energy),   A E P   (annual energy production) (from Table 8),   A O M   (annual operation and maintenance), and   T   (electricity tariff). Then, by using Equation (1) and the assumptions listed in Section 3.1.4, the   N P V   (net present value) is calculated for each potential site in this study, and the results are tabulated in Table 9 for the two scenarios of electricity tariff assumed in this work. It is simply noted that the   N P V   for all potential sites is larger than the   I C  , indicating that the investment in these PHES systems in all sites is attractive from this perspective. Based on the   A B   calculated previously (in addition to   I C   (Table 9) and the use of Equation (2)), the   I R R   was calculated for all potential sites for the two electricity tariff scenarios. The results for the   I R R   are presented in Table 9. It was found that the   I R R   for all cases is larger than the discount rate (  r  ) or the bank interest rate (4.229%), revealing that the investment in PHES systems is financially attractive from this point of view.



The   S P P   (simple payback period) and   C P P   (complex payback period) were then determined based on the assumptions discussed in Section 3.1.4, employing Equations (3) and (4), depending on the   I C  ,   A E P  ,   T  ,   A O M  , and   F C R  . The values for   S P P   and   C P P   for all sites for the two scenarios of electricity tariffs are recorded in Table 9. These values for   S P P   and   C P P   for the PHES systems are relatively short compared to projects of the same nature. The   A U P   (annual uniform payment) from Equation (5) for all sites has to be computed based on the   I C   from Table 9, a discount rate of r = 4.229%, and y = 30 years. It is noticed that the   A U P   has a direct relationship with   I C  . Therefore, it was found that the Al-Wehdah site has the lowest   A U P   and Al-Tannur has the highest   A U P  . In order to calculate the electricity cost for the PHES system at all sites, Equation (6) is employed based on the   A U P   found in the previous step (Table 9); the   A O M   cost, which is taken as 1% of the   I C   for the 1st year, with an annual inflation of 4.229% (Table 9); and the   A E P   (Table 8), with a constant degradation rate of 0.3% every year. The electricity cost results are tabulated in Table 9. The electricity cost of the Al-Wehdah site is the cheapest, and the electricity cost for the Al-Tannur site is the most expensive.



When inspecting the results for both scenarios, as shown in Table 9, it turns out that the second scenario (an electricity tariff of 0.30 USD/kWh) is better than the first scenario (an electricity tariff of 0.20 USD/kWh) for all of the financial metrics for PHES systems at all sites. It is noted that the   N P V   increases by 54%, the   I R R   increases by 44%, the   S P P   decreases by 31%, and the   C P P   decreases by 38% for the second scenario compared to the first. Moreover, it was found that the initial cost is the most sensitive factor of all the financial metrics. As the initial cost decreases, the   N P V   and   I E E   increase, and the   S P P   and   C P P   decrease. The initial cost of the Al-Wehdah site is the smallest, the   N P V   and   I R R   are the highest, and the   S P P   and   C P P   are the shortest.




3.5. CO2 Emissions for All Sites


The total energy generated by the PHES system consists of two parts: the energy delivered from the PV station to the pump and the energy produced from the turbines. This total energy generated from RE resources would reduce CO2 emissions. Table 10 summarizes these values for the energy generated in the first year and for the assumed lifespan of the project (30 years) after considering that the PV panels and turbines have yearly degradation rates of 0.4% and 0.3%, respectively. By using the electricity grid emission factor (0.4585 kg CO2/kWh [51]), the CO2 emission reduction was estimated and is listed in Table 10. Based on CO2 emissions in Jordan for 2021 (which is 24,296.7844 kilotons [56]), the contribution of CO2 emission reduction for a 1 MW PHES system at any site in this study in the first year is almost 0.005%. Therefore, by considering all sites and scaling up the size of the PHES systems based on the water availability in the dams (lower reservoirs), the CO2 emission reduction due to electricity generation in these sites in Jordan would be a significant percentage.





4. Conclusions and Future Work


Nowadays, energy storage is attracting researchers across the world in general and to Jordan specifically. One of the main fields that has high potential for implementing such systems is pumped hydroelectric energy storage (PHES) systems. Even though an enormous number of PHES systems have been built and operate across the world, they have not been implemented in Jordan. The main reason can be attributed to the scarcity of water in Jordan, which led to the water in the dams principally being used for drinking and irrigation purposes. However, this paper can attract the attention of research and energy policy-makers in Jordan regarding the significance of such energy storage systems and how they can be implemented to solve energy problems and increase the percentage of renewable energy in the energy mix.



Based on a previous survey conducted on 10 dams in Jordan, it was found that six sites have great potential for implementing PHES systems based on meeting specific criteria. Some of these criteria include the possibility of constructing a natural or semi-natural upper reservoir and an upper reservoir location such that the difference in height and distance between the upper and lower reservoirs is practical. In this study, we carried out a technical, economic, and environmental investigation of those six sites. In order to increase the attractiveness of such PHES systems, a renewable energy resource was considered for system integration to pump water to the upper reservoirs (instead of using electricity) during off-peak hours. For every site in this study, a 1 MWp off-grid photovoltaic (PV) system was built near the lower reservoir (which is the original dam in these cases) to pump water to an upper reservoir that was placed at practical distance and elevation. In order to simulate the water flow rate for pumping to the upper reservoir, a software package named PVsyst (Version 7.3.4) was used. The water stored in the upper reservoir was assumed to flow back into the lower reservoir (dam) through a turbine for three hours at night (the peak hours) to power a 1 MW load. The power generated through the turbine was estimated using another software package called HOMER Pro® (Version 3.15.3).



Based on the results from PVsyst (Version 7.3.4), it was found that the Al-Walah site had the largest quantity of water raised to the upper reservoir (per 1 MWp PV station), hence the largest upper reservoir size due to the smallest height difference and the shortest distance between the upper and lower reservoirs. Within the head range in this study, it is noticed that the relationship between the water pumped and the height difference is inversely linear. Based on Jordan’s conditions, it was found that each 1 MWp PV station yields almost 2 GWh annually. In addition, the performance ratio (PR) for each PV system in this study is within acceptable values; it is around 80%, except for Al-Tannur site, which has a lower PR due to the long distance and large difference between the heights of the upper and lower reservoirs.



The results from HOMER Pro® (Version 3.15.3) show the energy generated for every month of the year in addition to the energy exported to the electricity grid in summer months, as well as the energy imported from the grid during winter months. It is noted that those sites with a low difference in height between the upper and lower reservoirs have high amounts of water in the upper tank and vice versa. Therefore, a high amount of water has a positive effect on the generated energy, but a low difference in heights has a negative effect on the generated energy. Because these two factors (height and water amount) have an inverse relationship for all sites, it was noticed that the energy generated is almost the same for all sites. It was found that the energy generated from turbines is almost 1.1 GWh (except for the Al-Tannur site, which is almost 0.9 GWh), with a hydro penetration value close to 100% (except for the Al-Tannur, where it is 84%).



In addition to the technical study carried out for all sites, an economic feasibility investigation was carried out. The net present value (NPV), internal rate of return (IRR), simple and complex payback periods (SPP and CPP), and cost of electricity were estimated for all sites. The results are encouraging from a financial point of view; the NPV is larger than the initial cost, the IRR is larger than the discount rate, the SPP and CPP are relatively short, and the electricity cost is cheaper than the electricity tariff. These findings are applicable to all sites in this study. From an environmental point of view, PHES integrated with PV systems would greatly reduce CO2 emissions in Jordan. It is estimated that for a PHES system with a 1 MW PV station under Jordan’s conditions, almost 1300 metric tons of CO2 would be reduced annually. This is a very small fraction when compared to global emissions, but it is an action in the correct direction.



In this study, PHES using a 1 MWp PV system is considered. However, based on the quantity of water in the dam reservoir that is allowed to be pumped from a technical and/or legislative point of view, scaling up the size of the PV and hydropower systems can be carried out easily by taking into consideration the modular nature of such systems. Implementing such systems in Jordan would surely make the energy sector sustainable, increase renewable energy in the energy mix, stabilize the grid, and balance the loads, especially during peak periods. In order to make the PHES systems more attractive financially, in the near future, it is planned to investigate the effect of employing pumps and turbines as a single unit (the same device can work as a pump (to raise water up to the upper reservoir) and a turbine (to produce power from the discharged water from the upper reservoir)). This would greatly reduce the initial cost because the combined pump/turbine is cheaper than the individual cost for pumps and turbines. In addition, using the combined pump/turbine units would reduce the length of pipes to half, which positively affects economic feasibility. For the Al-Tannur and Al-Mujib sites, re-examining the location of the upper reservoir relative to the lower reservoir to allow for a smaller height difference, and a shorter distance would enhance the technical performance of these sites, resulting in an increase in their feasibility.
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Figure 1. Schematic diagram of PHES proposed in this work. Water is pumped up by the off-grid PV station, and the load is driven by the turbine–generator–grid arrangement. 
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Figure 2. Schematic diagram of turbine–load–grid model in HOMER Pro® (Version 3.15.3). 
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Figure 3. Hourly water flow rate for each month, as taken from the input file in Homer Pro® (Version 3.15.3). 
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Figure 4. Energy imported from or exported to the electricity grid is taken from Homer Pro® (Version 3.15.3) when a 1 MW load is driven by the turbine for the King Talal site. The horizontal axis is the number of days in a year; the vertical axis is the number of hours in a day (it is noted that the turbine produced power between 8:00 PM and 11:00 PM only). 
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Figure 5. Type and size of turbines for the King Talal site obtained from HPP-design. 






Figure 5. Type and size of turbines for the King Talal site obtained from HPP-design.



[image: Sustainability 16 01357 g005]







[image: Sustainability 16 01357 g006] 





Figure 6. Annual sold energy (  A S E  ) for the two scenarios of electricity tariff. 
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Figure 7. Annual operation and maintenance (  A O M  ) cost throughout the lifespan of the investment. 
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Figure 8. Annual balance (  A B  ) over the lifespan of the PHES system at the King Talal site for the two electricity tariff scenarios. 
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Figure 9. Electricity cost for the PHES system at the King Talal site over the lifespan of the project. 
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Figure 10. Annual CO2 emissions reduction over 30 years for the PHES system at the King Talal site. 
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Table 1. Dams in Jordan that passed selection criteria for potential PHES sites [43,44,45].
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	Dam

Name
	Upper

Reservoir

Height

(m) [43]
	Lower

Reservoir Height

(m) [43]
	Distance between

Upper and Lower

Reservoirs

(m) [43]
	Lower Reservoir Maximum

Capacity

(MCM *) [45]
	Storage at the End of 2022 (MCM *) [44]
	Purpose [43,44,45]





	Al-Walah
	645
	515
	550
	25
	0.170
	Irrigation, drinking,

recharging ground water, industrial uses



	King Talal
	384
	179
	1330
	75
	21.546
	Irrigation, power generation



	Al-Wehdah
	349
	84
	612
	110
	5.534
	Irrigation, drinking



	Wadi Al-Arab
	170
	−100
	909
	16.8
	4.898
	Irrigation, drinking



	Al-Tannur
	739
	390
	1670
	14.7
	3.381
	Irrigation,

recharging ground water, industrial uses



	Al-Mujib
	707
	196
	2550
	29.8
	3.650
	Irrigation,

drinking, industrial uses







* MCM is million cubic meter.













 





Table 2. Average daily pumped water to the upper reservoir from PVsyst (Version 7.3.4) for the King Talal site.
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	Month
	Average Pumped Water (m3/day)





	January
	4311



	February
	5264



	March
	6539



	April
	6001



	May
	7500



	June
	8015



	July
	8113



	August
	7945



	September
	7816



	October
	6845



	November
	5229



	December
	4175



	Average daily for all days in a year
	6486










 





Table 3. Annual output parameters obtained from PVsyst (Version 7.3.4) for the King Talal site.
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	Parameter
	Value





	Energy at the output of the PV array
	1971 MWh



	Energy at the input of the pump
	1776 MWh



	Pump operating energy
	1347 MWh



	PV system efficiency (DC at the array to AC at the pump)
	89.9%



	Performance ratio (PR)
	79.1%



	Pump efficiency
	75.9%



	Water pumped to the upper reservoir
	2,367,309 m3










 





Table 4. Annual operating and output parameters obtained from Homer Pro® (Version 3.15.3) for the King Talal site.
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	Parameter
	Value





	Operating hours of the turbine
	1095 h



	Total energy required by the load
	1,095,000 kWh



	Total energy production from the turbine
	1,070,460 kWh



	Hydro penetration percentage
	97.8%



	Total energy imported from the electricity grid
	113,465 kWh



	Total energy exported to the electricity grid
	88,925 kWh



	Net energy imported from the electricity grid
	24,540 kWh










 





Table 5. Itemized and initial costs for PHES at the King Talal site.
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	Component
	Cost (USD)





	PV station
	494,350 USD/MW



	Pumps
	219,122



	Turbine and generator
	167,000



	Pipes for pumping and turbine systems
	430,920



	Civil and labor
	210,000 USD/MW



	Project management cost
	7700 USD/MW



	Total initial cost
	1,529,092










 





Table 6. Financial metrics for the PHES system at the King Talal site.
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	Financial Metric
	Value for 1st Scenario *
	Value for 2nd Scenario *





	NPV
	USD 5,453,993
	USD 8,401,047



	IRR
	16.5%
	23.8%



	SPP
	6.35 years
	4.40 years



	CPP
	9.10 years
	5.61 years







*: The electricity tariff for the 1st scenario is 0.20 USD/kWh and 0.30 USD/kWh for the 2nd scenario.













 





Table 7. Main operating and output parameters from PVsyst (Version 7.3.4) for the potential sites.
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	Parameter
	Al-Walah
	King Talal
	Al-Wehdah
	Wadi Al-Arab
	Al-Tannur





	Head (m)
	130
	205
	265
	270
	349



	Daily average pumped water (m3/day)
	10,594
	6486
	5233
	4951
	3282



	Yearly water pumped (m3)
	3,866,657
	2,367,309
	1,909,843
	1,807,103
	1,197,778



	Upper reservoir size (m3)
	83,000
	52,000
	34,000
	31,000
	20,000



	Energy at PV array output (kWh)
	2,056,585
	1,975,905
	2,024,342
	1,971,666
	2,025,516



	Energy at the pump input (kWh)
	1,907,501
	1,775,800
	1,839,921
	1,784,485
	1,723,284



	Pump operating energy (kWh)
	1,413,043
	1,347,213
	1,386,464
	1,338,068
	1,144,085



	PV system efficiency (%)
	92.8
	89.9
	90.9
	90.5
	85.1



	Performance Ratio (PR) (%)
	81.8
	79.1
	79.9
	79.5
	73.8



	Pump efficiency (%)
	74.1
	75.9
	75.4
	75.0
	66.4










 





Table 8. Main operating and output parameters from Homer Pro® (Version 3.15.3) and HPP-design for potential sites.
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	Parameter
	Al-Walah
	King Talal
	Al-Wehdah
	Wadi Al-Arab
	Al-Tannur





	Head (m)
	130
	205
	265
	270
	349



	Design flow rate (L/s)
	980.9
	600.6
	484.5
	458.4
	303.9



	Maximum flow rate * (L/s)
	1149.8
	751.2
	580.8
	562.5
	352.7



	Energy production from turbine (kWh/yr)
	1,108,802
	1,070,460
	1,115,887
	1,075,371
	920,701



	Energy imported from grid (kWh/yr)
	76,632
	113,465
	75,412
	109,621
	174,299



	Energy exported to grid (kWh/yr)
	90,435
	88,925
	96,299
	89,992
	0



	Hydro penetration (%)
	101.3
	97.8
	101.9
	98.2
	84.1



	Best turbine type
	Pelton/Francis
	Pelton/Francis
	Pelton
	Pelton
	Pelton







* Maximum flow rate occurs in July for all sites.













 





Table 9. Financial metrics for PHES systems at all sites (*: electricity cost for the 1st year of the project’s lifespan. In the 1st and 2nd scenarios, the electricity tariff is 0.20 and 0.30 USD/kWh, respectively).
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Parameter

	

	
Al-Walah

	
King Talal

	
Al-Wehdah

	
Wadi Al-Arab

	
Al-Tannur






	
Initial Cost (USD)

	

	
1,368,644

	
1,529,092

	
1,286,777

	
1,369,487

	
1,552,869




	
NPV (USD)

	
1st scenario

	
5,711,291

	
5,453,993

	
5,773,866

	
5,526,973

	
4,622,555




	
2nd scenario

	
8,763,903

	
8,401,047

	
8,845,984

	
8,487,547

	
7,157,311




	
IRR (%)

	
1st scenario

	
18.8

	
16.5

	
20.0

	
18.3

	
14.1




	
2nd scenario

	
27.1

	
23.8

	
28.9

	
26.4

	
20.5




	
SPP (years)

	
1st scenario

	
5.59

	
6.35

	
5.22

	
5.77

	
7.34




	
2nd scenario

	
3.88

	
4.40

	
3.62

	
4.00

	
5.10




	
CPP (years)

	
1st scenario

	
7.57

	
9.10

	
7.07

	
7.91

	
11.11




	
2nd scenario

	
4.77

	
5.61

	
4.38

	
4.96

	
6.82




	
AUP (USD)

	

	
81,364

	
90,903

	
76,497

	
81,414

	
92,316




	
Electricity cost * (USD/kWh)

	

	
0.086

	
0.099

	
0.080

	
0.088

	
0.117











 





Table 10. CO2 emissions reduction for all potential sites in this study.
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Parameter

	
Al-Walah

	
King Talal

	
Al-Wehdah

	
Wadi Al-Arab

	
Al-Tannur






	
1st year

	
Energy from PV panels (kWh)

	
1,907,501

	
1,775,800

	
1,839,921

	
1,784,485

	
1,723,284




	
Energy from turbines (kWh)

	
1,108,802

	
1,070,460

	
1,115,887

	
1,075,371

	
920,701




	
Total energy generated (kWh)

	
3,016,303

	
2,846,260

	
2,955,808

	
2,859,856

	
2,643,985




	
Total CO2 emissions (metric tons)

	
1383

	
1305

	
1355

	
1311

	
1212




	
30 years

	
Energy from PV panels (kWh)

	
54,026,612

	
50,296,413

	
52,112,528

	
50,542,400

	
48,808,990




	
Energy from turbines (kWh)

	
31,856,781

	
30,755,184

	
32,060,339

	
30,896,281

	
26,452,487




	
Total energy generated (kWh)

	
85,883,393

	
81,051,597

	
84,172,867

	
81,438,681

	
75,261,477




	
Total CO2 emissions (metric tons)

	
39,378

	
37,162

	
38,593

	
37,340

	
34,507
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